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ABSTRACT

Japan’s frequent seismic activity has driven continuous innovation in disaster preparedness. This case
study investigates the application of Digital Twin (DT) technology to enhance earthquake resilience
in Sendai City, a region with significant seismic risk. The study presents a hybrid system combining
real-time seismic sensor data, urban infrastructure models, and predictive simulation tools to
replicate city-scale responses. The DT model was tested using historical earthquake scenarios and
evaluated for response accuracy, early warning capability, and emergency route optimization. Results
demonstrate improved situational awareness and decision-making efficiency compared to
traditional systems. The integration of loT and cloud-based analytics further strengthens the model’s
real-time responsiveness. This research highlights the potential for Digital Twin systems to
revolutionize urban disaster management in seismic zones. The findings support broader
implementation across earthquake-prone regions and contribute to Japan’s national strategy for
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smart, resilient cities.

Introduction

Japan is located in the Pacific Ring of Fire, where four tectonic
plates converge, making it one of the most earthquake-prone
nations in the world. Repeated large-scale seismic events,
including the 2011 Great East Japan Earthquake, have
highlighted the limitations of conventional disaster response
systems [1]. Despite significant investments in infrastructure
and early warning mechanisms, the complexity of urban
environments and increasing population density demand more
adaptive and predictive approaches.

In recent years, digital transformation has emerged as a
strategic national goal in Japan, particularly in areas such as
smart city development and disaster resilience. Among
emerging technologies, Digital Twin (DT) systems offer a novel
solution by creating real-time virtual replicas of physical assets
and environments. These systems integrate data from IoT
sensors, geospatial networks, and simulation platforms to

support decision-making before, during, and after a disaster [2].

This study explores the implementation of Digital Twin
technology for earthquake preparedness in Sendai City, a region
with high seismic exposure and advanced urban planning
initiatives. The research aims to evaluate how DT systems can
improve situational awareness, optimize emergency responses,
and support resilient urban infrastructure. The article is
structured as a case study with analysis, results, and policy
implications for nationwide application.

Literature Review

Digital Twin (DT) technology has seen increased application in
urban safety and disaster response across various regions. In
Europe, DTs have been implemented for flood simulation and

dynamic evacuation planning, demonstrating their capacity to
improve real-time coordination [3]. In North America, the
focus has shifted to infrastructure stress modeling under
earthquake scenarios, emphasizing the potential of DTs in
predictive diagnostics and rapid response systems.

In the Japanese context, initial DT applications have been
tested in transport infrastructure and smart city planning.
Urban rail networks and public safety systems have
experimented with DT integration for simulating earthquake
conditions and optimizing evacuation flows [4]. However, these
efforts have largely remained confined to controlled
environments or pilot studies, without full-scale
implementation at the city level.

As shown in Table 1, a significant research gap exists in
operational, city-wide DT systems designed specifically for
seismic resilience. Moreover, the integration of DTs into existing
national disaster management frameworks is still underdeveloped,
limiting the technology’s real-world applicability in Japan [5].

Table 1. Summary of key studies on digital twin use in disaster
management.

Region Focus Area Identified Gap
Europe Flood simulation and Lack of seismic-specific
evacuation applications
North Infrastructure stress Limited real-time
America modeling operational feedback
Japan Earthquake simulations No city-scale
in transit implementation
Japan Smart evacuation Weak integration with

systems public policy
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Methodology

This study adopts a case study design to evaluate the
implementation of a Digital Twin (DT) model for seismic
disaster response in Sendai City. The methodology focuses on
developing a virtual replica of the city’s critical infrastructure,
integrating real-time sensor data, and simulating earthquake
scenarios to support proactive decision-making.

The DT system architecture is composed of three core
components: data acquisition, digital modeling, and real-time
simulation. Seismic input data were sourced from the Japan
Meteorological Agency (JMA), including historical earthquake
records and near real-time ground motion alerts [6].
Supplementary environmental data were gathered from
ToT-based sensors installed in selected public buildings,
roadways, and bridges. These sensors continuously transmitted
structural data (e.g., vibration levels, displacement, tilt) to a
centralized analytics hub [7].

Digital modeling was performed using Unity3D and
MATLAB Simulink, allowing for visual simulation of seismic
events and real-time monitoring. A scenario-based simulation
was conducted, replicating a magnitude 7.2 earthquake affecting
the central district of Sendai [8-9]. Evaluation criteria included
system response latency (under two seconds), accuracy of
deformation prediction, and efficiency of evacuation route
optimization.

As shown in Table 2, the DT system integrates multiple data
sources, modeling tools, and performance metrics. The system’s
functionality was validated through simulations and feedback
from disaster management professionals, ensuring both
technical feasibility and operational relevance [10].

Table 2. Core components of the digital twin system.

Component Description

Data Sources JMA seismic data, IoT sensor input from

infrastructure

Modeling Tools Unity3D, MATLAB Simulink

Evaluation Metrics Latency, simulation accuracy, and evacuation

effectiveness

Case study: Implementation in Sendai City

Sendai City, the capital of Miyagi Prefecture, was selected for
this case study due to its high seismic risk profile and proactive
smart city initiatives. The city experienced significant damage
during the 2011 Great East Japan Earthquake, making it an
appropriate location for testing advanced digital disaster
response technologies [11].

The Digital Twin (DT) system was implemented in the
Aoba Ward, which includes a mix of residential, commercial,
and public infrastructure [12]. IoT sensors were strategically
installed on key assets, including bridges, emergency shelters,
and public buildings. These sensors continuously transmitted
structural performance data, such as vibrations, tilt, and cracks,
into the DT platform [13].

The virtual model of Aoba Ward was created using GIS data
combined with real-time sensor feeds. Unity3D was used for 3D
visualization, while seismic simulation inputs were modeled

using parameters from a hypothetical magnitude 7.2 inland
earthquake [14]. The system allowed disaster managers to
simulate various emergency response scenarios, such as
real-time evacuation flows, structural vulnerabilities, and route
blockage predictions.

The DT interface provided city officials with a live
dashboard showing building stability, predicted collapse zones,
and suggested evacuation corridors. In one scenario, the model
accurately predicted that two bridges would become impassable
within 90 seconds of the seismic event, prompting automated
route reallocation for ambulances and emergency responders
[15].

This implementation demonstrated not only the technical
feasibility of Digital Twin integration in Sendai’s urban context
but also its operational value in enhancing situational awareness
and emergency coordination [16]. Feedback from local disaster
response teams suggested that the system could significantly
reduce response time and improve safety outcomes during
actual seismic events.

Results and Discussion

The implementation of the Digital Twin (DT) system in Sendai
yielded several significant outcomes related to real-time disaster
response and predictive accuracy. Simulation tests showed that
the DT system successfully processed seismic input and
structural data with a latency of approximately 1.6 seconds,
meeting the operational threshold required for emergency
responsiveness [10].

The systems simulation engine accurately predicted
structural vulnerabilities with over 90% precision when
compared to historical earthquake damage records from the
2011 event. In particular, the DT correctly identified key
bottlenecks in transportation routes and suggested alternative
evacuation paths, which reduced simulated evacuation time by
approximately 18% compared to standard static plans [17].

The interactive dashboard enabled city officials to visualize
cascading failures, such as bridge collapses or blocked
intersections, and take preemptive measures. Local disaster
response personnel highlighted the value of the DT's real-time
scenario adjustment capability, which helped coordinate
ambulance deployment and shelter capacity management more
efficiently [5].

Despite these promising results, several limitations were
identified. The systems performance relies heavily on
uninterrupted data flow from IoT sensors, which may be
compromised during large-scale events [18]. Additionally, full
integration with city-wide emergency operation centers and
cloud-based backups is still under development.

These findings suggest that while the current DT prototype
offers substantial improvements in urban earthquake response,
its scalability and robustness must be further validated across
diverse infrastructure conditions and administrative
environments [4].

Policy and Practical Implications

The Sendai case study highlights the critical role of Digital Twin
(DT) technology in enhancing urban earthquake resilience
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[19]. For policymakers, the integration of DT systems into
municipal disaster protocols offers an opportunity to
modernize emergency response infrastructure. Urban planners
can leverage real-time modeling to optimize evacuation routes
and shelter placement. From a technical perspective, expanding
DT deployment across other high-risk cities in Japan requires
national-level coordination, investment in sensor networks, and
standardized data governance. Ultimately, institutionalizing DT
within Japans disaster management framework can improve
readiness, reduce response time, and enhance public safety
during future seismic events [10,20].

Conclusions

This case study demonstrates the practical effectiveness of
Digital Twin (DT) technology in enhancing earthquake
resilience within urban infrastructure. The implementation in
Sendai City revealed that DT systems can provide accurate
real-time simulation, enable efficient emergency coordination,
and support data-driven decision-making. The system’s ability
to predict structural vulnerabilities and optimize evacuation
strategies highlights its potential as a critical tool in municipal
disaster response. Overall, the study confirms that Digital Twin
integration can significantly contribute to Japan’s broader
efforts toward digital transformation in disaster management.

Disclosure statement
The authors declare that they have no competing interests.
References

1. Kodera Y, Hayashimoto N, Tamaribuchi K, Noguchi K, Moriwaki
K, Takahashi R, et al. Developments of the nationwide earthquake
early warning system in Japan after the 2011 M w 9.0 Tohoku-Oki
earthquake. Front Earth Sci. 2021;9:726045.
https://doi.org/10.3389/feart.2021.726045

2. HuW, Zhang T, Deng X, Liu Z, Tan J. Digital twin: A state-of-the-art
review of its enabling technologies, applications and challenges.
Journal of Intelligent Manufacturing and Special Equipment.
2021;2(1):1-34. https://doi.org/10.1108/JIMSE-12-2020-010

3. Fan C, Zhang C, Yahja A, Mostafavi A. Disaster City Digital Twin: A
vision for integrating artificial and human intelligence for disaster
management. Int J Inform Manage. 2021;56:102049.
https://doi.org/10.1016/j.ijinfomgt.2019.102049

4. Al-Sehrawy R, Kumar B, Watson R. A digital twin uses classification
system for urban planning & city infrastructure management. ] Inf Technol
Constr. 2021;26:832-362. https://doi.org/10.36680/j.itcon.2021.045

5. Lagap U, Ghaffarian S. Digital post-disaster risk management
twinning: A review and improved conceptual framework. Int ] Disast
Risk Re. 2024:104629. https://doi.org/10.1016/j.ijdrr.2024.104629

6. Kodera Y, Hayashimoto N, Moriwaki K, Noguchi K, Saito J,
Akutagawa ], et al. First-year performance of a nationwide

earthquake early warning system wusing a wavefield-based
ground-motion prediction algorithm in Japan. Seismol Res Lett.
2020;91(2A):826-834. https://doi.org/10.1785/0220190263
7. Mois G, Folea S, Sanislav T. Analysis of three IoT-based wireless
sensors for environmental monitoring. IEEE Trans Instrum Meas.
2017;66(8):2056-2064. https://doi.org/10.1109/TIM.2017.2677619
8. Neumann C, Simpson B, Schellenberg A, Lomonaco P, You S.
Hydrodynamic real-time hybrid simulation demonstrated for cascading
seismic and tsunami events. ] Waterw Port Coast Ocean Eng. 2023;
149(1):04022029. https://doi.org/10.1061/(ASCE) WW.1943-5460.0000733
9. Toyoda Y. A framework of simulation and gaming for enhancing
community resilience against large-scale earthquakes: Application
for achievements in Japan. Simul. Gaming. 2020;51(2):180-211.
https://doi.org/10.1177/1046878119899424
Dogan O, $ahin O, Karaarslan E. Digital twin based disaster management
system proposal: DT-DMS. Journal of Emerging Computer Technologies.
2021;1(2):25-30. https://dergipark.org.tr/en/pub/ject/issue/64442/980110
Cong Y, Inazumi S. Integration of smart city technologies with advanced
predictive analytics for geotechnical investigations. Smart Cities.
2024;7(3):1089-1108. https://doi.org/10.3390/smartcities7030046
Sepasgozar SM. Differentiating digital twin from digital shadow: Elucidating
a paradigm shift to expedite a smart, sustainable built environment.
Buildings. 2021;11(4):151. https://doi.org/10.3390/buildings11040151
Malik H, Khattak KS, Wiqar T, Khan ZH, Altamimi AB. Low cost
internet of things platform for structural health monitoring. In2019
22nd  International ~ Multitopic Conference (INMIC).
IEEE.2019;1-7. https://doi.org/10.1109/WF-10T.2018.8355094
14.Sun X, Liu H, Yang C, Wang N. Virtual simulation-based scene
modeling of helicopter earthquake search and rescue. InAIP
Conference  Proceedings. ~AIP  Publishing. 2017;1839(1).
https://doi.org/10.1063/1.4982505
15.Feng K, Li Q, Ellingwood BR. Post-earthquake modelling of
transportation networks using an agent-based model. Struct Infrastruct
Eng. 2020;16(11):1578-1592. https://doi.org/10.1080/15732479.2020.1713170
16.Ge C, Qin S. A generative city digital twin system for flooding
emergency management in smart city. In2024 29th international
conference on automation and computing (ICAC). IEEE. 2024:1-6.
https://doi.org/10.1109/ICAC61394.2024.10718830
17.Silva V, Horspool N. Combining USGS ShakeMaps and the
OpenQuake-engine for damage and loss assessment. Earthq Eng
Struct Dyn. 2019;48(6):634-652. https://doi.org/10.1002/eqe.3154
18. Torabi S, Bou-Harb E, Assi C, Debbabi M. A scalable platform for
enabling the forensic investigation of exploited IoT devices and their
generated unsolicited activities. Forensic Sci Int: Digit Investig.
20205;32:300922. https://doi.org/10.1016/j.£sidi.2020.300922
Macatulad E, Biljecki E. Continuing from the Sendai Framework
midterm: Opportunities for urban digital twins in disaster risk
management. Int J Disast Risk Re. 2024;102:104310.
https://doi.org/10.1016/j.ijdrr.2024.104310
Ariyachandra MM, Wedawatta G. Digital twin smart cities for disaster
risk management: a review of evolving concepts. Sustainability.
2023;15(15):11910. https://doi.org/10.3390/sul51511910

10.

11.

12.

13.

19.

20.

Innov. Bus. Strateg. Manag., 2024, 2, 26-28

28

© Reseapro Journals 2024
https://doi.org/10.61577/ibsm.2024.1000020



