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1. Response to Tornado Events
• Tornado damage occurs every year in Japan, making protection against tornado-generated missiles an

important issue for nuclear power plants.
• Steel plates, wire-mesh barriers, and other missile protection systems have been installed to meet the

new regulatory requirements. These are deterministic measures for a design-basis tornado, yet the risk
posed by tornadoes to an entire plant has not been fully assessed.

• In the United States where tornado damage is significant, high-wind PRA of tornadoes and hurricanes
have been applied to nuclear power plants based on the EPRI High-Wind Risk Assessment Guidelines and
other guidance. [1]

• In Japan, PRA methodologies need to be developed further to quantitatively assess tornado-induced
accident scenarios and plant risk.

32026

Examples of Missile Protection Systems at 
Takahama Nuclear Power Station

Tornado winds Critical facilities

Tornado missiles

Illustration of Damage Caused by Tornado Missiles

Before Countermeasures

After Countermeasures
Top surface: Wire mesh 
absorbs energy

Side surface: Steel plates provide 
resistance against penetration



2. Tornado PRA Gaps and Efforts to Overcome Them

Gaps to Overcome
• Further development of tornado PRA methodologies was needed to

quantitatively assess component damage and plant risk associated with low-
frequency, high-consequence events exceeding the design-basis tornado wind
speed.

• Japan-specific tornado characteristics as well as the protective effects of steel
plates, wire-mesh barriers, and other missile protection systems needed to be
considered, making direct application of U.S. methods difficult.

Efforts to Overcome Gaps
• Integrate NRRC knowledge of tornado wind-speed hazard assessment, missile

hazard assessment, and performance evaluation of missile protection systems
to develop a Japan-specific tornado PRA methodology applicable to domestic
nuclear power plants.
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3. Tornado PRA Model Development
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• The tornado PRA model is developed based on the internal-events PRA model and incorporates
results of tornado wind-speed hazard, missile hazard, and fragility assessments into the selection of 
components to be modeled, initiating events, and component damage probabilities.[2]

• The model enables quantitative evaluation of tornado-induced accident scenarios and plant risk.
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4. Tornado PRA R&D (1) 
Tornado Wind-Speed Hazard Assessment

• Tornado occurrence in Japan differs from that in the United States as they frequently occur 
near coastlines, and many events along the Pacific coast are associated with typhoons.

• In addition to developing tornado wind-speed hazard curves that account for tornado 
occurrence characteristics in Japan, we developed an assessment tool (TOWLA-CL) that 
incorporates the Japanese Enhanced Fujita (JEF) Scale and accounts for uncertainties in 
observational data.[3-5]
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4. Tornado PRA R&D (2) 
Tornado Missile Hazard Assessment

• TONBOS was developed to evaluate tornado wind fields and missile motion.[6]

• Extensions to TONBOS made it possible to acquire detailed impact information, including 
missile impact location, time, and velocity.[7-9]

• This impact information enables missile hazard assessments, including impact probabilities 
for structures and components.
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4. Tornado PRA R&D (3) Fragility Assessment
• Current fragility assessments used in tornado PRA employ a simplified and conservative assumption 

that damage occurs when the tornado wind speed exceeds the design-basis tornado wind speed.
• Impact resistance of missile protection systems has been evaluated with impact tests. Numerical 

simulation techniques that reproduce test results now enable evaluation under a wide range of 
conditions. [10,11]

• Using numerical simulation results, we are evaluating uncertainties associated with missile impact 
and developing a fragility assessment method that accounts for the performance of missile 
protection systems.
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5. Future Actions
Current Achievements
• Established a tornado wind-speed hazard assessment method reflecting Japan-

specific tornado occurrence characteristics.
• Developed tools to evaluate tornado-induced missile lift-off and flight behavior, as 

well as methods for assessing missile impact on structures and components.
• Established techniques for evaluating impact resistance of missile protection 

systems specific to Japanese nuclear power plants using missile impact tests and 
numerical simulations that accurately reproduce test results.

Future Actions
• Develop a fragility assessment method reflecting the performance of missile 

protection systems to improve damage-probability assessments for structures 
and components.

• Conduct a trial application of the Tornado PRA based on actual plant data and 
develop a Japan-specific Tornado PRA methodology.
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Application in Utility Practice

▼ Tornado Wind-Speed and Missile Hazard Assessment

Tornado PRA to be applied 
to individual plants

Developed and enhanced tornado wind-speed and 
missile hazard assessment methods

PRA GuidelinesPRA methodology 
being standardized

Protection performance assessment methods developed 
for missile barriers

Tornado wind-speed and missile hazard assessment methods 
being enhanced based on BEPU

▼ Performance Assessment of Protection Systems

Complying with restart licensing reviews and engaging in safety improvement activities
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developed

Fragility assessment methods being developed and enhanced

Simplified PRA ▼
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1. Plant Response and Mitigation of Volcanic Ash-Fall

Volcanic ash-fall is the sole event 
reaching every NPP in Japan.
Volcanic ash-fall events tend to last 
longer than other external events

Plant facility responses and mitigation 
measures
Volcanic ash-fall event responses are 
operational engagement rather than 
leaving the facilities unattended

• Increase in building roof load
→ Volcanic ash-fall is removed
• Blockage of air intake filters due to 

loss of off-site power and operation of 
emergency diesel generators

→ Pre-filters installed and filters 
replaced and cleaned
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2. Volcanic Ash-Fall PRA Gaps & Efforts to Overcome Them
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Background
Volcanic ash-fall substantially affects air intake facilities of emergency diesel generators 
and other equipment.
New regulatory requirements anticipate events where volcanic ash accumulates quickly in 
short time and mandates assessment and installment of mitigation measures for NNPs.
To identify residual risks for volcanic ash-fall, it is necessary to conduct risk assessments 
that include long duration events.
Volcanic ash-fall PRA lacks precedence both in Japan and abroad.

Gaps to Overcome
No quantitative risk assessments have been conducted of NPPs that focus on volcanic ash-
fall events.

Efforts to Overcome Gaps
Construct volcanic ash-fall PRA model and draft guidelines.
Update volcanic ash-fall database to improve accuracy of hazard assessments.



CommentsHazard Level of 
Impact 
Assessment

Hazard 
Assessment 
Method

Standards/
Guidelines

*Focus on volcanic ash-fall, 
including effects on SSCs, 
regulatory guides, and 
mitigation measures.

Not specifiedProbabilistic &
deterministic

IAEA SSG-21
TECDOC-1795
TECDOC-2113*

*Volcanic ash-fall hazard 
curve to be included as 
supplement in the next 
revision.

DBEDeterministic*JEAG 4625
(Japan Electric 

Association 
Guide)
Japan

*Some SA facility 
assessment conducted in 
operational safety 
programs.

DBE*DeterministicNRA Volcano 
Assessment 
Guide
Japan

*Alternative path available 
for engineering analysis.

DBE & BDBEProbabilistic &
Deterministic
(SSHAC, PRA)*

NRC RG 4.26
U.S.

3. Countries’ Guidelines & Volcanic Ash-Fall PRA Case Studies

Japan and IAEA standards & guidelines
PRA not specified

U.S NRC Volcano Guide RG 4.26 [2]

Specifies PRA and SSHAC, but does not 
provide details about assessment methods
Alternative path available using engineering 
analysis of equipment countermeasures
Formation of new crater is the key topic 
when reviewing sites for new plants

Volcanic Ash-Fall PRA of FBR plant[3]

Assessment of multiple cooling facilities.
NRA Study of Volcanic Ash-Fall & Other 
External Event PRAs[4]

Mitigation operations or extended duration 
of volcanic ash-fall events not evaluated. 

→Lack of case studies or guides for volcanic 
ash-fall PRA, so must start with selection of 
facilities to include in PRA model.
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4. Volcanic Ash-Fall PRA Model Construction
Volcanic ash-fall related considerations (hazard and vulnerability assessments) are incorporated to 
the internal event PRA model.
Each facility responds differently to volcanic ash-fall hazards
Vulnerability assessment based on capability of mitigating measures is used along with fragility 
curves to consider the probability of equipment function loss
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・Endurance of MCR ventilation closed loop operation [duration]
・Endurance of generators and steam generators [duration]

Success/failure determined by 
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5. R&D Progress
(1) Selection of SSCs to Model

Select response facilities to be 
included in the PRA model 
Refer to list of selected SSCs in 
present license application 
documents

• Mitigation measures installed to 
counter high-particle 
concentration events

• SA facilities are used for events 
surpassing design basis

→We anticipate SSCs for 
managing extended duration of 
volcanic ash-fall events are most 
likely to be selected.

182026

Status of SSCs for mitigation measures to counter 
beyond design events (conceptual diagram)
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5. R&D Progress 
(2) Improvement of Hazard Assessment Accuracy

We have developed and released a 
volcanic ash-fall database and the 
online assessment tool for volcanic 
ash-fall layer thickness hazard.
List of volcanic ash-fall events and 
volcanic ash-fall thickness hazard 
curve obtainable by designating any 
coordinate in Japan.

→Tool used for volcanic ash-fall PRA.

To improve assessment accuracy, 
database is being updated by applying 
new interpolation method for ash-fall 
thickness
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Access to the online tool

Distribution of Volcanic Ash-Fall in Japan and 
Hazard Curve [5]
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6. Future Actions

Current Achievements
• Policy established for develop volcanic ash-fall PRA model.

Future Actions
• Construct PRA model, apply to an actual plant, to case study to 

conduct trial assessment.
• Draft guidelines incorporating trial assessment outcome.
• Publish papers and other publications detailing developed hazard and 

vulnerability assessment methods to make them available for 
application to safety improvement assessments. 

• Incorporate developed assessment methods into PRA model.

202026



[Appendix] Roadmap

21

20302029202820272026202520242023202220212020201920182017201620152014FY
Activity

Ｎ
Ｒ
Ｒ
Ｃest.

Development of hazard and 
vulnerability assessment methods

Development of PRA model

Reflection in academic standards and 
guidelines

Application to utility practices

Hazard assessment tool▼

**

Hazard assessment Vulnerability assessment

**Perform PRA 
at each plant

Revise ash-fall database▼

Particle ingestion assessment▲

▼Ash-cloud model

Revise JEAG4625
(2026 edition)* *Revise JEAG4625

(2014・2015 editions)

Guideline▼
Volcanic ash-cloud dispersion

PRA model to be developed and trial assessment conducted
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