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• Appendix A to 10 CFR Part 50, General Design Criteria:
• Criterion 2: SSCs that are important to safety shall be designed 

to withstand effects of natural phenomena, including 
tornadoes and hurricanes, without loss of capability to perform 
their safety functions. Design basis shall reflect:
• The most severe events that have been historically reported for 

site and surrounding area.
• Appropriate combinations of effects of normal and accident 

conditions with effects of natural phenomena.
• The importance of safety functions to be performed.

• Criterion 4: SSCs that are important to safety shall be 
adequately protected against effects of missiles resulting from 
events and conditions outside plant.

FEDERAL REGULATIONS
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RELEVANT NRC RGs & SRPs
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• NRC RG 1.76 & 1.221:

DESIGN-BASIS WIND-INDUCED MISSILE SPECTRUM
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• NRC RG 1.76 & 1.221:

DESIGN-BASIS WIND-INDUCED MISSILE SPECTRUM
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Challenge: Using same design-basis missile spectrum to design
all safety-significant SSCs, irrespective of their failure consequences, 

would lead to excessive construction/fabrication costs.



• Use a graded approach to select/justify 
missile protection requirements of safety-
significant SSCs, depending on their safety 
significance (failure consequences).

• Leverage technology-inclusive, risk-informed, 
and performance-based (TI-RIPB) process 
developed in Nuclear Energy Institute (NEI) 
18-04 through Licensing Modernization 
Project (LMP).
• Endorsed by NRC for non-light water reactors 

(non-LWRs) through RG 1.233.

SOLUTION: GRADED APPROACH
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• Compares event frequency-consequence 
(F-C) couples with an “F-C Target” to 
characterize relative safety significance of 
SSCs during various events.

LMP TI-RIPB PROCESS

9



LMP TI-RIPB PROCESS
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Challenge: During initial design phases, performing full-scope 
high-wind probabilistic risk assessment (HW-PRA) is infeasible because 

of its complexity, very high cost, and lack of finalized design inputs.



• Calculate fragility functions based on the 
Tornado Missile Risk Evaluator (TMRE) 
framework of NEI 17-02.
• Endorsed by NRC for evaluation of existing 

commercial nuclear power plants.
• Allows deterministic calculation of so-called 

Exposed Equipment Failure Probability 
(EEFP) for five discrete tornado categories.

SOLUTION: TMRE ADAPTATION
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OVERALL METHODOLOGY
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1. Direct impact of external missiles on target SSC

FAILURE CAUSES DUE TO WIND-INDUCED MISSILES
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1. Direct impact of external missiles on target SSC 
2. Direct impact of internal missiles produced by wind 

event striking SSC’s housing structure on target SSC

FAILURE CAUSES DUE TO WIND-INDUCED MISSILES
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1. Direct impact of external missiles on target SSC 
2. Direct impact of internal missiles produced by wind 

event striking SSC’s housing structure on target SSC
3. Collapse of structural elements onto target SSC due 

to external missile impacts

FAILURE CAUSES DUE TO WIND-INDUCED MISSILES
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1. Direct impact of external missiles on target SSC 
2. Direct impact of internal missiles produced by wind 

event striking SSC’s housing structure on target SSC
3. Collapse of structural elements onto target SSC due 

to external missile impacts
4. Collapse of nonstructural elements onto target SSC 

due to external missile impacts

FAILURE CAUSES DUE TO WIND-INDUCED MISSILES
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1. Direct impact of external missiles on target SSC 
2. Direct impact of internal missiles produced by wind 

event striking SSC’s housing structure on target SSC
3. Collapse of structural elements onto target SSC due 

to external missile impacts
4. Collapse of nonstructural elements onto target SSC 

due to external missile impacts
5. Impact/fall of a nonstructural element onto target 

SSC due to internal missile impact

FAILURE CAUSES DUE TO WIND-INDUCED MISSILES
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TOTAL FRAGILITY CALCULATION
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• Considering individual event probabilities to be independent:

ID Type Failure Cause Probability

D1 Direct Direct impact of external missiles on target SSC 𝑃 D1

D2 Direct Direct impact of missiles produced by housing structure on target SSC 𝑃 D2

ID1 Indirect Fall of structural elements on SSC target due to external missile impacts 𝑃 ID1

ID2 Indirect Fall of nonstructural elements on SSC target due to external missile impacts 𝑃 ID2

ID3 Indirect Fall of nonstructural elements on SSC target due to internal missile impacts 𝑃 ID3

𝑷𝒇 = 𝑷 𝐃𝟏 ∨ 𝐃𝟐 ∨ 𝐈𝐃𝟏 ∨ 𝐈𝐃𝟐 ∨ 𝐈𝐃𝟑 = 𝑃 D1 + 𝑃 D2 + ⋯

−𝑃 D1 ∧ D2 − 𝑃 D1 ∧ ID1 − ⋯ + 𝑃 D1 ∧ D2 ∧ ID1 + 𝑃 D1 ∧ D2 ∧ ID2 + ⋯
−𝑃 D1 ∧ D2 ∧ ID1 ∧ ID2 − 𝑃 D1 ∧ D2 ∧ ID1 ∧ ID3 − ⋯

+𝑃(D1 ∧ D2 ∧ ID1 ∧ ID2 ∧ ID3)

𝑃 𝐴1 ∧ 𝐴2 ∧ ⋯ ∧ 𝐴𝑛 = ෑ
𝑖=1

𝑛

𝑃 𝐴𝑖



Failure probability upon missile impact
→ Conservatively taken as 1.0

Exposed area leading to
failure upon missile impact

(Zonal + structural) x robustness reduction factor
→ Function of wind speed and SSC/barrier robustness

Missile Impact Parameter
(probability of impact, per unit area, per missile, per tornado)
→ Function of wind speed and SSC elevation

TORNADO MISSILE RISK EVALUATOR (TMRE)
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Exposed Equipment Failure Probability
→ Calculated for F'2-F'6 in Enhanced Fujita Scale

EEFP = MIP x Total Number of Missiles x Target Exposed Area x Fragility Parameter



• Direct Causes:

𝑃𝑓 𝑆𝑤 = ෍

𝑗

𝐴𝑒,𝑗  MIP𝑗 𝑆𝑤  𝑃𝑏𝑓|𝑏𝑖,𝑗 𝑆𝑤 𝑃𝑡𝑓|𝑡𝑖 𝑆𝑤

 

•  Indirect Causes:

𝑃𝑓 𝑆𝑤 = ෍

𝑘

෍

𝑗

𝐴𝑒,𝑗  MIP𝑗 𝑆𝑤  𝑃𝑏𝑓|𝑏𝑖,𝑗 𝑆𝑤 𝑃𝑒𝑓|𝑒𝑖,𝑘 𝑃𝑡𝑓|𝑡𝑖 𝑆𝑤

REFINEMENT OF TMRE FORMULA
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Probability of missile 
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Probability of SSC failure 
upon element fall on SSC

Probability of barrier failure 
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Probability of element fall upon 
missile impact on element
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• HVAC system of a fuel handling building (FHB):
• Non-safety-related with special treatment (NSRST)
• Safety Function: Reduce consequences of failure of a

fuel transfer cask (FTC) by filtering air inside FHB 
if fuel assembly carried by FTC is exposed to
environment, provided FHB enclosure
remains intact.

• FTC:
• Safety-related (SR)
• Safety Function: Carrying a fuel assembly

and protecting it during this process.

TARGET SSC
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• Assume FHB’s HVAC will lose its functionality upon wind-induced missile penetration 
into FHB 

EVENT TREE & SEQUENCES
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• Use envelope of ASCE 7-22 straight-line and tornado wind speed hazard curves

WIND SPEED HAZARD CURVES
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• FHB Enclosure:
• Zero robustness against wind-induced missiles (conservative)

• FTC: 
• A large and sturdy equipment made of steel with radiation shielding
• Against Wind-induced Missiles and Fall of Structural Elements: Consider robustness 

equivalent to TMRE category B (steel pipe with diameter ≥ 16 in. and 
0.125 in. ≤ thickness < 3/8 in.) → 55% failure probability upon impact (conservative)

• Against Overhead Crane Fall: Consider zero robustness (conservative)

PRELIMINARY “ROBUSTNESS” ASSUMPTIONS
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CREDIBLE FTC FAILURE CAUSES
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Ground Surface

FTC

FHB Superstructure

HVAC

Overhead Crane

ID Failure Cause

D1 Direct impact of external missiles on FTC

D2 Direct impact of missiles produced by FHB 
superstructure on FTC

ID1 Fall of FHB structural elements on FTC due to 
external missile impacts

ID2 Fall of FHB overhead crane on FTC due to 
external missile impacts

ID3 Fall of FHB nonstructural elements on FTC due 
to internal missile impacts



EXPOSED AREAS
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CALCULATED FRAGILITY & ES PROBABILITIES
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F-C EVALUATION
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Hazard
F (1/yr)

ES-1 ES-2

5th Perc. 5.1E-6 1.6E-7

50th Perc. 4.8E-5 1.9E-6

95th Perc. 1.7E-4 8.4E-6

5th-95th

Perc. C

5th-95th

Perc. F Mean
F-C

F-C Target
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   P f  ( FTC )


   P  ES − 2  (  S w ) =  P U    P f   ( FTC )  (  S w )


   P  ES − 1  (  S w ) =  P U    P s   ( FTC )  (  S w ) =  P U    ( 1 −  P f   ( FTC ) )  (  S w )


   P f  (  S w ) =   ∑ k   (   ∑ j   (  (  A  e , j    MIP j  (  S w ) )    P  b f | b i , j  (  S w ) )  P  e f | e i , k )  P  t f | t i  (  S w )


   P f  (  S w ) =   ∑ j   (  (  A  e , j    MIP j  (  S w ) )    P  b f | b i , j  (  S w ) )  P  t f | t i  (  S w )


  P  (  A 1 ∧  A 2 ∧ … ∧  A n ) =   ∏  i = 1 n  P  (  A i )


  + P ( D 1 ∧ D 2 ∧ ID 1 ∧ ID 2 ∧ ID 3 )


  − P  ( D 1 ∧ D 2 ∧ ID 1 ∧ ID 2 ) − P  ( D 1 ∧ D 2 ∧ ID 1 ∧ ID 3 ) − ⋯


  − P  ( D 1 ∧ D 2 ) − P  ( D 1 ∧ ID 1 ) − ⋯ + P  ( D 1 ∧ D 2 ∧ ID 1 ) + P  ( D 1 ∧ D 2 ∧ ID 2 ) + ⋯


   𝑷 𝒇 = 𝑷  ( 𝐃 𝟏 ∨ 𝐃 𝟐 ∨ 𝐈 𝐃 𝟏 ∨ 𝐈 𝐃 𝟐 ∨ 𝐈 𝐃 𝟑 ) = P  ( D 1 ) + P  ( D 2 ) + ⋯


  P  ( ID 3 )


  P  ( ID 2 )


  P  ( ID 1 )


  P  ( D 2 )


  P  ( D 1 )

