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Abstract

Tsunamis, primarily triggered by earthquakes, pose critical threats to coastal popula-
tions due to their rapid onset and limited evacuation time. Two main protective actions
exist: sheltering in place, which requires substantial retrofitting investments, and evacu-
ation, which is often hindered by congestion, mixed travel modes, and tight inundation
times. Given pedestrians’ slower movement and restricted evacuation opportunities, verti-
cal shelters within inundation zones provide essential refuge, while distant horizontal shel-
ters outside these areas are often perceived as safer. As both shelter types complement each
other, they must be jointly planned. Evacuation effectiveness is further complicated by
noncompliance behavior, which, if neglected, can lead to inefficient retrofitting, capacity
overload, and even failure of evacuation strategies. This study introduces a time-expanded
multimodal evacuation optimization model that integrates shelter-in-place retrofitting, ver-
tical shelter location, shelter assignment, and routing under tight inundation time, arc and
shelter capacities, and compliance likelihoods derived from a survey. The objective is to
minimize the time-dependent risk faced by evacuees at home, en route, and at shelters
while addressing unsatisfied demand. The model is solved through an integrated Ben-
ders Decomposition—Column Generation framework, where Column Generation generates
evacuation routes for compliant evacuees and shortest-time paths for noncompliant ones.
Convergence is enhanced through decomposition for parallel processing, network sim-
plification, Maximum Density Cuts, and warm-start strategies. The model is applied to
Biiyiikcekmece, a densely populated and highly vulnerable district of Istanbul. Compu-
tational results highlight the necessity of incorporating compliance behavior, retrofitting,
and vertical shelters into evacuation planning, leading to substantial reductions in overall
risk and significant improvements in life safety and evacuation efficiency.
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1 Introduction

Disasters have devastating consequences that extend beyond immediate casualties. In addition
to the loss of human life, they cause large-scale destruction of infrastructure, disrupt economies,



displace communities, and lead to long-term environmental degradation. With increasing ur-
banization, climate change, and population growth, both the frequency and severity of disasters
have risen, amplifying their impact and making disaster preparedness and response more criti-
cal than ever (EM-DAT], [2020al/b]).

Among disasters, tsunamis are particularly destructive due to their sudden onset and im-
mense force. Unlike other disasters that develop gradually, tsunamis occur with extremely
short lead times, providing little time for evacuation and preparedness. These massive waves,
primarily triggered by undersea seismic activity, travel at speeds exceeding 800 km/h in open
water and can reach coastal areas within minutes. Upon landfall, they can surge up to 30
meters high, overwhelming communities, destroying infrastructure, and causing severe sec-
ondary damage through flooding and debris impact. Some of the most catastrophic tsunami
events in history include the 2004 Indian Ocean Tsunami and the 2011 Tohoku Earthquake and
Tsunami. The 2004 tsunami, one of the deadliest on record, resulted in nearly 230,000 fatalities
across multiple countries. The 2011 tsunami caused over 16,000 deaths, destroyed more than
400,000 homes, and displaced hundreds of thousands of people along Japan’s coastline (Maly
and Suppasri, 2020). These devastating events highlight the urgent need for effective disaster
preparedness and response strategies to mitigate future risks.

Evacuation is one of the most frequently implemented strategies for reducing tsunami-
related fatalities. It has been carried out in numerous disasters and has consistently proven
effective in saving lives (FEMA, 2019; Bayram, 2016). Reports from the U.S. Department
of Homeland Security (DHS), the Federal Highway Administration (FHWA), and the Federal
Emergency Management Agency (FEMA) indicate that between 45 and 75 disasters require
evacuations annually, often involving thousands of people (FHWA| 2007). However, large-
scale evacuations present significant logistical challenges. In densely populated urban areas,
limited road capacity and high traffic demand can cause severe congestion, delaying movement
and increasing risks for evacuees due to the short available time.

As the scale of evacuation increases, balancing evacuation demand—the number of evac-
uees or vehicles requiring relocation—and evacuation supply, which refers to the transportation
network’s capacity to accommodate evacuees, becomes increasingly critical. Poor demand
management can lead to congestion on critical routes, while inadequate supply can create
bottlenecks that prevent people from reaching safety in time. Therefore, integrating supply
and demand management strategies into tsunami evacuation planning is essential to improving
evacuation efficiency, reducing congestion, and ultimately minimizing casualties (Bayram and
Yaman, 2024). Integrating supply and demand management strategies in tsunami evacuation
planning enhances efficiency by optimizing the movement of at-risk populations and improving
the overall effectiveness of evacuation plans. Among the most effective supply management
strategies is the construction of vertical shelters in addition to existing horizontal shelters. Ac-
cording to the U.S. National Tsunami Hazard Mitigation Program, vertical evacuation involves
relocating people to high-rise structures specifically designed to withstand earthquakes and
tsunami forces within or very close to high-risk areas. Whereas horizontal evacuation involves
moving people to designated shelters outside the inundation zone, typically at higher elevations.
In areas with limited road infrastructure and high population density, where evacuation routes
are constrained and warning times are extremely short, vertical shelters serve as a necessary
complement to horizontal evacuation. While their capacities are limited, they provide immedi-
ate protection within inundation zones, especially for pedestrians who cannot reach horizontal
shelters in time. Moreover, some evacuees may perceive horizontal shelters outside the inunda-
tion area as safer, underscoring the complementary role of both strategies. A key consideration
in implementing vertical evacuation includes determining the optimal shelter locations, assess-



ing capacity, and ensuring that the structures meet engineering standards to withstand tsunami
impacts. Some reports, including those prepared by the National Oceanic and Atmospheric Ad-
ministration (NOAA) and the Federal Emergency Management Agency (FEMA), outline the
essential requirements for vertical evacuation shelters, emphasizing the need for structurally
resilient buildings that can serve as safe havens during tsunamis.

In addition to supply-side measures, demand-side strategies are also effective in tsunami
evacuation planning. One widely used approach is sheltering-in-place, in which evacuees re-
main within retrofitted buildings instead of attempting to evacuate to designated shelters. This
strategy reduces both traffic congestion and the risks associated with large-scale movement, and
in some regions it represents the only feasible alternative, as residents lack access to any shelter
within the available time. However, it is economically impractical to implement on a large scale
due to the significant investment and resources required for structural reinforcements. There-
fore, a balance must be established between evacuation and shelter-in-place strategies to ensure
the most effective allocation of resources while maximizing evacuee safety. Depending on the
type and impact of the disaster, the available lead time, the level of protection, the distance from
the threat, the duration of exposure, and the degree of road congestion caused by evacuation
demand, the decision to evacuate or to shelter in place within a zone may differ (Lindell et al.,
2018).

In addition to strategies for managing evacuation demand and supply, several key consider-
ations influence the effectiveness of tsunami evacuation planning, introducing complexities that
must be addressed to develop a realistic and efficient evacuation model. One of the major chal-
lenges in tsunami evacuation planning is the transportation mode chosen by evacuees, which
plays a critical role in determining evacuation performance. Studies indicate that the most ef-
fective evacuation mode in tsunamis is on foot, as pedestrian evacuation minimizes congestion,
ensures accessibility in dense urban areas, and eliminates reliance on road networks that may
be damaged or overwhelmed (Scheer et al., [2011). However, vehicular evacuation may still be
feasible in areas with low population density, sufficient road infrastructure, and early tsunami
warnings. Most studies in the literature consider only pedestrian or only vehicle-based evacu-
ations, failing to account for mixed evacuation scenarios where both modes coexist. To better
reflect real-world conditions, mixed pedestrian—vehicle evacuation should be analyzed.

Another critical factor influencing tsunami evacuation planning is noncompliance behavior,
which can significantly disrupt evacuation efforts. Noncompliance may arise due to personal
safety concerns, distrust in authorities, or prior disaster experiences, but its extent varies de-
pending on individual decision-making. In evacuation decisions, individuals may disregard of-
ficial evacuation orders due to socio-demographic factors (such as residence duration, income
level, family composition, and pet ownership) and risk perception (Gladwin and Peacock,|1997;
Solis et al., 2010; Whitehead et al., 2000). Additionally, concerns about traffic congestion and
evacuation delays can deter people from leaving, as seen during Hurricane Floyd, where 65%
of non-evacuees cited anticipated traffic congestion as their primary reason for staying behind
(Dow and Cutter], [2000). Similarly, in shelter-in-place decisions, individuals may choose to
remain in their homes if they perceive their structures to be strong enough to withstand the dis-
aster, while others may be forced to stay due to mobility limitations, medical needs, or lack of
access to evacuation resources (Whitehead et al., 2000; |Sorensen et al., 2004). The complexity
of evacuation planning is further exacerbated when evacuees act selfishly, relying on familiar-
ity and routine by choosing the shortest or most familiar routes rather than designated safer
alternatives, which contributes to severe congestion and delays (Lindell et al.,2011; Wu et al.,
2012). For instance, during Hurricane Bret, 69% of evacuees selected their routes based on
past experience rather than following official guidance, exacerbating congestion and reducing



overall evacuation efficiency (Prater et al., 2000). Therefore, in tsunami scenarios, noncompli-
ance can lead to severe congestion and unexpected bottlenecks, increasing risks for evacuees
and disrupting planned evacuation routes. Evacuation models must incorporate noncompli-
ance behavior to develop more realistic and effective evacuation strategies that account for the
complexities of human decision-making during disasters.

Based on these challenges, this research aims to address the following research questions:

1. Which zones’ buildings should be retrofitted, how many residents in these retrofitted
buildings are likely to remain at home, and what level of risk is associated with sheltering
in place?

2. What are the expected evacuation demands of each zone across different transportation
modes?

3. Where should vertical shelters be constructed given capacity and budget constraints, and
what is the level of risk for evacuees staying in each vertical shelter?

4. To which shelters should pedestrians from each zone be allocated, considering travel
risks and the available capacity of vertical shelters?

5. Which routes should be used for evacuating people by vehicle, taking into account risks,
road segment capacities, and available lead time, and to what extent will drivers comply
with these route assignments?

To address the research questions, this study develops a model on a time-expanded network to
ensure safe vertical and horizontal evacuation of mixed pedestrians and vehicles under tsunami
threat. The model incorporates the timing of tsunami wave arrivals, evacuees’ departure times
(staggered by sub-zones rather than departing simultaneously), and constraints imposed by
traffic congestion. Unlike most existing models that assume full compliance with official in-
structions, this study not only considers partial compliance but also incorporates some of the
influencing factors of compliance into a unified framework to enhance compliance.

In the developed model, demand-management decisions such as whether to evacuate or
shelter in place, shelter assignment (horizontal or vertical), and routing are optimized. On
the supply-management side, vertical shelter location decisions are also treated as decision
variables. These decisions must be made with respect to the risks and hazards posed by the dis-
aster. Time-based performance measures, such as the clearance time of the last evacuee or total
evacuation time, may not necessarily correspond to the safest options. Therefore, the model
incorporates spatial-temporal risk assessment, aiming to minimize evacuees’ time-dependent
exposure to tsunami impacts. The objective is to reduce cumulative risk for those remaining
at home, traveling on evacuation routes, and located in shelters by assigning evacuees to paths
that remain safe longer considering inundation time, and by maximizing the number who reach
safety through imposing a large penalty on unmet demand.

To solve the problem effectively for realistic instances, an exact solution methodology based
on Benders decomposition is proposed. Within this framework, column generation is employed
to identify feasible evacuation routes, focusing computational effort only on the most promising
routes. To overcome the slow convergence often encountered in Benders decomposition, sev-
eral acceleration strategies are incorporated: (i) decomposing the subproblems for vehicles and
pedestrians to enable parallel processing, (ii) reducing network size by eliminating redundant
nodes, arcs, and routes, (iii) employing warm-start strategies in which initial solutions transfer
relevant subproblem information to the master problem to enhance convergence, (iv) applying
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the Maximum Density Cut (MDC) method to generate high-density cuts that encompass large
sets of decision variables, and (v) using callback mechanisms in branch-and-cut algorithms.
For column generation, initial solutions are also introduced to accelerate the identification of
promising routes.

The need for effective tsunami evacuation planning in Istanbul is underscored by recent
studies and official action plans. According to the Istanbul Province Tsunami Action Plan
prepared by the Istanbul Metropolitan Municipality (IBB) and the Middle East Technical Uni-
versity (ODTU) (IBB-ODTU, 2019), the expected Istanbul earthquake could trigger secondary
tsunami hazards, severely affecting districts along the shores of the Marmara Sea. This concern
is further emphasized in the report of the Earthquake Investigation Commission of the Grand
National Assembly of Turkey (TBMM, 2021)). Modeling studies for the Marmara Sea suggest
that the first tsunami waves could reach the shoreline within 10 minutes of the earthquake, while
the maximum waves could arrive within 60-90 minutes, particularly threatening Eastern Mar-
mara, including the Princes’ Islands (IBB-ODTU, 2018, 2019 Necmioglu et al., 2018). These
studies estimated inundation areas, wave heights, building vulnerability, and evacuation-route
serviceability. Simulation-based risk assessments conducted jointly by IBB and ODTU iden-
tified Biiyiikcekmece as one of the most vulnerable districts, with extensive inundation zones,
high flow depths, and a large resident population. Accordingly, this study adopts Biiyiik¢ek-
mece as the case study to evaluate tsunami evacuation planning against the potential threat of a
secondary tsunami following the anticipated Istanbul earthquake.

The rest of the paper is organized as follows: Section 2 presents a thorough review of the lit-
erature and outlines the contributions. Section 3 describes the problem setting and assumptions
and introduces a mathematical formulation for the model. Section 4 proposes an integrated
Benders—Column Generation solution method and the suggested acceleration strategies. Sec-
tion 5 reports results under different assumptions, sensitivity analyses on critical parameters,
the effects of acceleration methods, and managerial insights derived from real data on the case
study. Section 6 concludes the paper and highlights future research directions.

2 Literature Review

To provide a comprehensive foundation for this study, this section reviews key literature on
tsunami evacuation planning, focusing on three critical aspects: shelter-in-place strategy, Tsunami
vertical shelter location models, and compliance behavior. The first part examines studies that
consider shelter-in-place as a protective decision, highlighting conditions under which staying
at home—whether supported by retrofitting or not—can be a feasible and effective alterna-
tive to evacuation across different disasters. The second part explores approaches for deter-
mining optimal locations of Tsunami vertical shelters, emphasizing accessibility and safety.
Finally, the third part discusses how compliance and behavioral variability have been incor-
porated into evacuation optimization models, and how determinants of compliance—such as
socio-demographic, psychological, and situational factors—are modeled to improve realism
and effectiveness.

2.1 Shelter-in-place decisions in evacuation optimization

The decision to evacuate or shelter in place is among the most critical in emergency manage-
ment, requiring a careful balance between potential health risks and protective benefits. Evac-
uation involves relocating people from the threat area to horizontal shelters outside the danger



zone or to vertical shelters within it that offer sufficient protection, whereas shelter-in-place
refers to remaining at home when evacuation is unsafe or impractical, relying on the dwelling’s
inherent protection (Cova et al.,2011). The choice between these strategies depends on several
interrelated factors, including the nature and intensity of the hazard, the protective capacity
of shelters (e.g., fire-resistant homes for wildfires or reinforced tall buildings for tsunamis),
available warning and travel times, route and destination conditions, and the vulnerability or
mobility of the population (Cova et al., 2011; Lindell and Perry, [2012; Sorensen et al., 2004).
Although evacuation has been extensively studied through optimization models focusing on
routing and shelter allocation, relatively few models explicitly incorporate shelter-in-place as
an alternative protective strategy.

Cova et al.| (201 1)) were among the first to address this issue through an optimization model
for wildfire management that integrates evacuation, shelter-in-refuge, and shelter-in-home op-
tions. The model maximizes community protection by assigning each household to the option
offering the highest safety margin—defined as the difference between the level of protection
and expected fire threat—while accounting for warning time, travel duration, fire intensity,
structural resistance, and congestion effects. Their results indicate that evacuation is pre-
ferred when time and routes permit safe movement, whereas limited time or blocked roads
make shelter-in-place or refuge shelters more appropriate. Karabuk and Manzour| (2019) ex-
tended this line of research to tornado response management under uncertainty using a multi-
stage stochastic programming model that determines, at each forecast stage, whether residents
should evacuate or shelter in place. The model represents evolving tornado paths and intensities
through a probabilistic forecast tree and minimizes expected injuries and fatalities based on haz-
ard intensity, location, and the protection level of homes, vehicles, or safe zones. It integrates
stage-wise recourse, temporal feasibility, and cell-transmission-based traffic dynamics (CTM)
to ensure feasible movement within the available time. Results show that this adaptive approach
outperforms static shelter-in-place policies by recommending evacuation only when lead time
and safe routing allow. Similarly, |Apivatanagul et al.| (2012) developed a time-dependent, two-
stage stochastic model for hurricane evacuation planning that jointly determines who should
evacuate, who should shelter in place, and when to depart, introducing departure-time opti-
mization as a new dimension in decision-making. The model minimizes total societal cost
by balancing expected life-safety risk, travel time, and time away from home, while consid-
ering road capacity, phased departures, and route connectivity. The results demonstrate that
optimizing departure timing alongside evacuation and shelter-in-place decisions improves both
network efficiency and overall safety outcomes.

In these models, shelter-in-place strategies were incorporated without considering retrofitting,
assuming that existing buildings provide adequate protection. While this assumption may hold
for wildfires, it is unrealistic for hazards such as hurricanes, earthquakes, or tsunamis, where
structural reinforcement is essential for safety. |Hughes et al.| (2022) addressed this limitation
through a multi-objective optimization framework aimed at improving the resilience of coastal
residential communities via two retrofitting strategies—building elevation and construction-
quality enhancement—under budget constraints. The model minimizes structural damage,
morbidity, displacement, mitigation cost, and total economic loss, assuming a fixed evacua-
tion probability for the community. Although evacuation is not a decision variable, the study
highlights that structural improvement is a prerequisite for effective shelter-in-place in high-
risk zones. In contrast, Jiang et al. (2022) focused on short-term shelter-in-place decisions that
do not require retrofitting. Their Emergency Response Trade-off model for chlorine leakage
accidents integrates gas-dispersion simulation, building infiltration dynamics, and evacuation
routing to determine the optimal duration of indoor sheltering. The results show that remain-



ing indoors for a limited time effectively reduces exposure and congestion, whereas prolonged
sheltering increases indoor contamination. This demonstrates that, unlike other hazards where
structural improvement is required, homes can still provide meaningful short-term protection
in chemical accidents, serving as temporary refuges before evacuation and highlighting the
critical role of timing in minimizing risk.

Recent studies have also explored multi-hazard resilience through optimization-based retrofitting
strategies. [Braik et al.| (2025)) proposed a probabilistic optimization framework for coastal
retrofitting against wind, storm surge, and flooding, jointly evaluating building elevation and
roof reinforcement under budget constraints to minimize cumulative risk and socioeconomic
disparity. Although evacuation is not modeled explicitly, their results show how retrofitting
enhances in-place protection and reduces displacement and economic disruption during hur-
ricanes. Similarly, Gupta et al.| (2024) presented a multi-hazard optimization framework that
also considers relocation in addition to retrofitting as complementary pre-disaster strategies
against combined earthquake—tsunami hazards. Their multi-objective model, applied to Sea-
side, Oregon, minimizes economic loss, dislocation, and repair time under budget constraints
by evaluating three alternatives: retrofitting to higher seismic standards, relocating buildings
from inundation zones, and combining both. Results indicate that seismic retrofitting enables
safe shelter-in-place after earthquakes, while relocation is critical for sustaining community
stability in tsunami-prone areas. However, conventional seismic retrofitting was assumed in-
effective within inundation zones, as it neglects hydrodynamic, debris-impact, and scouring
effects. This highlights a remaining research gap—the need for tsunami-specific retrofitting
capable of providing both seismic and hydrodynamic protection, consistent with evidence from
reinforced buildings that have withstood dual-hazard forces during past events. Despite these
advances, a broader research gap remains. Existing optimization models for tsunami evacuation
primarily focus on evacuation itself, while one study addresses permanent relocation (i.e., per-
manent evacuation). More broadly, there is still no integrated framework that jointly considers
evacuation decisions and investment in retrofitting to balance safety, feasibility, and resource
allocation across disasters.

2.2 Tsunami Vertical Shelter Location

In coastal regions exposed to near-field tsunamis, evacuation time is often too short for resi-
dents to reach safe high grounds. In such contexts, vertical evacuation shelters play a vital role
by offering immediate refuge within inundation zones. Determining appropriate locations for
these structures is a multifaceted challenge that demands balancing physical, social, and logis-
tical considerations. Factors such as population density, network connectivity, walking speed,
and available lead time must all be harmonized to ensure timely accessibility. Moreover, in
areas with limited early warning systems, spatial risk assessment becomes a crucial component
of the planning process.

Researchers have explored a wide range of analytical methods to identify effective locations
for vertical shelters. Spatial and simulation-based approaches have been the most common,
often employing Geographic Information Systems (Geographic Information System, GIS) to
integrate hazard maps with demographic and infrastructural data. For instance, Nakai et al.
(2022) and |Dew1| (2012) applied GIS-based models that considered factors like distance, shel-
ter capacity, and building strength to locate suitable public structures—such as schools, towers,
or mosques—for vertical evacuation. Later studies enhanced these frameworks by including
community-based priorities. |[Wood et al. (2014) combined GIS and multi-criteria decision
analysis (MCDA) to reflect local perceptions, emphasizing shelter accessibility for vulnera-



ble groups and accounting for features like bridge crossings and hazard proximity. Similarly,
simulation-oriented works—such as Mawardin| (2018)) and Mostafizi et al.| (2019)—integrated
field surveys, tsunami propagation modeling, and evacuation simulations to evaluate shelter
usability, structural reliability, and travel behavior.

While such spatial and simulation models provide valuable insight into evacuation dynam-
ics, they are often limited when it comes to analyzing large-scale alternatives or assessing
interactions among multiple shelters. To overcome these limitations, optimization-based ap-
proaches have been introduced. |Park et al.|(2012), for example, formulated a genetic algorithm
that selected shelter locations minimizing evacuation time in Cannon Beach, Oregon, showing
substantial reductions in expected casualties. |Doerner et al.| (2009) proposed a multi-objective
formulation that jointly considered construction cost, risk level, and distance, offering trade-
offs among different shelter categories including elevated structures, retrofitted buildings, and
naturally high areas. |(Gonzalez-Riancho et al.| (2013) further developed an integrated approach
combining GIS mapping, evacuation-time estimation, and optimization for shelter allocation.
More recently, [Sotelo-Salas et al. (2024) incorporated regional assignment constraints, shelter
height, and capacity limits to provide a more realistic and operationally feasible framework.

Building upon these contributions, this study extends the literature by developing an optimization-
based model that minimizes total tsunami risk through the joint determination of vertical shelter
locations and pedestrian assignments across vertical, horizontal, and shelter-in-place (retrofitted)
options. Unlike previous studies that examined these strategies separately, the proposed model
considers their interdependence and the trade-offs among them under realistic behavioral and
physical conditions. It incorporates survey-calibrated walking tolerance, time-dependent risk
exposure, limited shelter capacity, departure time, and non-compliance behavior with retrofitted
shelters—factors that significantly affect accessibility and safety. By integrating these com-
ponents within a unified framework, the study provides a balanced and realistic approach to
tsunami evacuation planning, supporting decisions that account for both infrastructural con-
straints and human behavior.

2.3 Incorporating Evacuee Compliance into Optimization Models

Compliance behavior is a critical factor in evacuation planning, as deviations can substantially
affect overall system performance. Many studies, including two comprehensive surveys, em-
phasize the importance of incorporating behavioral considerations into evacuation optimization
(Caunhye et al., [2012; Bayram, 2016} |Aldahlawi et al., 2024). Nevertheless, most optimiza-
tion models still adopt simplified assumptions that fail to capture the diversity of real-world
responses, thereby limiting both realism and applicability.

Most optimization models addressing compliance behavior focus on routing and rely on
idealized, binary assumptions. System-optimal (SO) models represent full compliance, user
equilibrium (UE) reflects non-compliance, and constrained system-optimal (CSO) models in-
troduce behavioral realism through fairness constraints but continue to assume evacuees com-
ply fully once these are satisfied. CSO models therefore mark the first progress toward behav-
iorally aware optimization. However, only a limited number of studies explicitly incorporate
partial compliance, evaluating the operational impacts of varying compliance rates within opti-
mization frameworks (Arikanoglu et al., 2025). Only a limited number of studies have explic-
itly incorporated partial compliance within optimization frameworks to assess the operational
impacts of varying compliance rates.

A prominent contribution in this area is by |[Lessan and Kim|(2022), who investigate com-
pliance with routing decisions in short- and no-notice evacuations such as wildfires. In their



model, evacuees are initially assigned to routes assuming full compliance, while actual behav-
ior is captured through a diversion matrix that reallocates flows among alternative paths. In
deterministic settings, a fixed diversion matrix is applied; in stochastic settings, multiple matri-
ces are generated from a uniform distribution to reflect uncertainty in compliance. Congestion
is modeled using the Bureau of Public Roads (BPR) function:
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where t?j denotes the free-flow travel time, ¢;; is the arc capacity, and z;; is the flow on arc
(1, 7). Under uncertainty, evacuation performance is evaluated with a Conditional Value-at-Risk
(CVaR) objective:
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where W (f, 5,,) represents evacuation time under diversion matrix (3,,. This framework
explicitly quantifies the effects of route deviations on congestion and enhances robustness in
evacuation planning.

Building on this behavioral perspective, Wang and Wallace (2022)) extend compliance mod-
eling to destination assignment by proposing a two-stage stochastic optimization model for al-
locating evacuees to pick-up points. Compliance is treated as scenario-dependent: in each sce-
nario s, a fraction ;5 of evacuees from demand point 7 follow the assigned pick-up point, while
the remaining (1 — ¢;5) choose alternatives. Two noncompliance strategies are introduced—
the deterministic BEST rule, where evacuees select the single most attractive alternative, and
the probabilistic BETTER rule, where evacuees redistribute among multiple attractive options.
The attractiveness of pick-up point 7 in scenario s is expressed as:
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where ¢;; and a;; are travel time and directional angle; o; and 6; denote the minimum and
maximum values for demand point ¢; ¢] and (7 are scenario-specific sensitivity factors; and
w; € [0, 1] balances the importance of time and direction. Under the BETTER rule, evacuees
initially assigned to j' but choosing j follow:
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where B, represents pick-up points more attractive than j'. This model minimizes a
weighted sum of expected overflow and travel time, subject to assignment, capacity, and com-
pliance constraints. Results demonstrate that the BETTER strategy increases robustness by
enabling flexible redistribution and reducing both overflow and delay.

Further extending the behavioral dimension, Sun et al. (2017) examine evacuation partic-
ipation compliance in hurricane scenarios. Their dynamic optimization model links participa-
tion rates to warnings disseminated through various communication channels. The compliance



of evacuees of type ¢ with a warning from source j at time ¢ is denoted p;;;, which varies by
source credibility, timing, and household characteristics. If a warning is issued (z;;,; = 1), the
number of evacuees complying is given by:

Tijkt * Dijt * Mikt (5)

where n;; is the remaining population of that group in zone £ at time ¢. The dynamic pop-
ulation updates introduce nonlinearity, and a greedy heuristic optimizes warnings sequentially
over time, effectively capturing evolving compliance and improving participation.

Expanding the scope to multiple interdependent decisions, Y1 et al.| (2017) integrate compli-
ance with route choice, destination selection, and evacuation timing—again within a hurricane
context. Routing is represented through dynamic user equilibrium to capture self-routing be-
havior, while compliance with departure time and destination assignment is modeled using dis-
crete choice. For instance, the probability of evacuation at time ¢ is estimated via a sequential
logit model:

- (evae) PR
T+ exp(F'X2)

(6)

where X7, includes variables such as evacuation orders, proximity to the hurricane, and
socio-demographic factors. Destination choice is captured through a nested logit distinguishing
between public shelters and exits from the study area. The model is solved with progressive
hedging, enabling adaptive planning across scenarios and providing one of the few frameworks
that jointly consider compliance across several interdependent evacuation decisions. Some
studies have integrated influencing factors such as physical constraints and psychological states
directly into optimization models to enhance compliance behavior (Arikanoglu et al., 2025).

Physical capabilities, particularly mobility limitations and vulnerability, significantly influ-
ence evacuees’ compliance behavior. Hsiao et al.| (202 1)develop two optimization models for
local refuge planning during dam-break floods, where evacuation is limited to walking. The
models determine whether to open a shelter, which capacity level to select (small, medium, or
large), and how to assign evacuees—classified as general public or elderly—to shelters within
acceptable walking distances (500 m and 300 m, respectively). The first model maximizes the
number of evacuees assigned to shelters by prioritizing vulnerable groups through weights wy:

max Z Z Zpiwkyijk (N
I

where ;i is the proportion of evacuees of class £ from node ¢ assigned to shelter j, p; is

the population at node 7, and a;;;, ensures assignments respect walking limits. The second
model incorporates spatial risk by using d; (the inverse of distance from the river) to prioritize
high-risk areas:

max » > Y piwgdiyiji ®)
ko

While the first model favors larger shelters in dense areas to maximize coverage, the second
directs resources toward smaller shelters in high-risk zones, improving accessibility and pro-
tection for vulnerable groups. By embedding vulnerability weights, spatial risk, and mobility
constraints, the framework strengthens both equity and compliance feasibility.
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Psychological dynamics have also been incorporated into optimization frameworks. |Hu
et al.| (2014) propose a post-disaster evacuation and resettlement model based on the 2008
Wenchuan earthquake, where evacuees’ mental states evolve with environmental stressors. At
each time ¢ and site s, individuals are categorized as susceptible (27,), infective (x{,), or re-
moved (xf& 4)- Panic propagation is captured by:
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I
Tpg' = Prs Tis 7 NIP g ©)
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where 3; ; represents the panic spread strength, influenced by the panic degree o, and gov-
ernment intervention gy ,:
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with e, ; denoting the number of deployed mental health workers and o representing the
support capacity per worker. The model minimizes the total cost, including psychological,
transportation, deployment, and shelter costs, subject to resource and intervention constraints.
The results indicate that timely psychological support reduces panic propagation and improves
compliance.

Dulebenets et al.|(2020) address behavioral and psychological heterogeneity more compre-
hensively through a multi-objective evacuation planning model that jointly optimizes departure
time, route, and shelter assignment. The model minimizes six burdens affecting evacuees: evac-
uation time, mental demand, physical demand, temporal demand, effort, and frustration. These
burdens are aggregated into a single objective weighted by the number of evacuees per vehicle,
capturing behavioral variability and discomfort. By integrating human-related attributes—such
as age, health condition, experience, and driving ability—into both objectives and constraints,
the model provides a human-centered representation of compliance and fairness under stress.

In total, only a limited number of optimization studies have incorporated partial compliance,
and those that have typically focus on specific decision types—such as routing, destination as-
signment, participation, or combined decisions—within disaster contexts like wildfires or hur-
ricanes. Most rely on simplified or synthetic behavioral assumptions rather than empirically
grounded data. Moreover, many of these models are disaster-specific; for example, compliance
with departure time is relevant for long-notice events such as hurricanes but less meaningful
for highly time-constrained disasters like tsunamis. Critical aspects such as compliance with
shelter-in-place decisions remain largely unmodeled, and distinctions between transportation
modes—such as pedestrians and vehicles—are rarely incorporated. Even models that consider
underlying behavioral drivers, including mobility constraints or psychological responses, often
follow CSO-like assumptions, presuming full compliance once specific needs are met. Con-
sequently, no existing study fully integrates compliance rates in a way that reflects real-world
behavior while accounting for these influencing factors that increase evacuees’ compliance lev-
els.

Building on the identified research gaps, the key contributions of this study are summarized
as follows:

* A unified optimization is formulated in which vertical-shelter location, the evacuate—versus—shelter-
in-place choice, routing, and assignment are decided jointly.

 Shelter-in-place is endogenized for the first time in tsunami evacuation modeling by
allowing only hydrodynamically retrofitted or engineered buildings to serve as viable
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in-place refuge, thereby enabling safe protection within inundation zones without the
need for permanent relocation. The proposed model balances this decision with vertical
and horizontal evacuation options to ensure optimal protection across coastal sub-zones
within the available warning lead time.

* Partial compliance with shelter in place and routing is incorporated, calibrated from sur-
vey data, and compliance-supporting design choices are embedded—such as directional
filtering of arcs away from the coastline and proximity-tolerance—based guidance—so
that plans both remain effective under partial adherence and actively enhance adherence.
Compliance behavior is incorporated separately for pedestrians and vehicles. Compli-
ance behavior is incorporated separately for pedestrians and vehicles (Figure [3).

For pedestrians, two types of decisions were modeled: shelter-in-place and assignment.
In the shelter-in-place case, individuals without access to a horizontal shelter were classi-
fied as mandatory compliant, as remaining at home was their only option. For those with
access, compliance was differentiated between fully compliant, who stayed at home as
instructed, and noncompliant, who evacuated to the nearest horizontal shelter along the
shortest path. Compliance rates were derived from survey data. In assignment, pedestri-
ans were directed to shelters within an acceptable tolerance range, for which full compli-
ance was assumed.

For vehicles, compliance was modeled through shelter-in-place and routing decisions.
The shelter-in-place logic followed the same structure as for pedestrians: evacuees with-
out access to a horizontal shelter were mandatory compliant, while others could be fully
compliant or noncompliant. In routing, compliance was represented by an S-curve func-
tion of the time difference between the suggested and shortest routes. Drivers classified
as fully compliant followed the suggested route, whereas noncompliant drivers selected
the shortest-time path.

—> - No access to horizontal shelter — forced compliant

* Evacuate to the closest horizontal shelter via the shortest path

Pedestrians

" Assigned to shelters within acceptable tolerance
> Assignment
Compliance — - No access to horizontal shelter — forced compliant
Behavior

( Shelter-in-place J * Evacuate to the closest horizontal shelter via the shortest path
1 - stay at home

* Select the shortest time path

P
Shelter-in-place }

L

e - Evacuate through the suggested path

Figure 1: Compliance behavior framework for pedestrians and vehicles.

* Vertical-shelter planning is addressed via an optimization approach: candidate locations
are aligned with the Istanbul Tsunami Action Plan, and optimal locations and opening
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decisions are selected considering population distribution, accessibility, hazard exposure,
and pedestrian proximity tolerance, guided by simulation-derived, time-dependent risk.

* Multi-modal evacuation is modeled on distinct pedestrian and vehicular networks with
mode-specific demand, arc eligibility via directional filtering, route and shelter selection
criteria, and speeds, with common departure times and timing limits across modes.

* A risk-minimization objective on a time-expanded network is employed: simulation-
derived, time-evolving inundation risk is minimized rather than travel time; lead/inundation-
time constraints are enforced; traffic congestion is controlled; and unmet demand is heav-
ily penalized—unlike prevailing time-minimization or static-access models.

* The framework is instantiated for Biiyiikcekmece (Istanbul) using realistic data and in-
puts derived from surveys and tsunami simulations, incorporating behavioral and op-
erational factors such as compliance rate, departure time, vehicle usage, and walking
tolerance..

* A tailored Benders decomposition with column generation is used: two pricing problems
generate route sets for compliant and non-compliant flows, and acceleration strategies
are applied to obtain optimal solutions within practical runtimes.

3 Problem Definition and Mathematical Formulation

This section describes the tsunami evacuation problem, explains the construction of the time-
expanded network together with the underlying assumptions, and presents the mathematical
model formulated for the problem.

3.1 Problem Description

The evacuation planning problem is formulated on a directed graph G(N, A), representing a
static evacuation network where N is the set of nodes and A is the set of directed arcs. The
node set NV consists of three subsets: the set of evacuation sub-zones (Q), the set of intersection
nodes (.J), and the set of shelters (S). The shelter set is further divided into candidate locations
for vertical shelters (S?) and designated horizontal shelters (S”). The arc set A is classified into
pedestrian paths (AP) and shared vehicle—pedestrian roads (A"). Each evacuation sub-zone
o € O is connected to a shelter s € S through a set of predefined routes II(, ), where each
route consists of a sequence of arcs A;.

Once a tsunami warning is issued, real-time monitoring systems provide estimates of the
expected arrival time and flow depth of tsunami waves at different locations. The present study
focuses on the worst-case scenario. Local authorities disseminate protective action recommen-
dations—either advising residents to shelter in place or to evacuate to designated shelters via
specific routes—through various communication channels such as social media, text messages,
and mobile alerts.

Evacuees in each sub-zone decide whether to evacuate on foot or by private vehicle. The
evacuation demand originating from sub-zone o is denoted by d? and d? for pedestrians and
vehicles, respectively.

Figure [2]illustrates a simplified evacuation network composed of five evacuation sub-zones
(01-05), four intersection nodes (j1—j4), three candidate vertical shelters (v1-v3), and two
horizontal shelters (h1, h2). The numerical value following each node’s label indicates the
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tsunami wave arrival time in minutes. For instance, ol, 4 means that the tsunami waves reach
sub-zone ol after four minutes. Arc labels represent travel times for vehicles and pedestrians,
respectively. Since pedestrians move more slowly and their speed depends on the terrain slope,
their travel times are generally longer.

Among the candidate vertical shelters, only v1 and v3 are opened under the available budget
(B). Additionally, sub-zones ol and 03 are retrofitted as part of pre-disaster preparedness. In
ol, pedestrians cannot reach the nearest horizontal shelter (h1) even under ideal conditions with
no congestion and immediate departure. The travel time alone exceeds the available window,
making retrofitting the only feasible strategy to enhance safety. Moreover, when comparing
sub-zones 02 and 03, retrofitting o3 is prioritized because its evacuation demand is higher and
nearby shelter capacities are insufficient, leading to greater potential risk. Retrofitting this sub-
zone therefore provides a more effective measure to reduce vulnerability and improve overall
safety.

In retrofitted sub-zones, authorities instruct residents to shelter in place rather than evacuate.
However, compliance with this directive is uncertain. Some evacuees—whether traveling on
foot or by vehicle—may distrust the structural integrity of their buildings or the credibility of
official guidance, or they may perceive more distant locations as safer. Consequently, a portion
of residents may still attempt to evacuate despite instructions to remain indoors. Understanding
these behavioral responses is essential for designing effective and realistic evacuation plans.

(1,2)

Legend
. Zone ——»  Sharedarc
Intersection node > Sidewalk
Candidate vertical shelter Assigned vehicular flow
——  Assigned pedestrian flow
. Horizontal shelter
——  Selected flow by noncompliant vehicles
‘ Open vertical shelter
Selected flow by noncompliant pedestrians
(1,2) Retrofitted zone

Figure 2: Sample evacuation network

Figures [3a]and [3c]illustrate the behavioral responses of pedestrians and drivers in retrofitted
sub-zones to official shelter-in-place (SIP) recommendations. Pedestrian behavior is depicted
in Figure [3al When the SIP strategy is implemented in a sub-zone o, a proportion of resi-
dents—denoted by (1 — o)—distrust the structural resistance of their buildings and choose to
evacuate instead of remaining indoors. These noncompliant pedestrians prefer to move toward
the nearest horizontal shelter following the shortest available route. For instance, in sub-zone
03, a fraction o?; of pedestrians comply with the SIP directive and stay at home, while the re-
maining (1—oc?;) noncompliant individuals attempt to reach shelter 2 1. In contrast, in sub-zone
ol, the nearest horizontal shelter (h1) is located beyond the safe travel distance, meaning that
pedestrians cannot reach it before the inundation time regardless of their departure time or arc
capacity. Therefore, it is assumed that all pedestrians in o1 fully comply with the SIP directive,
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ie,ob =1.

Vehicle behavior under the same conditions is shown in Figure|3c| Considering both depar-
ture times and traffic congestion, noncompliant drivers in sub-zone ol can still reach the nearest
horizontal shelter (h1), indicating partial noncompliance. However, among the noncompliant
vehicles originating from sub-zone 03, only a portion can reach h1 before inundation, while the
remaining vehicles fail to arrive due to limited arc capacities and are therefore assumed to be
lost during evacuation.

For non-retrofitted sub-zones, authorities must assign evacuees—whether pedestrians or
vehicle users—to horizontal or open vertical shelters based on tsunami risk, available time
(derived from inundation and departure times, as sub-zones may not depart simultaneously),
and the capacity of shelters and arcs. Vehicles in each sub-zone can be routed to multiple
horizontal shelters through different paths, but they are only allowed to use vehicular arcs. In
contrast, pedestrians from each sub-zone o are assigned to only one vertical or horizontal shelter
located within an acceptable tolerance degree (¢). The acceptable tolerance degree corresponds
to shelters whose path lengths are less than or equal to (14¢) times the length of the route to the
nearest shelter; routes longer than this threshold are excluded from consideration. Pedestrians
travel through the closest sidewalks or shared arcs, and it is assumed that both vehicles and
pedestrians can move along shared arcs without interference.

Figures [3b] and [3d] illustrate the evacuation flows of pedestrians and vehicles from non-
retrofitted sub-zones 02, 04, and 05. As shown in Figure @], pedestrians in sub-zone 05 are
assigned to horizontal shelter A1, which is the only shelter within the acceptable tolerance
limit. Considering the slope, they can reach hl in two minutes. The lead time for this arc
is determined as the minimum of the lead times of its tail and head nodes (8 and 9 minutes),
resulting in an effective lead time of 8 minutes. Since the travel time is two minutes and the arc
has no capacity constraint, evacuees can safely reach the shelter even if they depart at minute
five. Pedestrians in sub-zone 04 are assigned to vertical shelter v3, which is within the tolerance
limit and has sufficient capacity (q,3) under the available budget. Although shelter v4 is also
within reach (two minutes away), it poses higher risk as it leads toward the shoreline; hence, v3
is prioritized. For pedestrians in sub-zone 02, if no vertical shelters are available, they cannot
reach any horizontal shelter before the inundation time (since the sum of travel and departure
times equals nine minutes). Therefore, they are assigned to one of the candidate vertical shelters
vl or v2, both within the tolerance limit. Between the two, opening v1 is preferred given its
proximity and lower risk, but its limited capacity may result in some unmet demand—indicating
a bottleneck. If no budget is available to open additional shelters, the unsheltered evacuees from
02 are directed to dummy nodes, representing unmet demand. Overall, all pedestrians in non-
retrofitted sub-zones are assumed to be fully compliant, as they are assigned to shelters within
the tolerance radius.

In the vehicular evacuation illustrated in Figure [3d] the only destination type is the horizon-
tal shelter. Although horizontal shelters have unlimited capacity, the arcs leading to them are
capacity-constrained (when referring to an arc a, its capacity is denoted as ¢,) and tend to zero
as the tsunami waves approach due to inundation. The capacity ¢, represents the maximum
number of vehicles that can traverse an arc under free-flow conditions. To prevent congestion,
the total vehicular flow on each arc must remain below its capacity. Consequently, only a pro-
portion of vehicles from each sub-zone (v,;) are assigned to the shortest-time route to the nearest
horizontal shelter 7, while the remaining vehicles (v, ) are assigned to alternative routes to the
same or other shelters.

Figure [3d)illustrates the compliance behavior of drivers in non-retrofitted sub-zones. In sub-
zone 05, vehicles are located very close to horizontal shelter 21. Since the artificial arcs directly
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connecting this sub-zone to surrounding nodes are assumed to have sufficiently large capacity,

all vehicles can reach h1 within one minute. As the assigned path coincides with the shortest-

time route, full compliance is observed (o 1 = 1). In sub-zone o4, vehicles are assigned
5,h1

to shelter A1 through two distinct routes to satlsfy all demand given arc capacity constraints.
Along the first route, all vehicles comply with the assigned path (o = = 1), while along the
h

second, only a portion (v 2 ) follow the assigned path. The remammg drivers (1 — % )
04 hl

deviate to the shortest-time path where they may face delays at certain nodes but can still reach

the shelter before inundation. Vehicles from sub-zone 02 are assigned to horizontal shelter /2

due to congestion on alternative paths. A fraction («y ) comply with this assignment, while
02,h2

the remainder (1 — o, ) attempt to evacuate via the shortest-time route toward shelter i1.
02,h2

However, due to arc congestion, some of these noncompliant vehicles fail to reach h1 before
inundation and are therefore assigned to dummy nodes, representing unmet demand. These
noncompliant drivers contribute to network overcapacity by self-evacuating along the shortest
routes despite official instructions.

1 *2.5

/ /\/»

1 L

Ve
(\
| e

\. hd
(a) Compliance behavior of pedestrians in  (b) Compliance behavior of pedestrians in non-
retrofitted sub-zones. retrofitted sub-zones.

(c) Compliance behavior of vehicles in retrofitted ~ (d) Compliance behavior of vehicles in non-
sub-zones. retrofitted sub-zones.

Figure 3: Compliance behaviors of pedestrians and vehicles in retrofitted and non-retrofitted
sub-zones.

3.1.1 Time-Expanded Network Construction

The main objective of the evacuation model is to minimize overall risk by ensuring that evac-
uees reach shelters before tsunami waves inundate nodes and paths, making them unusable.
As the tsunami advances, node-specific risk levels increase, and at their respective lead times,
nodes and connected arcs become impassable. Each node has its own lead time, rather than
assigning a single value to an entire route, which allows the model to reflect spatial variations
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in inundation timing. Because these risk levels evolve dynamically, a static network cannot
adequately capture temporal changes. To address this, a time-expanded network is constructed
to represent the evacuation process over discrete time steps.

In this formulation, the evacuation period is divided into equal time intervals, and a copy of
each node is created for every time step during which it remains usable. This structure allows
for tracking accessibility over time and directly controlling traffic conditions. Once a node’s
lead time is reached, it and its associated arcs are removed from the network, representing in-
undation. Similarly, subzones appear only after their designated departure times—for example,
subzones 0,—03 depart at time 0, o, appears at time 2, and o5 at time 4.

Two types of arcs are included in the time-expanded network: crossing arcs and holdover
arcs. Crossing arcs connect different nodes across consecutive time steps, representing evac-
uee movement. Holdover arcs, in contrast, link the same node across consecutive time steps
and indicate remaining at that node for a short period. For vehicles, however, holdover arcs
are essential, as shown in Figure @b] since they allow temporary waiting when road capac-
ity is reached, preventing excessive congestion and improving overall evacuation performance.
These arcs are not defined for horizontal shelters because vehicles are assumed to complete
their evacuation upon arrival at such shelters.

The construction of crossing and holdover arcs is based on three main parameters: travel
time, time-step length, and lead time. Travel time depends on the distance and speed between
nodes, the time-step length determines the temporal resolution, and the lead time specifies the
final time step before a node and its arcs become unusable due to inundation.

Consider the static network discussed earlier, where each node has a defined lead time and
each arc has known travel times for both vehicles and pedestrians. Departure times vary among
subzones as described above. For instance, the static arc between o4 and j3 has a vehicle travel
time of one minute, with lead times of six and seven minutes for o4 and j3, respectively. Using
a one-minute time-step length, the tail of the crossing arc is defined over the interval

[departure time, lead time — [travel time]] = [2, 5],
and the head over
[[departure time + travel time], lead time — 1] = [3, 6].

Thus, multiple crossing arcs can be generated from each static arc depending on the available
time intervals. Figure 4alillustrates the generated vehicle crossing arcs.

Holdover arcs are constructed similarly, except their travel time equals the time-step length.
For each node, except horizontal shelters, holdover arcs connect two consecutive time steps,
enabling vehicles to remain stationary until it becomes feasible to move forward. This captures
the accumulation of vehicles at congested nodes and their gradual release once sufficient ca-
pacity is available. Figure 4b|illustrates these arcs, showing how they manage temporal vehicle
flow and alleviate congestion.

For pedestrians, the same principle is applied to create crossing arcs, with the difference that
vertical shelters are also included since pedestrians can access them directly. As pedestrian arcs
are not subject to capacity constraints, waiting is unnecessary, and holdover arcs are therefore
not defined for pedestrians.
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(a) Generated crossing arcs. (b) Generated holdover arcs.

Figure 4: Generated crossing and holdover arcs in the time-expanded network for vehicles.

3.1.2 Assumptions

1.

10.

The tsunami is assumed to occur during nighttime, when background traffic is negligible
and set to zero.

Evacuees traveling by private vehicles aim solely to leave the inundation area and do not
seek refuge in vertical shelters, while pedestrians may be assigned to either vertical or
horizontal shelters.

. The available budget is allocated to retrofitting existing buildings and to constructing or

retrofitting vertical shelters.

When the shelter-in-place (SIP) strategy is adopted for a sub-zone, all residential build-
ings within that zone are assumed to have been retrofitted, and each retrofitted building
has sufficient capacity to accommodate its inhabitants, ensuring that the infrastructure
can safely sustain all occupants during a disaster.

. Vertical shelters are assumed to have finite capacities, whereas horizontal shelters have

unlimited capacity. The capacity of vehicle crossing arcs is limited, while pedestrian arcs
are considered unconstrained.

The risk associated with staying in horizontal shelters is assumed to be zero, implying
that they offer complete safety. However, the risk of staying in vertical shelters is incor-
porated into the travel risk calculation.

. The departure times may differ across sub-zones, but pedestrians and vehicles within

each subzone depart at the same time.

. All personal vehicles are assumed to have identical capacity and velocity.

. Pedestrians have an initial walking speed of 1 m/s, which varies with the slope of the

road. Based on Gonzalez-Riancho et al.| (2013), a speed correction factor is applied to
adjust pedestrian velocity according to road gradient.

Since tsunamis occur following earthquakes, the capacities of arcs are assumed to de-
crease according to the building damage levels provided in the Estimated Earthquake
Losses by Districts in Istanbul report (IBB, 2023).
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11. All evacuees, whether pedestrians or vehicle users, are evacuated through arcs filtered by
direction. Only arcs leading away from the coastline are considered valid. For instance,
in the example network shown in Figure [3] the red line represents the coastline, and two
directed arcs, A—B and C-D, are illustrated. Arc A-B is accepted since node B is farther
from the coastline than node A, guiding evacuees inland. In contrast, arc C-D is rejected
because node D is closer to the coastline than node C, directing evacuees toward the

shore.

Legend

Coastline Intersection node

— — —  Perpendicular distance @ Horizontal shelter

———  Directed arc

Figure 5: Example of arc filtering based on direction relative to the coastline.
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3.2 Model Reformulation

Table 1: Notations of model

Sets

(0] Set of evacuation zones

J Set of junction nodes

S Set of shelters where S* U S* = §

Sv Subset of candidate locations for vertical shelters construction

Sh Subset of horizontal shelters

SS Set of candidate vertical shelters within tolerance degree where S5 C S¥

A Set of possible arcs A where AV U AP = A

A Subset of arcs that can be used by vehicles and pedestrians

AP Subset of arcs that can be used only by pedestrians (sidewalks)

II Set of routes between zones and shelters

IT, s Set of routes between origin zone o and shelter s within tolerance degree
II

. Set of shortest-time routes for vehicles at zone o
w;‘ Shortest route for pedestrians at zone o
11, Set of routes of which a is a part where P, C P
Ar Set of arcs on route ™ where A, C A
Parameters
hs Cost of constructing shelter s, Vs € S
fo Fixed cost of retrofitting residential building of evacuation zone o, Yo € O
Tr Total risk that vehicles incur on route 7, Vrr € Il g

To,s Total risk that pedestrian incur during traveling from zone o to shelter s,Yo € O, s € S
risk of staying in vertical shelters are included
To Risk of staying at home (sheltering in place)for evacuees of zone o, Vo € O
Ts Risk (penalty) for extended capacity of shelter s, Vs € S
w,t, Compliance rate of vehicles from zone o in taking route 7, based on the arrival-time difference ¢

Qo between the suggested route and the shortest-time route, Vo € O.

oy Compliance rate of vehicles from zone o with shelter in place, Yo € O

ob Compliance rate of pedestrians from zone o with shelter in place, Yo € O

dy Evacuation demand for vehicles in zone o, Yo € O

&b Evacuation demand for pedestrians in zone o, Yo € O

ds Capacity of shelter s, Vs € SV

Ca Capacity of arc a, Va € AY

B Budget for retrofitting the building and opening vertical shelters

variables

€o 1 if zone o is evacuated, O if zone o is retrofitted against tsunami, Yo € O

Ys 1 if potential location s is selected for construction of the shelter in, O otherwise, Vs € S?

Zo,s 1 if shelter s is assigned to pedestrians of zone o, 0 otherwise, Vo € O, s € SY

Vg Fraction of vehicles evacuated through route 7 (between evacuation node o and shelter s)
Ve ll, s

Uy Fraction of vehicles in evacuation zone o select the shortest-time route
v e 115

Usg Number of pedestrians who do not fit in shelters s (extended capacity) ,Vs € S
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(12)

(13)

(14)

(15)

(16)

(17)

(18)

(19)

(20)

The objective of the model is to minimize the total risk associated with the evacuation process.
The first term represents the risk of compliant vehicles traveling along their assigned routes,
while the second accounts for non-compliant vehicles that disregard shelter-in-place orders in
retrofitted zones or ignore assigned routes in non-retrofitted zones, instead selecting their own
shortest path. In the time-expanded network, no single shortest path exists, as capacity limits at
intermediate nodes may create multiple alternatives; this term captures that risk. The third term
reflects the risk of non-compliant pedestrians who ignore shelter-in-place and evacuate to the
nearest horizontal shelter, where paths are unique due to the absence of pedestrian arc capacity
constraints. The fourth and fifth terms capture the residual risk for compliant evacuees—both



pedestrians and vehicles—who remain at home after retrofitting, while the final term penalizes
expanded shelter capacity, treated as unsatisfied demand.

Constraint 12 imposes the budget limitation for retrofitting buildings and opening vertical
shelters. According to Constraints 13 and 14, vehicle assignment depends on the retrofitting
status of each zone: in retrofitted zones (e, = 0), there will be no assignment; in non-
retrofitted zones (e, = 1), vehicles are assigned to horizontal shelters, with a fraction of evac-
uees—depending on the compliance rate—following the suggested routes and the remainder
selecting the shortest-time path. Constraint 15 enforces arc capacities considering both com-
pliant and non-compliant vehicle flows. Constraint 16 prevents assigning pedestrians from
retrofitted zones to any shelter, whereas pedestrians from non-retrofitted zones must be evacu-
ated to exactly one shelter, vertical or horizontal. Constraint 17 incorporates pedestrian distance
tolerance by requiring that, if a vertical shelter is open, assignments do not exceed (1 + ¢) times
the shortest path length, ensuring full compliance. Constraint 18 restricts inflows to vertical
shelters to their allowed capacity, including possible capacity expansion, while Constraint 19
ensures that capacity expansion is permitted only if the shelter itself is open. Finally, Constraint
20 specifies the domains of all decision variables.

4 Solution Methodology

The Nested Benders—Column Generation Decomposition method was developed to solve the
proposed model. The framework is based on Benders decomposition, which partitions the
problem into a master problem and a subproblem. To efficiently address the exponential num-
ber of candidate routes, column generation is embedded within the subproblem. In addition,
acceleration strategies are incorporated to strengthen cuts and expedite convergence.

4.1 Benders Decomposition Framework

The decomposable structure of the MILP model makes it well-suited for Benders Decomposi-
tion (BD). By exploiting this structure, BD enables an efficient solution approach by partition-
ing the problem into a master problem and a subproblem. The master problem captures strate-
gic decisions such as retrofitting buildings, opening vertical shelters, and assigning pedestrian
routes, while the subproblem focuses on optimizing vehicular routes and expanding shelter ca-
pacities to accommodate evacuees. The master problem is formulated as follows:

Master Problem (MP)

Min (¢>w P+ Y redo¥(1—eo) + > rasdl(1— o) (1 — e)+

0e0 0e0 (21)
SN rosdaos + Y rodiob(1 — eo)>
0€0 seS§ 0€0
D foll—e)+ > hys<B (22)
0€0 seSv
Y zos=e, Yo€O (23)

s€SE
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(24)

(25)

(26)

(27)

To account for the distinct characteristics of pedestrians and vehicles, the subproblem is fur-
ther decomposed into two components: a pedestrian subproblem (SPP) and a vehicle subprob-
lem (SPV). This separation ensures that their respective constraints are handled independently,
while also enhancing computational efficiency by producing more compact formulations that
are easier to solve and can be addressed in parallel. The primal subproblems are formulated as

follows:
Primal Sub-problem for pedestrians (PSPP)

Min E TsUg

seSv

Z dbZo s < qsys +us Vs e SY
0e0

us <Y dby, Vse S’
o€

us > 0

Primal Sub-problem for vehicles(P.SPV)

MZHZ Z Z rra T d% v, + Z Z Tady Vg

0cO scSh WGHOA,S 0€0 TETY
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Feasibility issues may arise in the pedestrian subproblem because, in the master problem,
pedestrians can be assigned to vertical shelters that are not opened. Since the opening deci-
sion is enforced only in the subproblem, such assignments can result in infeasibility. This issue
is resolved by introducing the following constraint directly into the master problem instead of
generating a feasibility cut:

D zos<gys VseS (37)
0€O

Where g = |O| denotes the total number of origin zones.

4.2 Column Generation Framework

In the proposed model, it is assumed that a set of candidate routes for compliant drivers and a
set of shortest-time paths for noncompliant drivers are available. Enumerating all such routes
is typically impractical due to excessive memory requirements and computational intractabil-
ity, highlighting the need for an efficient solution strategy. To overcome this challenge, Col-
umn Generation (CG) is employed, where the vehicular subproblem is decomposed into three
components: the Restricted Master Problem (RMP) and two Pricing Problems (PPI and PPII),
which generate routes for compliant and noncompliant drivers, respectively. The RMP is solved
over a restricted subset of routes, and the Pricing Problems are iteratively solved to identify new
routes with negative reduced cost. These routes are then added to the RMP, and the process is
repeated until no further routes with negative reduced cost are identified.

The RMP is structurally identical to the vehicular subproblem (SPV), but it is initialized with
only a subset of routes. To expand this set, two Pricing Problems (PPI and PPII) are introduced
within the column generation framework. In the first column generation, the columns corre-
spond to the variables vy, while in the second they correspond to v,. Both PPI and PPII are
formulated as Elementary Shortest Path Problems (ESPP), consistent with recent approaches
by Yildirrm and Yildiz (2021); Bayram et al.| (2022)). In the first case, routes are generated
between sub-zones and feasible horizontal shelters, while in the second, although the static
shortest path for noncompliant drivers in each sub-zone is predetermined, capacity constraints
may cause waiting at intermediate nodes, leading to alternative realizations of the path. In both
cases, the optimal route is defined as the one with the minimum total cost, computed as the sum
of the costs of the included arcs, and identified using the Bellman—Ford algorithm. Any route
with negative reduced cost is considered potentially profitable. The formulations of PPI and
PPII are given as follows:

(PPI)

Min rcivs = Z (dg}rawa — Wt ((To + dg}’ya)xa)> — Z LhoTq (38)

aeAgys acAY
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1 if 1=o0

Z Za(w) — Z Za(w) =140 if 1€ N\(o,s) (39)
a€dt (i) a€d~ (1) -1 if i=s
zq(w) € {o,1} (40)
(PPID)
Min rcis = Z dy (raxa — fya) — Z Tolq (41)
a€Ay o a€A}
1 if 1=o0
Z 7o (w) — Z Ta(w) =40 if i€ N\(0,8) (42)
aedt (i) a€d— (i) -1 if i=3s
zq(w) € {o,1} (43)

Here, X, is a binary variable indicating whether arc « is included in route k&, and the objective
function minimizes the total cost as the sum of the selected arcs. In PPI, the costs are directly
linked to the dual multipliers of the compliant vehicle-related constraints (33-35), while in
PPII, the costs are associated with the dual multipliers of constraints (33 and 35) obtained from
solving the RMP. Specifically, 7,, 7,, and i, denote the dual multipliers corresponding to Con-
straints 33-35, respectively. The overall methodological framework of the study is illustrated
in Figure[6]
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Figure 6: Methodological framework of the proposed solution approach.

In summary, the proposed solution combines Benders Decomposition with Column Gener-
ation and proceeds in sequential steps. First, the master problem (MP) is solved to update the
lower bound (LB). Next, the pedestrian subproblem (SPP) is solved to obtain dual variables
and update the upper bound (UB5). For the vehicle subproblem (SPV), Column Generation is
employed: the restricted master problem (RMP) is solved to generate dual variables, which up-
date arc weights in pricing problems I and II (PPI and PPII). Both pricing problems are solved
using the Bellman—Ford algorithm, and any paths with negative reduced cost are added as new
routes. This iterative process continues until no further beneficial routes are generated. The
final dual variables are then used to compute UB;, and the overall upper bound is determined
as UB = UB; + UB,. Finally, optimality is checked: if UB — LB > ¢, optimality cuts for both
pedestrians and vehicles are added; otherwise, the algorithm terminates.

4.3 Acceleration methods

The classical Benders decomposition method often suffers from slow convergence due to two
main factors. First, weak, redundant, or insufficiently tight cuts can lead to a large number of
iterations before convergence. Second, each iteration is computationally intensive, as it requires
solving both the master and subproblems. Together, these factors limit efficiency and highlight
the need for acceleration techniques to improve convergence performance.
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4.3.1 Subproblem Decomposition

In the Benders decomposition framework, the master problem defines strategic decisions such
as retrofitting zones, constructing vertical shelters, and assigning pedestrians to shelters, while
the subproblem focuses on route assignment for vehicles and unmet pedestrian demand arising
from capacity limitations. As pedestrian and vehicle decisions are independent and no shared
constraint exists in the subproblem, it is divided into two parts: one for pedestrians (SPP) and
one for vehicles (SPV). This separation enables parallel computation and accelerates conver-
gence, enhancing the overall efficiency of the algorithm.

4.3.2 Network Size Reduction for Vehicles

To accelerate the solution process, the vehicular network was streamlined through several re-
ductions. First, origin—destination (O-D) pairs with zero compliance rates or those unreachable
in the static network were excluded. Second, node lead times were adjusted, and nodes appear-
ing after their lead time were removed. Directional filtering was also applied, while vertical
shelters and pedestrian-related arcs were eliminated.

For compliant drivers, a feasible arc set was constructed for each O-D pair by considering
lead times, departure times, and path existence. Arcs involving nodes that appear after the
destination’s lead time or connected to other horizontal shelters were removed. Arcs were
retained only if the time of their head and tail nodes did not exceed the corresponding departure
time. Additionally, for each arc, the existence of valid paths was verified from the origin to its
start or end node and from these nodes to the destination; arcs failing these conditions were
removed.

For noncompliant drivers, feasible arcs for each subzone were determined based on static
arcs along the shortest-time path. Corresponding time-dependent arcs, including crossing and
holdover arcs, were then generated while accounting for the destination’s lead time and the
sub-zone’s departure time.

4.3.3 Maximum Density Cut (MDC)

The classical Benders decomposition can produce sparse optimality cuts that involve only a
few master variables, which slows convergence. The Covering Cut Bundle (CCB) approach
counters this by generating a set of cuts so that each variable is a-covered—its coefficient
magnitude in the cut is at least an a-fraction of the maximum coefficient magnitude in the cut,
with a € (0, 1). Constructing a full bundle, however, can be computationally demanding.

To overcome this limitation, we employ a Maximum Density Cut (MDC) strategy that con-
centrates the densification step on the coefficients of the z,, variables while preserving dual
optimality. Let p, and 6, denote the dual variables associated with constraints (29) and (30)
of the primal subproblem, respectively (both nonpositive in our formulation). MDC exploits
degeneracy: among multiple dual-optimal solutions, the auxiliary dual subproblem, selects
an extreme point with the largest support (i.e., the maximum number of nonzero dual vari-
ables—particularly in p), which yields richer coefficient patterns and faster convergence.

Operationally, the subproblem, enforces the full dual-objective equality to remain on the
dual-optimal face and introduces only the z-side activation indicators k! . k2, € [0,1] for
uncovered pairs (o0,s). With a sufficiently large M and a user-chosen threshold ¢ > 0,
the big-M bounds ensure |—d? ps| > ¢ whenever k}w = kis = 0, while the objective
min Z(o,s) (k:gs + k:gs) drives as many coefficients as possible beyond the target. The re-
sulting single high-density optimality cut increases variable coverage and reduces the number
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of Benders iterations without sacrificing dual consistency.

min Z Z k‘l +k:2 (44)

0€0 seS§

—ps + 05 <1 Vs € §° (45)

> [(qs Js — Y _ b Zos)ps + (D dB) s 95] = ODSPP (46)

seSY 0e0 0e0

—d(1- k:;s) - Mkas < —dlps < - (1— k;s) + Mki,s Y(o,s) € NCZ 47)

d(—k2)—ME, < —dbps < d(1—k2)+Mk., V(o,s)€NCZ (48)
koot ko, <1 Yoe O, se S (49)
0<késﬂk3,s§17 ps <0, 0, <0 Yoe O, s € S (50)

For further methodological details and variants, see (Saharidis and Ierapetritou, 2013} Jenabi
et al., 2015)).

4.3.4 Warm Start Strategies

To improve computational efficiency, several acceleration methods are introduced for the Ben-
ders decomposition algorithm. Among them, four warm-start strategies are proposed to gener-
ate initial feasible solutions that stabilize early iterations and reduce convergence time. Each
strategy defines an initial version of the master problem to be solved in the first iteration before
proceeding with the standard Benders procedure.

Warm Start Strategy I Since the master problem loses key linking constraints such as shel-
ter capacities after decomposition, an auxiliary master problem is solved only in the first iter-
ation to provide a stronger starting point. In this formulation, shelter capacities and an aux-
iliary expanded-capacity variable are incorporated to enhance convergence, while all other
constraints remain unchanged. The objective function includes the original risk of pedestri-
ans and vehicles, along with the risk of the auxiliary expanded capacity—treated as unsatisfied
demand—to maintain consistency with the overall risk structure. As no optimality cuts exist
yet, ¥ and ¢" are set to zero. The resulting solution serves as the initial point for subsequent
iterations of the main Benders procedure. The auxiliary master problem is given as follows:

(Zrodw o (1—e5) +Zm*d” oP)(1 —e,)+

0e0 o€0 (51)
Z Z To,s00%0,5 + Zrodpap (1 —eo) + Z Tsuls)
0€0 s€S¢ 0e0 sesv
Z dPzos < qsys +u, Vs e S (52)

0e0
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Warm Start Strategy II  Since the master problem loses vehicle-related risk information af-
ter decomposition, this strategy is introduced to provide a more informative initialization. In
the second warm-start strategy, arc-capacity and routing-compliance constraints for vehicles
are relaxed, while the formulation for pedestrians remains identical to that in the first strategy.
Each origin o is assigned to a single shortest-time path under fully arc-capacity—relaxed con-
ditions, denoted by \,. For origins that cannot reach any horizontal shelter even under these
conditions and have not been retrofitted due to budget limitations, A\, represents a dummy path
with high risk corresponding to unsatisfied demand. Consequently, all vehicles are treated as
fully compliant with routing, whereas shelter-in-place non-compliance is still considered: if an
origin has no access, all evacuees are fully compliant; if it has access, all evacuees in the sub-
zones use the shortest-time path for the zone )\, in which case no dummy path is involved. The
objective function therefore incorporates the risk of assigning vehicles to either the shortest-
time path or the dummy path, together with the shelter-in-place non-compliance risk, while all
other components and constraints remain identical to those in Strategy I. The formulation of
this auxiliary master problem (AMP II) is given as follows:

Min (Z rod¥o (1= eg) + 3 rradi(1 — o?)(1 — eo)+
0eO 1<10]

Z Z To,s00 20,5 + Zrodpap 1—eo) Z sl + Zmodw 1—0)(1—¢e,)+ Zr,\od}j’eo>

0€0 seS§ 0€0 sSESY 0€0 0€0
(53)

Warm Start Strategy III This strategy is similar to Warm Start Strategy II: arc-capacity
limits remain relaxed and routing compliance is enforced, while the pedestrian formulation
is unchanged. Non-compliant drivers in retrofitted zones follow the shortest-time route A,.
For each origin o, let 3, denote the candidate set of capacity-relaxed shortest-time routes to
distinct reachable shelters in the static network (no waiting); if no shelter is reachable, set
B, = {dummy}. Introduce an auxiliary binary variable x;, for b, € (3,, where x;, = 1 if route
7, is selected, and enforce a single choice via ) _, . 5, Lb, = €o (redundant under no arc-capacity
limits, but retained for clarity and to serialize the choice in AMP III). For non-retrofitted zones,
the selected route may be any b, € (3, under the rule: if there exists an alternative in (3, with
strictly lower risk than the shortest-time route, that alternative is chosen; otherwise the shortest-
time route is retained. The updated objective function and additional constraints in AMP III
are as follows::

Min (Z rody oy (1 —e,) + Z rrxdb(1 —ob)(1 —eo)+

o€0 0€0
Z Z To,s00%0,5 + Zrodpap (1 —e0) + Z Tsu + Zmodw (I1—0)(1—¢e,) —1—2 Z rbodf}”xbo)
0€0 seSs ocO sesSv ocO 0€0 boELBo
(54)
Z xp, =€, Yoe€O (55)
bo€Bo

Column Generation Acceleration Strategies

Two acceleration strategies were implemented to enhance the performance of the column gen-
eration procedure. The first strategy, limited negative reduced cost paths, is applied to both the
first and second column generations. In each iteration, a limited number of paths with negative
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reduced costs are identified for each zone and incorporated into the Restricted Master Prob-
lem (RMP). This selective inclusion broadens the column set while maintaining computational
efficiency.

The second strategy, initial solution (warm start), is specific to the initialization of each
column generation. For the first column generation, three sets of initial paths are identified
for each subzone in the time-expanded network: (1) the X' = 10 least-risk paths, (2) the
K = 10 shortest-time paths—both obtained using Dijkstra’s algorithm—and (3) the routes
generated through a greedy search. In the greedy search, zones and their candidate paths are
sorted in ascending order based on their distance from the seashore and associated risk level,
respectively. For each zone, the minimum capacity of arcs along the shortest-time path is
checked after subtracting the maximum non-compliance rate, assuming that the entire demand
of the zone is assigned to that path. When the minimum capacity cannot accommodate the
total demand, the arc capacities are updated, and the next feasible route is evaluated until the
demand of the zone is fully satisfied.

For the second column generation, X' = 2 shortest-time paths are derived based on the
static shortest-time route of each subzone, identifying potential paths among nodes along this
route that reach destinations at different times within the time-expanded network. Addition-
ally, dummy paths are incorporated in both column generations to represent subzones whose
evacuees remain at their origin until the lead time, after which they are assigned to a dummy
node.

5 Case Study Results

The case study focuses on the Biiyiikcekmece District, located on the European side of Istanbul
along the Marmara Sea. This area was selected due to its high tsunami exposure, low-lying
topography, and densely populated coastal neighborhoods. For the Marmara region, multiple
tsunami scenarios have been defined, with the Biiyiikcekmece Submarine Landslide (LSBC)
scenario identified as the most critical for this district. Simulations conducted with the NAMI-
DANCE model indicate that LSBC produces relatively high coastal wave heights and short first-
wave arrival times. The resulting inundation zone encompasses six neighborhoods classified
as high-risk due to their susceptibility to flooding: Fatih, Atatiirk, 19 May:s, Dizdariye, Mimar
Sinan, and Ulus (Bayram et al., 2025]).

30



9.5
8.6
8

7.4
6.8
6.2
5.6
5

4.4
3.8
3.2
2.4
2

1.4
0.9
0.6
0.3
4]

Figure 7: Inundation area under the LSBC scenario in Biiyiikcekmece (IBB-ODTU, 2018,

2019)

The Biiylikcekmece network consists of 247 sub-zones, 81 candidate vertical shelters (includ-
ing 36 existing high-rise buildings), and 67 horizontal shelters. Figure [§]illustrates the spatial
layout of the study network.

@ Subzone ) Intersection node

@ Vertical Shelter @ Horizontal shelter

Figure 8: Spatial layout of the Biiyiikcekmece evacuation network.

5.1 Data Collection

The network components and parameters required for the proposed model were collected as
follows:

5.1.1 Evacuation Network

The evacuation network was modeled as a directed graph composed of nodes and road seg-
ments. Nodes included sub-zone centroids, intersection points, vertical shelters, and horizontal
shelters. Road segments were represented as directed edges and classified as either vehicle
roads or sidewalks.

Sub-zones: Sub-zones were defined as rectangular areas enclosed by road segments within
the inundation zone.

31



Vertical Shelters and Capacity: Vertical shelters were identified from existing public build-
ings, such as hotels and schools, provided that they were structurally stable and had upper floors
above the inundation level. Shelter capacity was estimated based on the usable high-floor area
located above the inundation depth. In addition, potential new shelters were considered and
determined from vacant public lands identified using satellite imagery. For these sites, a stan-
dard 6,000 m? design was applied: if the land was smaller, the entire area was used for a single
elevated shelter; if larger, only one 6,000 m? shelter was assumed, and the remaining land was
unused(Bayram et al., 2025).

Horizontal Shelters: Horizontal shelters were defined as the first intersection nodes located
immediately outside the inundation zone, serving as the exit points of evacuation routes.

5.1.2 Evacuation Demand

The evacuation demand for each sub-zone was defined as the product of the number of buildings
in the sub-zone, estimated using satellite imagery from Google Maps and Yandex Maps, and
the average population per building. The average population per building was calculated by
dividing neighborhood population data from the Turkish Statistical Institute (TUIK, [2021) by
the total number of buildings in the neighborhood, as reported by the Istanbul Metropolitan
Municipality (IBB, 2017).

5.1.3 Vehicular Demand Ratio

The vehicular demand ratio (VDR) is the proportion of evacuees who evacuate by private vehi-
cle, while the remaining evacuees are assumed to evacuate on foot. Based on a survey of 500
residents in Buyukcekmece (Moslemi et al., 2025)), the VDR was estimated at 16%, while 84%
of respondents indicated they would walk.

5.1.4 Capacity of Arcs for Vehicles

The capacity of crossing arcs is defined as the maximum number of vehicles that can traverse a
road segment within a one-minute time step in the time-expanded network. The base capacity
of each vehicle arc is given by (Bayram et al., 2025)):

min (L, v - At)
ds + 1,

Capacity = (56)

where:
* L: length of the road segment,

* vu: free-flow speed,

At = 1 minute (time step duration),

ds = v - 1 s: safety distance,

* [,: average vehicle length.
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To account for infrastructure damage, the base capacity is multiplied by the remaining
arc capacity ratio, reflecting the usable road proportion at each damage level. The spatial
distribution of damage levels is shown in Figure Qjncluding corresponding remaining ratios.

Figure 9: Distribution of road damage levels across the study network 2023)

For other types of vehicle arcs in the time-expanded network—such as holdover arcs, ar-
tificial arcs that connect sub-zone nodes to surrounding nodes, super-exit arcs, and dummy

arcs—a very large capacity is assigned to avoid flow restrictions, since these arcs are not phys-
ically constrained.

5.1.5 Vehicle Occupancy

Among the survey respondents in Bityiikgekmece (Moslemi et al.,[2025), the average household
size was three persons. Accordingly, the model assumes that each vehicle used during the
evacuation carries three occupants.

5.1.6 Pedestrian Tolerance

Pedestrian tolerance captures the maximum distance evacuees are willing to walk to reach
a shelter relative to the shortest path. In the survey, respondents were asked to indicate the
longest acceptable walking distance within predefined intervals. Figure [10] presents both the
raw distribution of responses (left) and the fitted acceptance S-curve (right).

Maximum Tolerable Distance Curve

MO0 e
Maximum acceptable distance to nearest shelter or other
shelters more than 1 km away 80 1
Cumulative
Frequency Percent Valid Percent Percent 3
- £ 60 —— Decreasing logistic fit
Valid ~ 1-3 km 402 80.4 80.4 80.4 g e Data points
i
4-6 km 70 14.0 14.0 94.4 £ ! ~~" 95% Acceptance
Y 40 i --- =1.53km
7-8 km 12 2.4 24 96.8 £
9-10 km 16 32 32 100.0
Total 500 100.0 100.0 201
(a) Survey responses on maximum acceptable oL . ! ‘
. . 1] 2 4 6 8 10
walking distance. Distance (k)

(b) S-curve representing pedestrian tolerance.

Figure 10: Pedestrian tolerance results from the survey (]Moslemi et a1.|, |2025[).
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A decreasing logistic function was then fitted to the cumulative data, representing the prob-
ability that evacuees will accept walking a given distance (Moslemi et al., 2025):

1
1+ exp (1.0475 - (z — 4.3401))

() (57)

From this function, it was estimated that 95% of respondents would accept walking up to
1.53 km. Since the shortest path length is assumed to be 1 km, any route longer than 1.53 times
the shortest path is considered unacceptable for pedestrians.

5.1.7 Departure Time

Evacuees require time to complete pre-evacuation activities before leaving home. Survey re-
sponses revealed that the majority of residents in Buyukcekmece needed between one and five
minutes for preparation before departure (Moslemi et al., 2025). Figure[T1|(a) presents the dis-
tribution of responses, while Figure [ T(b) shows the fitted S-curve derived from the cumulative
data.

Time to complete actions and depart home (start evacuation)
Cumulative
Frequenc: Percent Valid Percent Percent
Valid less than 1 minute 88 13.6 138 13.8 3
1-5 min 297 59.4 59.4 73.0 H
6-10 min 95 19.0 19.0 92.0 ‘g .
11-20 min 20 40 40 96.0 H
21-30 min i 14 14 97.4 5
>30 min (more than 30 3 6 6 98.0 % “

minutes) 3

not applicable 10 20 20 100.0
Total 500 100.0 100.0

EJ — Fitted Logistic Function

(a) Survey responses on pre-evacuation prepara- ’ ’ : " e

tion time. (b) Fitted S-curve for departure time.

Figure 11: Departure time results from the survey(Moslemi et al., 2025)).

A logistic function was fitted to this curve to estimate the proportion of residents departing
at each time step(Moslemu et al., 2025):

1
14 exp(—1.1283 - (t — 2.1255))

f(t) (58)

Based on this function, it was estimated that all evacuees would have departed by the eighth
minute. These estimates were then translated into sub-zone-level departure schedules, with
sub-zones ranked according to their distance from the shoreline and those located closer to
the coast assigned earlier departure times. Figure |12]illustrates the grouping of sub-zones that
depart at each time step between 0 and 8 minutes.

5.1.8 Compliance with Shelter-in-Place

Based on the survey conducted by Moslemi et al.| (2025), respondents were asked how likely
they would be to remain in their retrofitted buildings during a tsunami event. Answers ranged
from very unlikely to very likely, with the distribution of responses shown in Figure [I3(a).
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Figure 12: Sub-zones grouped by departure time between 0 and 8 minutes.

To quantify these responses, probabilities were assigned to each category—~0.1 for very un-
likely, 0.3 for unlikely, 0.5 for neutral, 0.7 for likely, and 0.9 for very likely—as illustrated in
Figure [13(b). The weighted average compliance probability was calculated as 0.7, indicating
that approximately 70% of residents would comply and stay in place if their buildings were
retrofitted, while 30% would still evacuate.

Response Assigned Probability Frequency
Cumulative
Frequency Percent Valid Percent Percent Very unIiker 0.1 1
Valid Very unlikely 1 2 -2, 2
Unlikely 55 11.0 11.0 11.2 UnIiker 0.3 55
Neutral 138 276 27.6 38.8
Likely 38 76 76 464 Neutral 0.5 138
Very likely 268 536 53.6 100.0 5
Likely 0.7 38
Total 500 100.0 100.0
Very likely 0.9 268

(a) Distribution of survey responses on compli-
ance with shelter-in-place.

(b) Assigned probabilities for each response cate-
gory.

Figure 13: Compliance with shelter-in-place based on survey results (Moslemi et al., 2025).

5.1.9 Compliance with Route Assignment

Compliance with route assignment was modeled for vehicles based on survey data reported in
distance terms, where participants indicated their maximum acceptable detour to the nearest
shelter when the shortest path was one kilometer (Moslemi et al., 2025). These responses were
converted into equivalent time differences, rescaled to a 0—15 minute range, and fitted with a
logistic function (Equation [59] Figure [14)).
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Acceptance vs Rescaled Time (T_max=72.29 min - t'€[0,15])
T
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tour (distance). (b) Converted responses into time differences and

fitted acceptance curve.

Figure 14: Compliance with vehicle route assignment(Moslemi et al., 2025).

1
" 1+ exp (0.3663 - (6.6667t — 10.8009))’

f(t) 0<t<15 (59)

The results show that compliance declines sharply, falling to about 83% when the assigned
route is one minute longer than the shortest path and approaching zero by four minutes. Ac-
cordingly, only vehicle routes within four minutes of the shortest path were retained, as longer
detours would not be realistically accepted.

5.1.10 Risk Assessment

Risk is evaluated using the MeTHuVA (METU Metropolitan Tsunami Human Vulnerability As-
sessment) framework, developed by researchers at METU and applied in the Istanbul Tsunami
Action Plan. It is defined as the product of hazard and a composite vulnerability index based
on the following factors (Dogan et al., 2021alb; Tufekci-Enginar et al., [2022):

VL
Risk = H x [ — 60
18 X(anE)’ ©0)

where

* Hazard (/) denotes tsunami intensity, measured from NAMI-DANCE simulations as
the maximum flow depth on land for the chosen scenario.

* Vulnerability at Location (V' L) reflects the fragility of people in a given area, consid-
ering land use, geology, landslide-scarp density, elevation, and distance to the shoreline.
These sub-factors are aggregated using the Analytic Hierarchy Process.

* Evacuation Resilience (R EF) represents accessibility to safety, determined by proximity
to roads and buildings, road network density, terrain slope, and shoreline distance.

* Preparedness (n) captures community awareness and readiness on a scale from 1 to 10,
where higher values reduce risk by mitigating vulnerability and resilience constraints.

Beyond this static formulation, time-dependent risk is also computed by integrating dy-
namic tsunami simulations with vulnerability factors.
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5.1.11 Cost Parameters

The following cost parameters were used in the model (Erdurmug, 2005} |Official Gazette,
2023):

* Construction of new vertical shelters: 22,500 TL per square meter multiplied by the
shelter area.

* Retrofitting of existing vertical shelters: 7,500 TL per square meter of usable shelter
area.

* Retrofitting of residential buildings: 7,500 TL per square meter multiplied by an aver-
age building size of 150 m?, five floors per building, and five buildings per zone.

5.1.12 Base Budget

It is defined as the minimum funding required to retrofit zones where retrofitting is the only
available option to save lives. In our case study, vehicles in 51 zones have no access to horizon-
tal shelters, and pedestrians in 7 zones have no access to either horizontal or vertical shelters.
For these 57 zones, retrofitting is the sole feasible intervention; accordingly, the required retrofit
cost for these zones constitutes the base budget.

5.2 Computation Results

Several test problems were designed by varying the vehicular demand ratio (VDR) and budget
(B) across predefined levels (Table [2). The analysis first focuses on a base-case scenario, in
which the vehicular demand ratio is fixed at 16%—as obtained from the survey—and the budget
level is set to twice the Base Budget (BB). Subsequently, the results of additional test problems
are examined to assess the model’s sensitivity to changes in these parameters.

Table 2: Test problem levels for vehicular demand ratio (VDR) and budget (B).

Factor | Level1 | Level 2 | Level 3 | Level4 | Level 5
VDR 0% 10% 16 % 20% 30%
Budget 0 BB 2xBB 4xBB 5xBB

5.2.1 Casel: No Evacuation Plan

The first case evaluates the scenario without an organized evacuation plan, providing a baseline
against which alternative strategies can be compared. In this case, the available budget is set
to zero; consequently, no sub-zone buildings are retrofitted and no vertical shelters are opened.
Compliance behavior is also disregarded. Out of the total population of 34,870 in the study area,
18,869 individuals (54.1%) are unable to evacuate, consisting of 14,706 pedestrians and 4,163
vehicle passengers. Among the unsatisfied vehicles, 3,783 passengers are fully unsatisfied
in 189 sub-zones, while 304 passengers are partially satisfied in 16 sub-zones. In addition,
76 evacuees are lost due to arc overcapacity. This occurs because compliance behavior is
disregarded at the planning stage, but when decisions are adjusted to real-world conditions,
noncompliant vehicles appear on the arcs, causing their capacities to be exceeded. These results
indicate that vehicles can be fully satisfied in only 37 sub-zones (15%), while unmet pedestrian
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demand occurs in 129 sub-zones (53%). The figure[I5]shows the spatial distribution of satisfied
and unsatisfied pedestrians and vehicles across the network.

Legend

@ satisfied subzone D subzone with Unsatisfied Pedestrians
@ subzone with Partially Satisfied Vehicles @ Horizontal shelter /
It @ subzone with Unsatisfied Vehicles

Figure 15: Satisfied and unsatisfied pedestrians and vehicles under the no-plan scenario.

5.2.2 Case 2: Opening Vertical Shelters

In the second case, the entire budget is allocated to opening vertical shelters and, when re-
quired, expanding their capacity to identify bottlenecks in the system. In this scenario, 60 out
of 81 candidate vertical shelters (74%) are opened, and one shelter requires capacity expansion.
Since vertical shelters serve only pedestrians, the number of vehicles unable to evacuate re-
mains unchanged compared to the no-plan case. For pedestrians, however, the improvement is
substantial: the number of unsatisfied individuals decreases from 14,706 to 964. Of these, 930
pedestrians in nine sub-zones are unable to evacuate because they cannot reach safety within the
available time window, while 34 are unsatisfied due to shelter capacity limitations—individuals
who could be saved if vertical shelter capacity were further expanded. Overall, the total pop-
ulation unable to evacuate decreases from 18,869 in the no-plan case to 5,127 (14.7%). These
results demonstrate that opening vertical shelters is highly effective in improving pedestrian
evacuation outcomes.

Figure[16]illustrates the locations of the opened vertical shelters, including the one requiring
capacity expansion. It also shows the distribution of unsatisfied pedestrians and vehicles.

Legend

@ subzone with Satisfied Vehicles ® Open Vertical shelter

@ subzone with Partially Satisfied Vehicles & Expanded Vertical Shelter

@ subzone with Unsatisfied Vehicles @ Horizontal shelter

) Subzone with Unsatisfied Pedestrians.

Figure 16: Opened vertical shelters and unsatisfied evacuees in Case 2.
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5.2.3 Case 3:Opening Vertical Shelter and Shelter-in-Place

In the third case, the budget is allocated to both opening vertical shelters and retrofitting sub-
zones to enable shelter-in-place. A total of 109 sub-zones (44.1%) are retrofitted, while 18
vertical shelters are opened. Retrofitted sub-zones are especially concentrated in areas where
shelter-in-place is the only feasible option, though some closer sub-zones are also retrofitted
due to factors such as late departure times, limited road capacity, or high population demand.
Unlike vertical shelters, retrofitting does not face capacity restrictions and benefits both pedes-
trians and vehicles. Nevertheless, when pedestrians already have access to vertical shelters
within tolerance levels, retrofitting can introduce additional risk. Non-compliant pedestrians,
though still able to reach safety, may be exposed to greater tsunami risk than if assigned to
vertical shelters, where full compliance is achieved. For vehicles, the situation is more com-
plex: non-compliant drivers leaving retrofitted sub-zones have no alternative but to take their
own shortest path, making their risk exposure more difficult to mitigate. By contrast, when
sub-zones are not retrofitted, it becomes possible to reduce losses by assigning vehicles to hori-
zontal shelters along routes with higher compliance rates. In some cases, assigning pedestrians
to vertical shelters while directing vehicles to horizontal shelters may prove more effective than
retrofitting an entire sub-zone. Accordingly, retrofitting and vertical shelters should be regarded
as complementary rather than substitutive strategies.

The total number of unsatisfied evacuees decreases to 1,733, a substantial improvement
compared to the previous case. Among pedestrians, unmet demand falls from 964 to only 18,
concentrated in a single sub-zone that could not be retrofitted or served by an open vertical
shelter due to budget constraints. For vehicles, the number of unsatisfied passengers decreases
from 4,163 to 1,715, meaning that 2,450 additional evacuees are saved. Of the unsatisfied
vehicles, 768 are fully unsatisfied in 85 non-retrofitted sub-zones, 173 are partially satisfied
in 11 sub-zones due to arc capacity limits, and 810 are lost because non-compliant drivers
either ignore route assignments and face overcapacity or leave retrofitted sub-zones despite
shelter-in-place orders and fail to reach safety within the lead time. While some of these losses
are unavoidable, others stem from misassignments or suboptimal prioritization of retrofitting
decisions. These may be mitigated through targeted training and awareness programs aimed at
improving compliance, or by adjusting retrofit prioritization strategies.

Overall, this case demonstrates the strong effectiveness of shelter-in-place as a complemen-
tary strategy to vertical shelters. Pedestrian demand is nearly fully satisfied when budget per-
mits, while vehicle losses are significantly reduced. Losses among vehicles primarily arise from
arc capacity constraints, budget limitations that prevent retrofitting in all necessary sub-zones,
and non-compliance behavior that leads to misassignments. Some losses are unavoidable, but
targeted interventions can improve outcomes. The left figure shows the spatial distribution of
retrofitted sub-zones and opened vertical shelters, while the right figure additionally depicts the
unsatisfied evacuees in this case.
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(a) Retrofitted sub-zones and opened vertical shel-
ters in Case 3. (b) Unsatisfied evacuees in Case 3.

Figure 17: Case 3 results with retrofitted sub-zones, opened vertical shelters, and unsatisfied
evacuees.

5.2.4 Opening Vertical Shelter and Shelter-in-Place Considering Compliance Behavior

In the fourth case, compliance behavior is explicitly incorporated into the strategy of retrofitting
buildings for shelter-in-place and opening vertical shelters. The total number of retrofitted sub-
zones remains 109, although the specific sub-zones differ slightly from the previous case due to
compliance-driven prioritization, while the number of open vertical shelters decreases to 17. In
the left figure, we can see the distribution of the open vertical shelters and retrofitted sub-zones
that reflect this adjusted prioritization.

For pedestrians, the results remain unchanged. One sub-zone lacks access to any shelter,
and the budget is insufficient to retrofit its buildings or open the nearby vertical shelter. Conse-
quently, 18 pedestrians remain unsatisfied, independent of compliance behavior.

For vehicles, the inclusion of compliance behavior improves outcomes. The number of
unsatisfied passengers decreases from 1,715 in Case 3 to 1,623, a reduction of 92. This im-
provement arises from assigning evacuees to routes with higher compliance rates and adjust-
ing retrofit prioritization accordingly. Among the 1,623 unsatisfied passengers, 696 reside in
retrofitted sub-zones but disregard the shelter-in-place order. These losses are unavoidable
within the current model, as the number of evacuees saved through retrofitting far exceeds
those lost due to non-compliance. In addition to revisiting retrofit priorities, targeted awareness
and training programs would be required to increase compliance in these zones. A further 57
passengers are lost because, although vehicles are directed to higher-compliance routes and
arc over-capacity is avoided by incorporating non-compliant demand into capacity constraints,
there are no alternative assignments for this group. Their loss cannot be prevented under the
current framework, though training programs could help mitigate such non-compliance behav-
ior. The remaining unsatisfied passengers result from capacity and time-window limitations
unrelated to compliance, underscoring the need for strategies that increase effective arc capac-
ity.

As a conclusion, the overall impact of explicitly modeling compliance behavior in this case
remains limited. In general, for sub-zones without shelter access, evacuees are assumed fully
compliant; as a result, the effect of non-compliance is not apparent, particularly for pedestri-
ans, whose outcomes remain unchanged. For vehicles, incorporating compliance yields mod-
est gains through improved routing, while shelter-in-place non-compliance remains unavoid-
able. Unlike route assignment, where evacuees can sometimes be directed to higher-compliance
paths, no such flexibility exists for shelter-in-place, and the only possible adjustment lies in re-
vising retrofit priorities to reduce exposure. This limited impact is partly attributable to the rel-
atively low vehicular demand ratio, which dampens the influence of non-compliance on overall
outcomes. With a higher vehicular demand ratio, however, the effect of explicitly considering
compliance would become more significant, altering both retrofitting and routing priorities and

40



further reducing losses. The right figure additionally depicts the unsatisfied evacuees under this
scenario.

(a) Distribution of open vertical shelters and (b) Unsatisfied evacuees under compliance
retrofitted sub-zones in Case 4. modeling in Case 4.

Figure 18: Results of Case 4 under compliance modeling

As noted, in many sub-zones, insufficient arc capacity leads to unsatisfied vehicles. This is
most pronounced in the severely damaged area, where 86% of vehicles remain unsatisfied, as
shown in Figure [I9] These sub-zones were not prioritized for retrofitting because pedestrian
demand dominates in this region. Most pedestrians can reach horizontal shelters without en-
countering capacity restrictions, while others have access to vertical shelters. Accordingly, the
budget was directed to sub-zones where retrofitting yielded greater overall benefit.

1 Legend

@ Subzone with Unsatisfied Vehicles - Severely Damaged
@ Subzone with Partially Satisfied Vehicles - Extensively Damaged
- Moderately Damaged
D Retrofitted Subzone with Partially Satisfied Vehicles I sttty amge
~o
@ Horizontal shelter Very slightly Damaged

Figure 19: Severely damaged area showing high vehicle unsatisfaction due to arc capacity
limits.

The next two maps illustrate compliance status under the suggested strategies and the im-
plications for evacuees who disregard instructions and self-evacuate according to their own
perceptions.

For pedestrians, only one sub-zone (marked with grey circles) cannot be assigned to any
shelter and thus remains unsatisfied. In retrofitted sub-zones, full compliance is observed,
while in 28 sub-zones (approximately 5% of the pedestrian population) partial non-compliance
occurs. Although all non-compliant pedestrians still reach shelter due to the absence of arc ca-
pacity limits, their deviation from the prescribed plan increases exposure to tsunami inundation
risk.

For vehicles, non-compliance has more severe consequences. It manifests in two forms:
ignoring shelter-in-place orders and disregarding suggested routes. Unlike pedestrians, these
behaviors can directly result in fatalities because vehicles are subject to strict arc capacity
constraints. In this case, 758 passengers are non-compliant with shelter-in-place, of whom
nearly 700 fail to reach safety, while 96 passengers are non-compliant with suggested routes,
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resulting in 56 additional losses. These outcomes emphasize that, particularly for vehicles,
adherence to evacuation instructions is critical for survival.

Legend
©  subzone with Unsatisfied Pedestrians W Subzone with Compliant Pedestrians

@ Horizontal shelter O Subzone with Partially Compliant Pedestrians

Legend

@ Subzone with Unsatisfied Vehicles B Subzone with Compliant Vehicles

@ Horizontal shelter A Subzone with Partially Compliant Vehicles

Figure 21: Compliance status of vehicles under the suggested strategies.

In the base case, congestion levels across 460 intersections were also evaluated. Approx-
imately 1.5% of these nodes—equivalent to seven intersections—exhibited congestion due
to limited arc capacities. These congested intersections generate holdover arcs in the time-
expanded network, representing delays where vehicles must wait before proceeding. The rel-
atively small number of congested nodes is partly attributable to the shelter-in-place strategy,
under which a substantial portion of the population remains at home. In addition, evacuees in
sub-zones without access to horizontal shelters within the available time are assumed to stay
at their origin nodes until inundation, causing waiting at the origin rather than at intersections;
afterward, they are assigned to a dummy node representing unsatisfied demand. Figure 22]il-
lustrates the spatial distribution of the congested intersections, highlighted with nested circles.
Addressing this issue would require targeted capacity enhancements, particularly by prioritiz-
ing the expansion of arcs connected to these critical intersections.
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@ Horizontal shelter
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Figure 22: Congested intersections in the base case.

5.2.5 Comparison of the Four Cases

The table presents a comparative summary of all four cases. In Case 1, where no evacuation
plan is implemented, the number of unsatisfied evacuees and accordingly total risk is highest.
Introducing vertical shelters (Case 2) markedly reduces unsatisfied pedestrians and leads to a
significant reduction in overall risk. In Case 3, combining vertical shelters with shelter-in-place
through retrofitting further improves outcomes, protecting both pedestrians and vehicles and
substantially lowering total risk. Nonetheless, vehicle flows continue to face arc overcapacity
due to ignoring non-compliant vehicles. In Case 4, when compliance behavior is explicitly
incorporated into the model, these misassignments are eliminated, congestion on critical arcs
is reduced, and the numbers of both unsatisfied and non-compliant vehicles decline.

Although these strategies yield substantial improvements, further enhancements remain
possible. For pedestrians, allocating additional budget to open more vertical shelters or retrofit
buildings—particularly when supported by awareness and training programs to strengthen com-
pliance with shelter-in-place—would save more lives. For vehicles, increasing retrofitting re-
sources, together with measures that expand arc capacity or establish pre-planned evacuation
corridors, would allow routing along higher-compliance paths. These strategies would mitigate
non-compliance, reduce unmet demand, and further enhance the overall effectiveness of the
evacuation plan.
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Table 3: Comparison of outcomes across the four cases.

Ignoring noncompliance behavior . 9
9 9 P Adjusted for Observed Noncompliance
Strate
W ) #Retrofitted | #OPeN - - #Congested :
Total risk ATOES vertical Expanded Actual Risk #Unsatisfied #Unsatisfied Total lost i #overcapacit
shelters capacity pedestrian passengers Intersection y arcs
nodes
Sojela 18729635.9 0 0 0 18952746.5 14706 4163 18869 5 10
Vertical Shelter
Opening 5034298.7 0 60 34 5257409.37 964 4163 5127 15 10
Vertical shelter
and Shelter in | 956462.49 109 18 0 1781939.43 18 1715 1733 18 26
place
Vertical shelter
and Shelter in
place 1729386.5 109 17 0 1729386.5 18 1623 1641 7 0
considering
compliance
behavior

5.3 Sensitivity Analysis

To assess the robustness of the proposed model and examine the influence of key parameters on

evacuation performance, a sensitivity analysis is performed with respect to budget levels and
VDR:

5.3.1 Sensitivity Analysis on Budget

In the base case where the vehicle demand ratio (VDR) is set to 16%, a sensitivity analysis
was conducted to examine the impact of different budget levels on evacuation performance. As
shown in Figure 23] the number of retrofitted sub-zones increases with the budget but remains
nearly unchanged between four and six times the base level, indicating that while totals plateau,
retrofit priorities shift to more critical sub-zones. As retrofitting expands, the number of open
vertical shelters initially declines; however, at six times the base budget it rises again, reflecting
a strategic shift toward additional shelter provision. This adjustment occurs because, in some
sub-zones, retrofitting alone cannot save all evacuees—especially where access to horizon-
tal shelters and non-compliance with shelter-in-place guidance limit its effectiveness—making
new vertical shelters preferable when budget and capacity permit. Consequently, as the bud-
get increases, the number of unsatisfied pedestrians and passengers declines, and total loss and
overall risk decrease accordingly. Pedestrian demand is fully satisfied when the budget reaches
four times the base level, whereas a fraction of vehicle users remains unsatisfied due to non-
compliance and persistent capacity constraints that cannot be fully mitigated by retrofitting.
Overall, the results indicate that budget expansion remarkably mitigates evacuation risk up to
a threshold, beyond which strategic improvements in compliance behavior and capacity man-
agement become more influential than additional financial investment.
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Figure 23: Sensitivity analysis results under different Budget levels with a fixed VDR of 16%.

5.3.2 Sensitivity Analysis on VDR

When the budget is fixed at twice the base budget (as in the base case), varying the VDR influ-
ences facility utilization, evacuee satisfaction, and overall risk. As VDR increases, the number
of open vertical shelters decreases because the share of pedestrians declines, reducing the need
for such facilities. When all evacuees move on foot, full compliance can be achieved by open-
ing more vertical shelters compared to retrofitting. In this case, evacuees in retrofitted subzones
are not lost but contribute to overall risk due to their longer exposure, which further supports
prioritizing vertical shelters. As VDR increases, the number of retrofitted subzones remains
nearly constant, except for the case in which all evacuees are pedestrians. As a result, a higher
VDR leads to a greater number of unsatisfied evacuees and, accordingly, higher overall risk. In
contrast, when all evacuees evacuate on foot, the model can satisfy the entire demand at this
budget level, indicating that this is the most effective transportation mode for tsunami evacu-
ation. However, since it is difficult to ensure that all evacuees comply with a fully pedestrian
evacuation, a mixed pedestrian—vehicle evacuation strategy should be considered.
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Figure 24: Sensitivity analysis results under different Vehicle Demand Ratio (VDR) levels with
a fixed budget of 2xBB.

5.4 Neighborhood level analysis

Various measures for both pedestrians and vehicles are analyzed at the neighborhood level to
evaluate accessibility, capacity, and demand characteristics, as presented in Figure Fatih
has the highest vehicular and pedestrian demand, a moderate average departure time, and a
maximum capacity that is not particularly high. Although only about 2% of its subzones lack
access to shelters, it contains the largest share of retrofitted subzones and the highest level of
unsatisfied demand. This outcome reflects the combination of high demand, medium depar-
ture timing, and relatively limited capacity. Atatiirk ranks second in demand, with an average
departure time of approximately two minutes. All vehicles in this area can reach horizontal
shelters before considering arc capacity; however, 71% of its subzones are retrofitted due to
their low maximum arc capacity. The absence of open vertical shelters and the prevalence
of medium to high damage levels across most arcs explain the need for extensive retrofitting,
though the proportion of unsatisfied demand (15.8%) remains moderate. Dizdariye, with a
demand level comparable to Atatiirk, has a similar departure time and the same maximum ca-
pacity as Fatih. However, about 72% of its subzones lack vehicular access and nearly 90%
lack pedestrian access, as they are located far from horizontal shelters or other safe areas. De-
spite hosting the highest number of candidate and open vertical shelters and retrofitting 53%
of its subzones, Dizdariye still exhibits the second-highest unsatisfied demand due to persis-
tent accessibility issues. Mimar Sinan ranks fourth in demand and shows the earliest average
departure time, coupled with the highest maximum arc capacity. Approximately 5% of its
subzones lack access before considering capacity reductions, and due to severe and high dam-
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age levels along several arcs, it ranks third in unsatisfied demand. Despite this, the number
of retrofitted subzones in Mimar Sinan is the fewest among all neighborhoods, likely due to
its smaller population and lower retrofitting priority under budget constraints. Finally, Ulus,
with the smallest demand, consists of only four subzones. All subzones have full access for
both pedestrians and vehicles, requiring no retrofitting or vertical shelters. The entire demand
in this area is successfully satisfied, and evacuees depart the latest among all neighborhoods.
Overall, the results indicate that total demand, departure timing, accessibility, and the number
of candidate vertical shelters jointly shape the optimal evacuation decisions across neighbor-
hoods, emphasizing the need for capacity enhancement, public awareness to encourage earlier
departures, and balanced retrofitting in highly populated areas such as Fatih and Dizdariye.

Fatih Atatirk Dizdariye Mimar Sinan 19 Mayis Ulus Fatih Atatirk Dizdariye Mimar Sinan 19 Mayis Ulus

(a) Vehicular evacuation analysis by neighbor- (b) Pedestrian evacuation analysis by neighbor-
hood hood

Figure 25: Comparison of evacuation indicators across neighborhoods for vehicle (left) and
pedestrian (right) scenarios.

5.5 Validation and verification of the solution algorithm and acceleration
methods

The problem was solved using the suggested algorithm, and all proposed acceleration strate-
gies were applied and proved effective in enhancing convergence and computational efficiency.
Among the initial solution strategies, the third warm-start (Warm-start III) yielded the best
performance. After integrating all acceleration methods—including network reduction, sub-
problem decomposition, MDC, and Warm-start IIl—the base case was solved in approximately
1,765 seconds (about 29 minutes).

6 Conclusion

This study proposed an integrated optimization framework for tsunami evacuation planning that
jointly determines shelter-in-place through the retrofitting of residential buildings, the location
of vertical shelters, and evacuation routing and assignment for pedestrians and vehicles un-
der realistic behavioral and operational conditions. The model explicitly captures reduced arc
capacities caused by earthquake damage, delayed departure times, and congestion effects on
a time-expanded network, reflecting conditions that critically influence evacuation feasibility.
Shelter-in-place is endogenized by allowing only retrofitted or engineered buildings to serve as
safe refuges—an innovation not previously introduced in tsunami evacuation optimization. The
framework distinguishes between pedestrian and vehicular behaviors and incorporates survey-
based compliance data to represent heterogeneous decision-making. A hybrid Benders Decom-
position—Column Generation algorithm is employed to solve the model efficiently, and among
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the acceleration strategies tested, the use of a second initial solution set and the Maximum
Density Cut provided the most substantial gains in convergence speed and computational per-
formance. Implemented for the Biiyiikcekmece district of Istanbul, the model offers a realistic
and behaviorally grounded foundation for optimizing evacuation and shelter decisions under
severe time and resource limitations, setting the stage for several critical policy insights.

The results demonstrate that an effective tsunami response requires a carefully optimized
balance between evacuation and shelter-in-place strategies, accounting for both vertical and
horizontal shelters, available budgets and capacities, usable road network capacity, and evac-
uee compliance behavior. Assuming full compliance, retrofitting remains the preferred strategy
for most zones because remaining in reinforced structures lowers exposure risk and alleviates
congestion. However, limited budgets make complete retrofitting infeasible, compelling evac-
uation in areas farther from safe destinations or affected by late departures and capacity short-
ages. When non-compliance is incorporated, the evacuation strategy becomes more realistic
and effective, reducing congestion and aligning outcomes more closely with actual behavior.
Both non-compliant drivers and pedestrians may perceive the shortest-time routes as optimal,
although congestion and arc capacity constraints render them suboptimal in practice. Conse-
quently, in certain regions, retrofitting loses its attractiveness, and opening strategically located
vertical shelters for pedestrians proves more beneficial than additional retrofitting, even at the
cost of some vehicle losses. Non-compliance, while unavoidable, can be mitigated for vehicles
through redistributing traffic to less congested routes, revising retrofit priorities for high-risk ar-
eas, and strengthening training and communication to improve adherence. For shelter-in-place,
non-compliance remains a fixed challenge, though retrofit priorities can be adjusted to reduce
exposure risk among non-compliant pedestrians. Overall, enhancing compliance, expanding
critical arc capacities, and promoting earlier departures for vehicles, together with prioritizing
retrofitting for pedestrians under budget constraints, lead to a significant reduction in over-
all risk and unsatisfied demand, yielding balanced and practically implementable evacuation
strategies.

Future research can extend the present study in several directions. Incorporating uncertainty
in demand and road capacity under different temporal or seasonal scenarios would enhance the
model’s adaptability and robustness. Moreover, considering multiple tsunami scenarios with
varying risk levels and tsunami arrival times would allow for scenario-based risk assessment
within the optimization framework. The current assumption that non-compliant drivers always
choose the shortest-time paths can also be relaxed by considering alternative routes influenced
by factors such as familiarity or congestion. To convert partially compliant evacuees into fully
compliant ones, incentive-based and training-oriented strategies may be developed, such as
insurance guarantees or safety certification for those sheltering in place and targeted prepared-
ness programs for subzones with lower compliance potential or limited resources. Additionally,
selectively retrofitting critical road segments in severely damaged areas and managing mixed
pedestrian—vehicle interactions through dynamic traffic control could further strengthen evacu-
ation performance.
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