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Abstract— IEC 62305-2 risk analysis methods are applied 

for helping a customer identify areas of improvement in the 

execution of life extension repairs and refurbishment of a 

hydroelectric dam in North Carolina, USA. A quantitative 

analysis of a 100-year-old concrete gravity dam structure 

reveals that conventional Lightning Protection Level (LPL) III 

measures, while adequate for R₁ (human life) and R4 (economic) 

risk factors, are insufficient to address R2 (loss of public service) 

risk. The study demonstrates that enhanced LPL II protection 

with improved equipotential bonding reduces R2 risk from 

6.40x10-2 to 2.17x10-4, achieving compliance with the tolerable 

threshold for loss of public service of 1.00x10-3. Key findings 

include identification of bonding/grounding, requirement for 

enhanced down-conductor specifications (150 kA vs 100 kA 

peak current capacity), and reduced earth-termination 

resistance (≤10 Ω vs ≤25 Ω) as critical attention points during 

refurbishment. The use of IEC 62305-2 methodology provides a 

systematic framework for prioritizing lightning protection 

enhancements in critical infrastructure projects facing aging 

and refurbishment challenges. 

Keywords— dam refurbishment, lightning, equipotential 

bonding, risk assessment, LPL II protection. 

I. INTRODUCTION 

This paper applies the IEC 62305-2:2010 methodology to 
obtain the economic loss (R4/L4) assessment used by the 
project team. IEC 62305-2:2024 introduces a revised 
framework (e.g., NSG and frequency-of-damage concepts for 
internal system availability) and a brief comparative 
discussion is provided in Section IV. 

The US Army Corps of Engineers (USACE) is charged 
with maintaining the watershed and reservoir infrastructure 
for about 740 of the 91,000 dams in the USA. According to 
the USACE, almost 35% of these structures are considered to 
be in "poor" or "unsatisfactory" condition. A further alarming 
fact is almost 25% of dam structures have exceeded their 
original design service life [1]. The problem is highly visible 
and widespread.  

 

Fig. 1. Aging dam infrastructure with rolling motor gantry to lift gates 

The target of this study is to examine mitigation options 
for life extension improvements for an existing gantry-style 
dam shown in Fig. 1 which has experienced lightning strikes 
upon the motors in the moving gantries that travel between 
gate segments. Even with conventional NFPA 780 [2] 
compliant lightning protection, these control systems 
constitute a single point of failure risk. The existing gantries 
move between gates across the dam, so any one failure effects 
more than one water level gate.  

 

Fig. 2. Life extension refurbishment design with fixed gate lift motors. 

The planned life extension design to convert to individual 
motors for each gate section shown in Fig. 2, reduces risk for 
the dam to suffer loss of service or critical water level control 
functions. The physical geometry of the refurbished gate 
control structures will employ fixed motor and cable winch 
systems. The plan view footprint of the dam will remain 
unchanged, but the height from the downstream side will be 
slightly less upon completion of the life extension efforts.  

The structure height factors are considered using the 
worst-case downstream height of the metal frame over the 
waterline.  

The loss of human life on the dam structure itself is 
considered using the very lowest worker risk factor based on 
normal dam operation where workers are not present during 



normal operation of the business of adjusting gate height. The 
customer also employs a robust lightning standdown protocol 
for any strikes within a 15-mile (24 km) radius of the site, 
whereby any workers that are present will seek permanent 
shelter in the administrative office structures near the dam.  

The fail-safe nature of the new planned redundant gate 
system design addresses catastrophic risk. While any one of 
the ten motor gate lifting systems could fail from a lightning 
event, the gates would likely fall closed and, in the worst case, 
the naturally engineered spillways will overflow to safely 
control the upstream lake level. Even with refurbishment, the 
owner is concerned the dam may experience localized spalling 
around the piers. The prevention of dam failure remains a 
highest level priority.  

The threat of dam failure is very real. Events such as the 
Edenville Dam collapse in Michigan in May 2020, and the La 
Loko Reservoir burst in 2006 killing seven people in Hawaii,  
highlight the importance of systematic risk assessment for 
critical infrastructure, including lightning related threats [3].  

The key discovery of this work is in the refinement and 
application of measures to reduce the core risk factors 
associated with R₂ (Loss of Public Service). Although the 
Lightning Protection Level (LPL) III helps solve the R₁ 
(human life) and R₄ (economic value) factors, this scale of 
asset requires lightning equipotential bonding and surge 
protective devices rated to LPL II to sufficiently reduce the 
risk of R₂ (Loss of Service to The Public).  

The objective of the customer is to identify and incorporate 
additional improvements to refurbish the dam pier structures 
for critical life extension of the dam. Using these methods, 
bonding and grounding have been identified as points for 
additional attention during refurbishment to improve lightning 
dissipation. 

II. IEC 62305 RISK ASSESSMENT METHODOLOGY 

A. Fundamental Risk Components 

The fundamental risk components are shown in Fig. 3, 
describing the combination of sources of damage from 
lightning and associated risk factors. 

 

Fig. 3. Contributing factors for risk calculations. 

IEC 62305-2 Section 4.3 [4] defines four primary loss 
types, each comprising specific risk components calculated 
using the fundamental equation 

𝑅 = 𝑁 × 𝑃 × 𝐿 (1) 

where N represents dangerous events frequency, P 
indicates damage probability, and L quantifies consequent 
loss. 

The equations for calculation of the risk of loss of human 
life, loss of service to the public, loss of cultural heritage and 
loss of economic value are discussed. 

Loss of Human Life:  

𝑅1 = 𝑅𝐴 + 𝑅𝐵 + 𝑅𝐶 + 𝑅𝑀 + 𝑅𝑈 + 𝑅𝑉 + 𝑅𝑊 + 𝑅𝑍 (2) 

For dam structures with established lightning standdown 
protocols, human life risk is significantly reduced through 
operational procedures.  

The remote operation capability and 15 mile (24 
kilometer) radius lightning detection worker stand down with 
mandatory shelter protocols will minimize personnel exposure 
during thunderstorm activity. 

Loss of Service to Public:  

𝑅2 = 𝑅𝐵 + 𝑅𝐶 + 𝑅𝑀 + 𝑅𝑉 + 𝑅𝑊 + 𝑅𝑍(3) 

This loss of service to the public represents the most 
critical risk factor and stringent lightning mitigation 
improvement for the dam infrastructure. Service loss includes 
disruption of water supply management, flood control 
capacity, power generation, and navigation systems. The 
analysis reveals that R₂ risk components RB, RC, RM, RV, 
RW, and RZ are significantly weighted in the total risk 
calculation, requiring enhanced protection measures to 
achieve acceptable risk levels. 

Loss of Cultural Heritage:  

𝑅3 = 𝑅𝐵 + 𝑅𝑉(4) 

While typically not the primary concern for utilitarian 
infrastructure, historic dam structures may require 
consideration of cultural preservation values. 

Loss of Economic Value: 

𝑅4 = 𝑅𝐴 + 𝑅𝐵 + 𝑅𝐶 + 𝑅𝑀 + 𝑅𝑈 + 𝑅𝑉 + 𝑅𝑊 + 𝑅𝑍 (5) 

Economic impact includes direct structural damage costs, 
lost generation revenue, emergency response expenses, and 
downstream economic impacts from operational disruption. 
The fail-safe design of the gate system ensures that motor 
failures result in gates falling closed with spillway overflow 
control, preventing catastrophic failure while maintaining 
flood management capability. 

B. Lightning Source Classification  

IEC 62305-2 identifies four lightning damage sources 
requiring systematic evaluation: 

S1 - Lightning Flash to Structure: The most critical source 
for dam applications, creating risk components RA (injury by 
electric shock), RB (physical damage by fire/explosion), and 
RC (physical damage by dangerous sparking). Analysis 
identifies S1 strikes-to-structure as the dominant factor 
requiring LPL II equipotential bonding measures. 



S2 - Lightning Flash Near Structure: Electromagnetic 
induction effects creating risk component RM (failure of 
internal systems due to LEMP). 

S3 - Lightning Flash to Connected Line: Strikes to power, 
control, or communication lines creating components RP, RQ, 
and RR. 

S4 - Lightning Flash Near Connected Line: Induction 
effects on connected systems creating component RU. 

C. Tolerable Risk Thresholds and Assessment Procedure 

IEC 62305-2 establishes quantitative tolerable risk criteria 
with systematic five-step evaluation procedure: 

RT = 10⁻⁵ per year for loss of human life (R₁) 

RT = 10⁻³ per year for loss of service to public (R₂) 

RT = 10⁻⁴ per year for loss of cultural heritage (R₃) 

RT – 10-3 per year for loss of economic value (R4) 

The systematic procedure requires structure 
characterization, loss type identification, risk evaluation using 
fundamental equations, protection need evaluation against 
tolerable thresholds, and cost-effectiveness analysis. 

C. Dam Structure Analysis 

The Dam represents typical early 20th century concrete 
gravity construction requiring life extension refurbishment. 
Key parameters affecting lightning risk assessment include: 

Facility value: $80,000,000 including infrastructure and 
operational systems rough order of magnitude estimate 

Collection area: 27,555 m² for direct lightning strikes 

Location factor: CD = 0.25 due to isolated position 

Lightning density: NG = 5.0 flashes/km²/year (North 
Carolina) 

Strike frequency: ND = Ng × AD × CD × 10⁻⁶ = 5.0 × 
27,555 × 0.25 × 10⁻⁶ = 0.0344 direct strikes/year 

The refurbishment scope involves replacement of original 
rolling gantry systems with ten fixed motor and cable winch 
gate lifting systems. The physical geometry maintains the 
original footprint while employing modern control systems, 
with structure height factors determined using worst-case 
downstream height of the metal frame over the waterline. 

III. PRACTICAL LIGHTNING PROTECTION SYSTEM 

IMPLEMENTATION STRATEGY 

A. Selection of Protection Measures for the Dam Site 

The risk was reduced to acceptable levels by selecting 

the protection measures summarized in Table 1.The listed 

risk reduction factors follow IEC 62305-2:2010 and are 

aligned with the refurbishment life extension design scope. 

 
Table 1: Protection Measured for the Dam Site 

Protection 
Area 

Measure Description Risk Reduction 
Factor 

pB Lightning Protection System 
Class of  LPS LPL III 

1.00x10-1 

pEB Lightning Equipotential 
Bonding – LPL II 

2.00x10-2 

KS1 External Spatial Shielding 
Continuous metal shield  
≥0.1mm 

1.00x10-4 

pu Electric Shock Protection 
(Insulation, warnings, 
restrictions) 

0 

pSPD Coordinate SPD Protection 
LPL II rated devices 

2.00x10-2 

Xcon Multiply Earthed Neutral 
Conductor 

0.2 

 

The comprehensive protection strategy incorporates six 
primary measures. Risk reduction factors were selected from  
IEC 62305-2:2010 (Annex A for the annual number of 
dangerous events N and Annex B for probability factors) and 
matched to the refurbishment scope. Most critical to achieving 
acceptable R₂ risk levels is the enhanced equipotential 
bonding specification (pEB = 0.02).  

This LPL II bonding requirement provides a 50-fold risk 
reduction compared to standard bonding, reducing the 
dominant public service risk from 6.40×10⁻² to 2.17×10⁻⁴.  

The coordinated SPD protection (pSPD = 0.02), also rated 
to LPL II specifications, provides equipment-level protection 
with surge protective devices tested to 10/350μs waveforms 
per IEC 61643-22 [5]. 

B.  Structural Lightning Protection System 

The first factor for lightning risk damage reduction noted 
is the LPL III lightning protection system.  

This application of the LPL III LPS risk derating factor pB 

provides partial control of risk, but we see this factor alone is 
insufficient to resolve the risk of loss of service to the public 
below the industry tolerable threshold of 1 in 10,000. 

The lightning protection system required for this structure 
should meet the LPL III rolling sphere per IEC 62305-3 [6]   
equivalent electric field intensity air termination capture 
efficiency. 

The implementation strategy is to use welded steel vertical 
post of the handrails with OSHA [7] approved hand grasp 
spacing around the horizontal safety rail.  

Mounting the lightning masts at the center of the pier 
location is tempting but not practical for normal operation, so 
the lightning mast mounting locations are justified off the pier 
centers, with dedicated bonding jumper applied to the 
horizontal I-beam super structure. 

Lightning currents will have multiple paths to disperse into 
the steel I-beams, into the concrete piers and off to the 
grounding electrodes at the end of the dam into the Earth. 

The vertical above grade height for the downstream side is 
applied as a worst case for the rolling sphere calculations for 
the upstream side of the dam gates. The 150 foot (45 meter) 
rolling sphere calculation provides confidence that the 
downstream faces of the piers will not suffer random, 
uncontrolled lightning attachment. 

C. Enhanced Equipotential Bonding Requirement 

An interesting result finding that arises by including loss 
of service to the public in the risk calculation is the need to 



control risk factor S1-strikes to structure with equipotential 
bonding LPL II. 

We see that damage L2 is weighted by risk components of 
RB, RC, RM, RV, RW and even RZ.   

The weight of the risk factor requires this extra measure of 
bonding and surge protection.  

The surge protection LPL II is not so surprising as this is 
often encountered in regions with high lightning density solar 
field applications where the SPD’s are recommended to be 
tested to 10/350μs per IEC 61643-22.  

This enhanced requirement for equipotential bonding in 
the form of improved conductor to concrete conductivity is 
also brought to the owner's attention.  

The existing grounding system of the target dam utilizes 
the natural steel rail and gantry structure along with one 4/0 
bare copper bonding conductor running across the dam to the 
shore on the South end of the structure.  

Despite having flash density 5.0 flashes/km²/year, there is 
only anecdotal association of lightning damage with the 
condition of the dam. Regardless of sources of damage, the 
target dam is in need of life extension repairs as indicated by 
the concrete degradation shown in Fig. 4. 

 

Fig. 4. Target 100 year old pier structures with excessive concrete spalling. 

The concrete piers will be stripped down several feet into 
clean concrete and reformed with rebar supports embedded in 
the fresh concrete faces.  

Consideration of the pEB risk factor LPL II implies the life 
extension plan should include embedded rebar bonded with 
copper grounding system to be encased in the concrete piers.  

The piers will carry the new vertical I-beam support 
structures for the gates and include enhanced conductivity and 
ability to disperse charge, like in Fig. 5. 

 

Fig. 5. Concept of improved equipotential bonding design enhancements. 

The lightning protection over the new pier motorized gate 
lifts will offer future-proof service as other electronics are 
introduced over the extended life of the dam. New systems can 
be installed with less concern there will not be suitable 
lightning protection within their respective zones of 
protection. 

The new gate lift design is segmented in a manner that 

allows work-in-progress to be covered under the zone of 

protection offered by the nearby mast. 

D. Implementation Strategy and Rolling Sphere Coverage 

The lightning protection system implementation strategy 
per IEC 62305-3 utilizes planned structural elements as 
natural protection components along with: 

Lightning mast mounting locations positioned 
approximately 10 feet (3 meter) off pier centers to avoid 
interference with normal operations. 

Dedicated bonding jumpers connecting to horizontal I-
beam superstructure with multiple current paths through steel 
I-beams dispersing lightning into the concrete piers. 

 

Fig. 6. Typical air terminal with bonding clamps to natural I-beam steel. 

The air terminal construction shown in Fig. 6 and positions 
along the dam shown in Fig. 7 are verified using the rolling 
sphere method. The 150 foot rolling sphere calculation ( LPS 
LPL III 45 meter) provides protection coverage for 
downstream pier faces, preventing random, uncontrolled 
lightning attachment.  

 



 

Fig. 7. The rolling sphere calculations illustrated in blue are considered 

from the point of view of the worst, case downstream elevation. 

IV. RISK ASSESSMENT RESULTS AND DISCUSSION 

Comprehensive risk analysis reveals the dominance of R₂ 
(public service risk) in the total risk profile for dam 
infrastructure. Table 2 presents the calculated risk reduction 
values demonstrating the excellent effectiveness of enhanced 
protection measures. 

Table 2 Calculated Risk Reduction Values 

Risk Type Symbol Unprotected Protected Reduction 

Human 

Life Risk 
R1 6.70×10⁻6 8.90x10-8 98.7% 

Public 

Service 

Risk 

R2 6.40×10⁻2 2.17×10⁻⁴ 99.7% 

Economic 

Risk 
R4 8.02×10⁻3 2.92×10⁻⁵ 99.6% 

 

The results show excellent reduction of risk below the 
tolerable risk thresholds: 

R1 (Human Life): RT = 1.00×10⁻⁵ per year 

R2 (Public Service): RT = 1.00×10⁻³ per year 

R4 (Economic): Cost-benefit analysis determines 
acceptability 

The analysis demonstrates that R2 (loss of public service) 
dominates at 6.40×10⁻² (0.064), exceeding the tolerable 
threshold of 1.00×10⁻³. This finding motivates additional 
measures beyond a conventional external lightning protection 
system. 

Alternative mitigation packages were considered: (i) 
external LPS upgrade, (ii) internal-system hardening 
(enhanced bonding and coordinated SPDs), and (iii) a 
combined package. Because R2 is dominated by internal-
system service continuity, option (ii) provides the greatest 
marginal benefit for this case. 

These measures—particularly equipotential bonding (pEB = 
0.02) and coordinated SPDs (pSPD = 0.02)—reduce R2 from 
6.40×10⁻² to 2.17×10⁻⁴ (Table 2). A screening sensitivity 
analysis indicates that this conclusion is robust to plausible 
uncertainty in NG, CD, and grounding/bonding performance. 

A. Sensitivity and Uncertainty 

Varying NG and CD within plausible ranges scales R2 
approximately linearly; R2 remains >RT unprotected 
(≈3.6×10⁻²–1.0×10⁻¹) and <RT protected (≈1.2×10⁻⁴–
3.4×10⁻⁴). This margin assumes bonding continuity and SPD 
coordination are achieved and verified. 

B. Consideration of IEC 62305-2:2024 

IEC 62305-2:2024 introduces NSG and an explicit 
frequency-of-damage assessment for internal-system 
availability; for this case, the emphasis on service continuity 
reinforces the selected internal mitigation (enhanced bonding 
and coordinated SPDs). The owner’s lightning stand-down 
procedure aligns with the 2024 recognition of temporary 
measures enabled by thunderstorm warning systems. [11] 

V. CONCLUSION 

The IEC 62305 risk calculation methodology is shown to 
be effective and helps identify key dam life extension 
improvements for the control of lightning effects. The latest 
version IEC 62305-2:2024 reinforces the need for improved 
bonding. 

Specifically, equipotential bonding is a heavier weighted 
factor towards risk control than the air terminal arrangement 
of the lightning protection system. 

The importance of including the embedded equipotential 
bonding into the plans for the refurbished concrete piers has 
further inspired the customer to conduct additional research to 
simulate lightning effects on the different construction 
scenarios with epoxy coated I-beam anchors. 

VI. REFERENCES 

[1] "Capitol Stock :Infrastructure Age " [Online]. Available: 
https://www.iwr.usace.army.mil/Missions/Value-to-the-Nation/Fast-
Facts/Capital-Stock/Infrastructure-Age/ 

[2] National Fire Protection Association Lightning Protection Standard 
780 :2023, Available : https://nfpanorm.com/wp-
content/preview/780%202023.pdf 

[3] "Michigan's dam problem," Michigan Department of Environment, 
Great Lakes, and Energy (EGLE), Oct. 21, 2025. [Online]. Available: 
https://www.michigan.gov/egle/newsroom/mi-
environment/2025/10/21/michigans-dam-problem 

[4] IEC 62305-2:2010, "Protection against lightning – Part 2: Risk 
management," International Electrotechnical Commission, Geneva, 
Switzerland, 2010. Note: Superseded by IEC 62305-2:2024. 

[5] IEC 61643-22:2015 “Low-voltage surge protective devices - Part 22: 
Surge protective devices connected to telecommunications and 
signalling networks - Selection and application principles”, 
International Electrotechnical Commission, Geneva, Switzerland, 2015 

[6] IEC 62305-3:2010, "Protection against lightning – Part 3: Physical 
damage to structures and life hazard," International Electrotechnical 
Commission, Geneva, Switzerland, 2010. 

[7] OSHA regulation 1910.29 guidelines for Occupational Health and 
Safety. Available: 

https://www.osha.gov/laws-regs/interlinking/standards/1910.29 

[8] IEC 62305-3:2010, "Protection against lightning – Part 3: Physical 
damage to structures and life hazard," International Electrotechnical 
Commission, Geneva, Switzerland, 2010. 

[9] IEC 62305-4:2010, "Protection against lightning – Part 4: Electrical 
and electronic systems within structures," International 
Electrotechnical Commission, Geneva, Switzerland, 2010. 

[10] IEC 62305-1:2010, "Protection against lightning – Part 1: General 
principles," International Electrotechnical Commission, Geneva, 
Switzerland, 2010. 

[11] IEC 62305-2:2024, "Protection against lightning – Part 2: Risk 
management," International Electrotechnical Commission, Geneva, 
Switzerland, 2024




