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ABSTRACT 
 The Emergency Power Supply (EPS) DG system is one of the most critical components in CANDU plant since it 
supplies power to operate the seismically qualified systems such as Emergency Water Supply (EWS), Emergency Core 
Coolant System (ECCS), control power for MSSVs, etc., in the case of loss of Class III and Class IV electric power 
including the failure of standby diesel generators.  The EPS DG system comprises two fully independent and seismically 
qualified supply trains.  Each train consists of a 4.16 kV medium voltage Diesel Generator (DG) set. The EPS DG set 
includes diesel generator, battery, battery charger, and fuel day tank.  As part of the seismic risk analysis, the seismic 
capability of the EPS DG set is assessed. 

A seismic walkdown was conducted to evaluate the seismic capacities of the equipment in a CANDU 6 plant.  The 
following components of the EPS DG set were identified for further seismic capability evaluation after the seismic 
walkdown. 

1. EPS Diesel Generator 
2. EPS DG Batteries 
3. Battery Charger for EPS DG Starting Batteries 
4. EPS DG Control Panel 
5. EPS DG Fuel Day Tank 
The Seismic capacity of the EPS DG set is calculated as High Confidence of Low Probability of Failure (HCLPF) 

capacity.  The HCLPF capacity could be calculated using either the Fragility Analysis (FA) method [1] or the Conservative 
Deterministic Failure Margin (CDFM) method [2].  The FA method is used in this paper to calculate the HCLPF capacity of 
the EPS DG set. Background for the FA methodology is given in this paper. 

The possible failure modes of the EPS components were identified and investigated. Fragility analyses for the as-
installed conditions were performed.  The HCLPF values obtained for the EPS DG set indicate robustness of the Emergency 
Power Supply System in a CANDU 6 for earthquakes. 
 
 
INTRODUCTION 
 
   The Emergency Power Supply (EPS) Diesel Generator (DG) set supplies power to operate the seismically qualified 
systems such as EWS, ECCS, control power for MSSVs, etc. As part of the seismic risk analysis, the seismic capacity of the 
EPS DG set is assessed. 
 
 The Seismic capacity of the EPS DG set will be expressed as High Confidence of Low Probability of Failure (HCLPF) 
capacity.  The HCLPF capacity could be calculated using either the Fragility Analysis (FA) method [1] or the Conservative 
Deterministic Failure Margin (CDFM) method [2].  The FA method is selected to calculate the HCLPF capacity of the EPS 
DG set.  Background for the FA methodology is given in this paper. 

The seismic capacity of the equipment was evaluated by combining seismic walkdown and fragility analysis.  During the 
seismic walkdown, the rugged equipment was screened out based on experience, seismic database, and experienced 
judgment. The screening HCLPF was determined to be 0.5g for seismically qualified equipment. The failure modes of the 
equipment were identified for FA follow-up evaluation.  The seismic capacity of the following EPS DG set critical 
components, which are identified in the seismic walkdown, are assessed in this paper. 

1. EPS Diesel Generator 
2. EPS DG Batteries 
3. Battery Charger for EPS DG Starting Batteries 
4. EPS DG Control Panel 
5. EPS DG Fuel Day Tank 

 The EPS DG components are first described. Then, the possible failure modes of the EPS DG components are 
investigated and assessments of the seismic capacity are performed. Finally, fragility analyses for the as installed conditions 
are performed.  
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DESCRIPTION OF THE EPS SYSTEM 
 
 The Emergency Power Supply (EPS) system in CANDU plant provides an alternative source of electrical power for 
certain safety and safety support systems and instrumentation when the electrical power supply including standby diesel 
generators is unavailable. The EPS DG system comprises of two seismically qualified, and functionally independent power 
supply trains.  Each train consists of a 4.16 kV medium voltage EPS Diesel Generator (DG) set. The EPS DG set includes 
diesel generator, battery, battery charger, fuel day tank, lubricate oil day tank etc. The EPS system supplies power to the 
seismically qualified systems such as EWS, ECCS, control power for MSSVs, etc. 
 
FRAGILITY METHODOLOGY FOR EQUIPMENT 
 
 The seismic fragility analysis for the EPS DG set is performed following the methodology described in Reference [1]. 
Results of the fragility analysis are median seismic capacity (Am) and its associated randomness and uncertainty variability 
(βR and βU) of the equipment.  Family of seismic fragility curves may be described by these three parameters (i.e., Am ,  βR 
and βU).  where, Am is median seismic input parameter capacity (e.g., median ground acceleration capacity). βR represents 
logarithmic standard deviation due to randomness in the median capacity. βU represents logarithmic standard deviation due to 
uncertainty in the median capacity. 
 The random variability βR represents dispersion in the results, which cannot be reduced by gathering more data or more 
detailed analysis.  It is due to the randomness in the earthquake time-history and in the response of the structure when the 
earthquake is represented by one input parameter like peak ground acceleration (PGA).  On the other hand, the uncertainty 
βU, represents dispersion in the results due to inadequate knowledge, lack of data or insufficient analyses and test results. 
A commonly used value, which describes the seismic capacity of a component or structure, is the High Confidence of Low 
Probability of Failure (HCLPF) value, which represents, with a 95% confidence, that the probability of failure of a 
component or structure will not exceed 5%.  It is calculated by Eq. (1) as 
 HCLPF capacity = Am exp [-1.65(βR + βU)]  (1) 
 
 The intent of the seismic PSA fragility analysis is to calculate median-centered (or best estimate) response and capacity 
as opposed to a seismic design response of a structure or component.  For the seismic fragility evaluation, the so-called 
“Separation of Variables” approach is commonly used.  The median seismic capacity is determined based on a series of 
median-centred capacity factors and response factors for parameters and methods involved in computing the seismic 
response.  An intermediate variable, called “factor of safety” can be defined. 
 The median seismic capacity of the equipment is calculated differently for the equipment seismically qualified by 
analysis (Eq. 2) and equipment seismically qualified by testing (Eq. 6). 
Equipment Seismically Qualified by Analysis 
 For the equipment seismically qualified by analysis, the factor of safety is defined as the ratio of the median ground 
acceleration capacity to the Design Basis Earthquake (DBE) peak ground acceleration used in the design.  Thus: 
 Am = Fm * ADBE (2) 
 
 Where, Fm is the factor of safety. ADBE represents Design Basis Earthquake (DBE) acceleration. 
 The factor of safety is calculated by 
 FE = FEC * FER * FSR (3) 
 
 Where, FEC is defined as the capacity factor of safety for the equipment relative to the floor acceleration from either the 
design or reference seismic event. FER represents the factor of safety inherent in the computation of equipment response.  FSR 
represents the Structural Response factor, which defines the effect of the conservatism or unconservatism of the structural 
analysis and the development of floor spectra on the actual equipment response. 
 βR = (β2

R,EC + β2
R,ER + β2

R,SR)½ (4) 
 βU = (β2

U,EC + β2
U,ER + β2

U,SR)½ (5) 
 
 Where, βR,EC  is logarithmic standard deviation due to randomness associated with capacity factor. βR,ER  represents 
logarithmic standard deviation due to randomness associated with factor of safety inherent in the computation of equipment 
response. βR,SR  represents logarithmic standard deviation due to randomness associated with structural response factor. βU,EC  
represents logarithmic standard deviation due to uncertainty associated with capacity factor. βU,ER  is logarithmic standard 
deviation due to uncertainty associated with factor of safety inherent in the computation of equipment response.  βU,SR  is 
logarithmic standard deviation due to uncertainty associated with structural response factor. 
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 Each major safety factor category (FEC, FER and FSR) is further divided into sub-categories.  The corresponding 
logarithmic standard deviation for each sub-category is determined, then the logarithmic standard deviation for each major 
category and the overall logarithmic standard deviations are calculated by the SRSS rule of all the contributing factors. 
 
Equipment Seismically Qualified by Testing 
 For the equipment seismically qualified by testing, the median seismic capacity is calculated by Eq. (6). 
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Hybrid Method 
 In order to simplify the seismic fragility calculation, a hybrid method is suggested in References[1] and [3] to simplify 
the fragility calculation.  The HCLPF capacity is calculated using the following equation: 
 HCLPF capacity = Am exp (-2.33βC) (7) 
 
Where, Am represents median seismic capacity (e.g., median ground acceleration capacity). βC is the combined logarithmic 
standard deviation. 
 As per References [3], for major passive mechanical components mounted at ground or at low elevations within 
structures, βC typically ranges from 0.3 to 0.5; for active components mounted at high elevations in structures the typical βC 
ranges from 0.4 to 0.6.  When in doubt, use of βC of 0.4 is recommended as a conservative estimate. 
 The hybrid method is used in combination with the deterministic Conservative Deterministic Failure Margin (CDFM) 
method.  The HCLPF capacity is first determined using the CDFM method and then the median capacity is estimated using a 
generic βC.  Hence, a βC of 0.4 will result in a conservative estimate of median capacity.  
 
SEISMIC CAPACITY ASSESSMENT 
 
1. EPS Diesel Generator (DG) 
 
Description 
 The CANDU 6 plant has two Design Basis Earthquake qualified EPS DGs, DG1 and DG2 as shown in Figure 1, at the 
ground level of the EPS building. Each of the EPS DG is mounted on a steel skid, which also supports the generator and the 
radiator.  The skid is mounted on a set of ten (10) VMR vibration isolators and restrained by horizontal restraints.  Each 
isolator is anchored to the concrete slab with four 3/4″ diameter cast-in-place bolts.  During the seismic walkdown, it was 
confirmed that all the cables, fuel lines, and lube oil lines connected to the engine-generator set have adequate flexibility to 
accommodate seismic-induced movements of the set.  The overhead firewater lines were observed to be well supported and 
braced as such they pose no seismic interaction concern to the engine-generator set. 
 
Failure Modes 
 By their very nature, diesel engines have inherent seismic ruggedness due to the heavy vibrations experienced during 
operating conditions.  The CANDU 6 engine generator sets were no exception as they were judged to have met the EPRI 
6041 [2] caveats.  The possible failure modes of the EPS DG are either functional failure or anchorage failure. 
 The DG was qualified by a full-scale shake-table testing at WYLE lab.  It is stated in the test report that “The mounting 
hole pattern in each specimen was transferred to the test fixtures.  The holes were drilled and tapped and the specimens 
attached using commercially-available Grade 5 bolts”.  The EPS DG is anchored by 20 3/4′′ diameter U bolts with the stress 
proof load of 100 ksi in the “as-built” condition.  The stress proof load for the Grade 5 bolts is 85 ksi (test condition), which 
is lower than the strength of “As-built 3/4′′ anchor bolts”.  It is judged that anchorage failure should not be a concern. 
Therefore, the remaining failure mode is the functional failure. 
 
Seismic Capacity Assessment 
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 The Emergency Power Supply (EPS) Diesel Generator DG set in the test includes the generator, and other peripherals 
mounted on the common skid with vibration isolators.  The four components of Emergency Power Supply (EPS) Diesel 
Generator (DG) were shake tested by Atlas Polar Company.  The specimens are tested in the longitudinal/vertical and the 
lateral/vertical orientations. The mounting hole pattern in each specimen is transferred to the test fixtures.  The holes are 
drilled and the specimens attached using commercial available bolts, nuts and washers.  The test fixtures are welded to the 
test table in each test orientation.  Also the vibration isolators are included in the test.  The anchorage of DG is the same in 
the test as that in the actual installation. The TRS envelopes the RRS at all frequencies. Then, the specimens are subject to 
the 30-second duration, frequency from 1 Hz to 40 Hz simultaneous horizontal and vertical random motions. From the test 
results, the natural frequency of DG set is estimated to be around 5 Hz. The EPS DG satisfactorily operated prior to, during, 
and after the test program. 
 The fragility analysis for the EPS diesel generator was performed based on the qualification test report.  The median 
seismic capacity of this component was calculated to be 0.92 g with associated randomness and uncertainty variability of 
0.19 and 0.30, respectively.  Based on the qualification report, the resulting HCLPF capacity is 0.41 g.   

 

Figure 1  EPS DG  

 
2. EPS DG Batteries 
 
Description 
 The EPS DG Starting Batteries are shown in Figure 2.  The batteries are located at the Secondary Control Area (SCA) at 
the ground level. 
 The Starting Batteries consist of 24 cells.  A group of four cells are contained in a strong box.  The front and back sides 
of each box are butted against the side walls of the support stand.  Based on the walkdown observations, a large gap is 
present between adjacent boxes in the longitudinal direction.  Sliding of the boxes in the longitudinal direction is restrained 
by steel angle sections at the base.  Tipping of the battery cells in the transverse direction is to be prevented by long steel 
angle sections held down by tie rods.  However, the effectiveness of this restraint is limited by the thin rubber sheets to 
which the steel angle sections are held against.  The steel angle is notched at the black rubber plates at both ends of the 
battery cell.  
 
Failure Modes 
 The possible batteries failure modes are rack frame structural failure or anchorage failure.  The critical failure mode is 
the frame structural failure (failure of the thin rubber sheets). 
 
Seismic Capacity Assessment 
 It was screened at a HCLPF of 0.3g in the seismic walkdown and required to have a detailed fragility calculation. Other  
failure modes was considered to have higher than 0.5g HCLPF.  
 The batteries are usually replaced every few years. It was decided to replace the old batteries after the seismic 
walkdown. The new batteries are seismically qualified by testing.  The HCLPF value of the new batteries is calculated based 
on the seismic qualification test report.  The median seismic capacity of this component was calculated to be 7.61 g with 
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associated randomness and uncertainty variability of 0.19 and 0.30, respectively. The resulting HCLPF capacity is greater 
than 0.5 g.  

 

Figure 2  EPS DG Starting Batteries 

 
3. Battery Charger for EPS DG Starting Batteries 
 
Description 

The battery charger for DG Starting Batteries is a panel mounted on a precast concrete wall and supported by a unistrut 
bracket as shown in Figure 3.  The Battery Charger is located at SCA at about 3′ above the ground. 
 

 

Figure 3  Battery Charger for DG2 Starting Batteries 

 
 
Failure Modes 
 Two failure modes, anchorage failure and steel frame failure, are identified and examined. The functional failure of the 
panel was estimated to be higher than 0.5g HCLPF during the screening analysis after seismic walkdown.  
 
Seismic Capacity Assessment 
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Stress analysis of the Battery Charger support frame is performed.  Due to the spatial seismic interaction, it is also 
required to evaluate the block wall where the battery charger is mounted on. 

The HCLPF capacity is the minimum HCLPF values of the support and the precast wall. The HCLPF of the block wall, 
where the Battery charge is supported, is 0.98g. The median seismic capacity of the Batter Charger only was calculated to be 
1.9 g with associated overall variability βC of 0.5. The HCLPF of the Battery Charger only is 0.64 g. Therefore, the final 
HCLPF of the Battery Charger is greater than 0.5 g. 
 
4. EPS DG Control Panel 
 
Description 

The DG1 Control Panel is located at SCA at the ground level as shown in Figure 4.  The DG1 Control Panel is mounted 
on the ground. 
 
Failure Modes 

During the walkdown, it was observed that the anchor bolt spacing is relatively small and anchor bolts have unsupported 
length of 2′′ above the top of the concrete floor.  Also the Westinghouse relays are mounted near the base of the cabinet.  
Anchorage failure and functionality failure were identified as the two possible failure modes. 
 
Seismic Capacity Assessment 
 Detailed anchorage calculation and a review of the seismic qualification report were performed to define the seismic 
capacity. The functional failure of the panel was estimated to be higher than 0.5g HCLPF during the screening analysis after 
seismic walkdown.   
 The DG Control Panel is one of the four tested components in the test report. 
 The HCLPF capacity of the panel is the smaller HCLPF value of the anchorage and the functionality.  The median 
seismic capacity of the control panel was calculated to be 9.2 g with associated overall variability βC of 0.5. Therefore, the 
seismic capacity of the control panel (only for anchorage) is 2.75 g.  The overall HCLPF of the control panel is estimated to 
be greater than 0.5 g. 

 

Figure 4  EPS DG1 Control Panel 

 
5. EPS DG Fuel Day Tank 
 
Description 

The EPS DG2 Fuel Day Tank (Figure 5) is a 200-Gallon (757-liter) Fuel Tank, which supplies fuel to the diesel 
generator .  The tank is supported on a custom made frame by three cradle-like metal straps at its bottom side.  The support 
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stand is well constructed and anchored.  The tank relies on static friction to provide resistance to seismic inertia in the 
longitudinal direction.  The 3/16" welds between the existing tank bottom brackets and the 3"x3" steel angles that are called 
out in the drawing were observed not to be present.  The Fuel Day Tank is anchored to the floor by eight 5/8′′ wedge anchors 
(2 anchors per support). 

The tank is supported at SCA at the ground level. 
 
Failure Modes 
 The fragility analysis was based on the presence of 3/16" weld.  The possible failure modes are failure of support (failure 
of weld) and failure of the adjacent masonry wall. 
 
Seismic Capacity Assessment 
 The tank support drawing and the precast wall drawings were reviewed.  The collapse of the precast wall, which the tank 
is anchored to, may lead to possible damage of the tank. 
 It is required to strengthen the tank by adding the 3/16” welds between the tank bottom brackets and the supporting 
frame, which are specified in the drawing. 
 The HCLPF capacity of the tank is the minimum HCLPF values of the tank and the precast wall.  After the 3/16” welds 
are added between the tank bottom brackets and the supporting frame, it is found that the median seismic capacity of the Day 
Tank was calculated to be 7.1 g with associated overall variability βC of 0.5. The HCLPF value of the Day Tank is 2.21 g.  
The HCLPF of the block wall near the Fuel Day Tank is 0.98g.  Therefore, the final HCLPF of the EPS DG2 Fuel Day Tank 
is 0.98 g. 
 

 

 

Figure 5 EPS DG Fuel Tank 
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RESULTS 
 
 The seismic capacities of the EPS DG, batteries, Battery Charger for EPS DG Starting Batteries, Control Panel, and Fuel 
Day Tank are evaluated using the seismic fragility analysis method.  The results are summarized in Table 1.  It is found that 
EPS DG is the weak link of the EPS DG set provided the Fuel Day Tank is strengthened by adding the 3/16” welds between 
the tank bottom brackets and the supporting frame. The upgrades are considered as minor modifications to the original 
supports. The HCLPF capacity for the EPS DG set is 0.41 g.  Overall, the EPS DG set fragility analysis indicates robustness 
of the Emergency Power Supply System for earthquakes.  
 

Table 1 Summary of EPS DG Seismic Fragility 

 

Component Median 
Capacity (g)  βR  βU βC  HCLPF (g) 

EPS Diesel Generator 0.92 0.19 0.3 N/A 0.41 
EPS DG Batteries 7.61 0.19 0.3 N/A >0.5 

Battery Charger for EPS 
DG Starting Batteries 1.9 N/A N/A 0.5 >0.5 
Precast wall where the 

battery charger is 
mounted 

Calculated using drift criteria 0.98 

EPS DG Control Panel 9.2 N/A N/A 0.5 >0.5 
EPS DG Fuel Day Tank 7.1 N/A N/A 0.5 2.21 

Precast wall near fuel 
Day Tank Calculated using drift criteria 0.98 

Final  0.41 
 
N/A: Not applicable 
  
CONCLUSTIONS 
 
 The HCLPF value of the EPS DG system is estimated to be 0.41 g.  The results will be used as inputs for the seismic risk 
analysis. The CANDU 6 has many safety features and is proven to be a mature and safe design as demonstrated by the 
seismic robustness of the EPS system. 
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