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ABSTRACT

The United States (U.S.) nuclear power industry collectively developed a comprehensive program
for seismic reviews at U.S. nuclear sites to address newly developed seismic hazards. Part of the seismic
evaluation program was an assessment of all seismically induced failures that could lead to draining of the
spent fuel pool. This paper focuses on the cost effective strategies developed to evaluate seismic integrity
of spent fuel pools and the ability of the pools to maintain adequate water inventory for 72 hours without
requiring make-up or active cooling capability.

The evaluation process includes a graded approach for applying established structural adequacy
criteria for moderate ground motion accelerations and focused single-degree-of-freedom plate analyses for
spent fuel pool walls and floors for higher ground motion accelerations. Generic evaluations were used to
address potential seismic induced inventory losses due to refuelling gates, piping penetrations, siphoning,
and sloshing. Additionally, generic spent fuel pool heat loads were developed for the purpose of estimating
inventory losses due to heat up and evaporative losses.

These evaluation methods were developed by a team of experts led by EPRI and NEI and have
been endorsed by the U.S. Nuclear Regulatory Commission (NRC). The methods and results from the U.S.
post-Fukushima seismic programs will be beneficial to other countries as they are assessing their own
beyond-design-basis seismic ground motions.

INTRODUCTION

Following the accident at the Fukushima Daiichi Nuclear Power Plant (NPP) resulting from the
March 11, 2011 Great Tohoku Earthquake and subsequent tsunami, the U.S. NRC established the Near
Term Task Force (NTTF) in response to Commission direction. The NTTF issued a report with a series of
recommendations, some of which were to be acted upon “without unnecessary delay,” concerned with the
capability of NPPs to deal with extreme events. NTTF Recommendation 2.1 instructed NRC staff to issue
requests for licensees to re-evaluate the seismic hazards at their sites, using present-day NRC requirements
and guidance, and to identify and address any site-specific vulnerabilities associated with the updated
seismic hazards. Subsequently in 2012, the NRC issued a 50.54(f) letter (NRC, 2012) that requested
information to ensure that these recommendations were addressed by all operating US NPPs.

EPRI 1025287, Seismic Evaluation Guidance, Screening, Prioritization and Implementation
Details (SPID) for the Resolution of Fukushima Near-Term Task Force Recommendation 2.1: Seismic
(EPRI, 2013), provided screening, prioritization, and implementation details to the US nuclear utility
industry for the resolution of NTTF Recommendation 2.1: Seismic. The NRC 50.54(f) letter requested that
seismic evaluations be performed for spent fuel pools (SFPs) to consider all seismically induced failures
that could lead to draining of the SFP. Section 7 of the SPID (EPRI 2013) describes an approach for
performing the requested SFP drain-down evaluations.



24™ Conference on Structural Mechanics in Reactor Technology
BEXCO, Busan, Korea - August 20-25, 2017
Division VIII

In 2015, EPRI provided supplemental guidance for performing the SFP evaluations identified in
the SPID (EPRI 2013). EPRI 3002007148 (EPRI, 2016) described the technical basis supporting the
evaluation of plants with low-to-moderate seismic ground motions, or peak spectral accelerations (Sa) up
to 0.8g. In January 2017, EPRI provided additional guidance for plants with higher ground motion response
spectra (GMRS); EPRI 3002009564, Spent Fuel Pool Integrity Evaluation (EPRI, 2017). The distribution
of GMRS peak Sa values for 61 U.S. plants is shown in Figure 1.
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Figure 1. GMRS peak acceleration U.S. plants

EPRI 3002009564 (EPRI, 2017) provides evaluation criteria for SFPs at both low-to-moderate and
higher seismicity sites (i.e., GMRS peak Sa greater than 0.8g). An approach is described for evaluating the
SFP structure that can be used as an alternate to the NUREG-1738 (NRC, 2001) checklist identified in the
SPID (EPRI 2013). The report also provides criteria for evaluating the non-structural aspects of the SFP,
such as piping connections, fuel gates, and anti-siphoning devices, as well as an evaluation of SFP sloshing
and an approach for assessing the heat up and boil-off of SFP water inventory. The evaluation results are
based on industry surveys, site-specific GMRS demands, conservative estimates of sloshing losses, and
realistic SFP heat loads. The approach described in EPRI 3002009564 (EPRI, 2017) is endorsed by the U.S.
NRC as an acceptable approach to evaluate seismic integrity of a spent fuel pool and confirm the ability of
the pool to maintain adequate water inventory for 72 hours without requiring make-up or active cooling
capability.

STRUCTURAL EVALUATIONS

Spent fuel pools are typically rectangular in cross section and approximately 40 feet (12 m) deep.
Both BWR and PWR reactor SFPs typically range from 30 to 60 feet (9 to 18 m) in length and 20 to 40feet
(6 to 12 m) in width. For multi-unit sites there may be a shared SFP, two SFPs that may or may not be
connected, or a separate SFP which stores used nuclear fuel for multiple units. Fuel assemblies are placed
vertically in storage racks which maintain an adequate spacing to prevent criticality and to promote natural
convective cooling in water medium. SFP structures are generally robust, due to their function of providing
radiation shielding for stored fuel assemblies. The pools themselves are constructed of reinforced concrete
with sufficient thickness to meet radiation shielding and structural requirements, and are lined with stainless
steel plates of approximately ¥4 inch (0.64 cm) thickness to ensure a leak-tight system.
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Spent fuel pool structures are typically constructed as part of the reactor building or as part of a
separate structure to support the fuel handling operations at the reactor. The SFP structures at NPPs
currently operating in the U.S. are configured differently depending on the reactor design vintages, site-
specific design requirements and also to the design preferences of the engineering and construction
companies involved in the design of the facility. However, despite these differences, there are some
fundamental similarities in design features. Most notably, U.S. SFPs are constructed of reinforced concrete
walls with stainless steel liners attached to the floors and walls. In addition, SFPs are typically rectilinear
with adjoining compartments next to the fuel storage pool for various operations, such as a station for
loading and unloading fuel, and a canal for transferring the fuel assemblies into and out of the reactor.

To support the NTTF 2.1 seismic assessment of the SFPs, industry surveys were conducted to
identify the structural characteristics of the SFPs and their supporting structures for the fleet of U.S.
operating nuclear plants. The key elements from that survey are summarized in Table 1. Additional
summaries are presented in Appendix A to EPRI 3002009564 (EPRI, 2017).

Table 1: Summary of key spent fuel pool dimensional and strength parameters

Parameter

Minimum

Maximum

Average

Wall span

30 ft (9.1 m)

120 ft (36.6 m)

52 ft (15.9 m)

Wall thickness

42 in (to 106.7 cm)

96 in (243.8 cm)

64 in (162.6 cm)

Concrete strength

3 ksi (20.7 MPa)

5 ksi (34.5 MPa)

3.6 ksi (24.8 MPa)

Reinforcing ratio

0.1%

0.9%

0.3%

Reinforcing strength

24 ksi (165 MPa)

60 ksi (414 MPa)

52 ksi (359 MPa)

Liner thickness

1/8 in (0.32 cm)

3/8in (0.95 cm)

1/4in (0.64 cm)

The structures housing SFPs vary from plant-to-plant. The characteristics of the structures
supporting/housing the SFPs were reviewed as part of the industry SFP surveys. The results indicated that
SFPs are typically located in either an auxiliary building (33%), a fuel building (38%), or a
reactor/containment building (29%). The Boiling Water Reactors (BWR) with Mark | and Mark Il
containment designs typically have different designs of the structures housing the SFPs than both the
Pressurized Water Reactors (PWR) and the BWR Mark 111 designs. The spent fuel storage pools at BWR
Mark | & |1 sites are typically located within the BWR reactor building at an elevation above grade, which
allows alignment of the top of the pool with the operating deck used for re-fueling the reactor. The BWR
structures housing the SFPs are typically designed with reinforced concrete shear walls providing the
primary structural load path. In a few cases, the primary load path also contains reinforced concrete moment
frame elements or structural steel frame members. In one case, the structural load path included post-
tensioned concrete walls associated with the containment structure.

At PWR and BWR Mark 111 sites, the floor (bottom) of the pool is generally on or even partially
below grade with the pool floor constructed as part of a thick foundation. Figure 2 depicts a typical PWR
plant configuration including the location of the SFP. The structures housing the SFP typically have load
paths with reinforced concrete shear walls with the pool bottom typically supported directly on the building
foundation. As with the BWR structures, there are a few PWRs where the SFP structural load paths include
reinforced concrete frame members and/or structural steel frame members.

Lower Seismicity Plants

For the structural evaluation of spent fuel pools, a graded approach was used depending on level of
site-specific seismic ground motion. For low-to-moderate ground motions, the structural evaluation relied
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Figure 2. Schematic for typical PWR configuration with spent fuel storage pool

upon insights from previous SFP risk studies and seismic analysis guidance in EPRI NP-6041 (EPRI, 1991).
Previous evaluations in NUREG-1353 (NRC, 1989b), NUREG-1738 (NRC, 2001) and NUREG/CR-5176
(NRC, 1989a) characterized the generally robust nature of the design of SFPs currently in use. Evaluations
reported in NUREG/CR-5176 for two older plants concluded that ““...seismic risk contribution from SFP
structural failures is negligibly small.” In addition, it was concluded that tearing of the stainless-steel liner
due to overall structural failure of the fuel pool structure would be precluded by the successful completion
of the EPRI NP-6041 (EPRI, 1991) structural evaluations. The screening criteria for civil structures in
EPRI NP-6041 provide principles that are helpful in evaluating the seismic capacity of SFP structures. The
EPRI NP-6041 criteria state that for reinforced concrete shear walls, reinforced concrete moment frames,
structural steel frames, and post-tensioned containments, designed as Seismic Category | structures, there
is high confidence that the seismic capacity is at least 0.8g peak Sa. As described earlier, SFP structures are
designed as Seismic Category | structures and all have structural load paths satisfying EPRI NP-6041
criteria. On this basis, SFPs at sites with peak GMRS Sa less than 0.8g do not require a specific structural
evaluation.

Higher Seismicity Plants

For sites with higher ground motions, the evaluation relied upon a more detailed evaluation that
explicitly considers key SFP walls and floors. EPRI 3002009564 (EPRI, 2017) describes spent fuel pool
structures as robust with relatively high HCLPF values. Previous SFP studies, such as the NUREG 5176
(NRC, 1989a) and the NRC SFP Scoping Study (NRC, 2013) identified that out-of-plane shear and flexure
response of floors and walls were the governing structural failure modes. These evaluations also found that
SFP walls and floors have relatively high stiffness with natural frequencies in the 10 to 20 Hz range. As a
result, these structures have relatively small seismic-induced displacements (i.e., within design code
deflection limits (ACI, 2001)). The evaluation of SFP structures, for the purpose of ensuring integrity under
GMRS demands makes use of these insights.

The approach for evaluating structural responses of SFP wall and floor panels makes use of a
detailed single degree-of-freedom model that is generic and can be applied to a wide-range of SFP designs.
The model makes use of commonly referenced materials, including codes and standards typical of those
used in seismic structural design and analysis. Appendix C to EPRI 3002009564 (EPRI, 2017) provides an
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example of the use of this model and also provides a comparison of results with the more detailed SFP
analysis described in the NRC SFP Scoping Study (NRC, 2013). The results of the approach described in
Appendix C compared well with the NRC Study and demonstrated that the approach is reasonable for
estimating the HCLPF of typical SFP wall panels and floor slabs. The SFP structure analysis method is
based on the Conservative Deterministic Failure Margin (CDFM) approach. The CDFM approach for
developing fragilities is a simpler method that can be performed consistently by more analysts and is an
acceptable approach for evaluating SFP structural integrity.

The procedure for the SFP structural evaluation requires estimation of ultimate strengths of floor
and wall panels. SFP floor and wall panel ultimate strengths can be developed using the SFP floor slab and
wall panel geometry, design material properties, and reinforcement details. The method for estimating
ultimate strength is based on yield line theory; typical of what is used to estimate design of reinforced
concrete slabs (Biggs, 1964, Nilson, 1991) and what was used in the two previous SFP fragility analyses
documented in NUREG 1738 (NRC, 2001). The material properties should be consistent with those
assumed for design. Nominal design values for concrete compressive strength and rebar yield strength are
assumed in the analysis. In addition, the effective stiffness of the SFP floor and wall systems are reduced
50 percent to account for concrete cracking in accordance with ASCE 43-05 (ASCE, 2005).

Appendix C to EPRI 3002009564 also provides equations for estimating panel stiffness. Elastic
and elastic-plastic flexural stiffness are calculated using the panel properties and assumed boundary
conditions. These stiffness values are combined to develop an equivalent stiffness as shown in Figure 3.
Estimating panel stiffness is common in structural engineering practice and references exist for estimating
stiffness of panels with various span aspect ratios and boundary conditions. References such as
(Biggs, 1964) can be used for this purpose, but other approaches are acceptable.

Once panel stiffness is determined, the panel fundamental frequency can be estimated. The
fundamental flexural frequency for the wall and floor panels is calculated using the panel stiffness, panel
mass, and effective water mass. The mass acting on the SFP floor slabs will also need to account for the
masses of fuel assemblies and fuel racks. Although mass distribution of assemblies and racks will vary
within the pool, average values (total mass/total area) are recommended. For floor slabs, all of the SFP
water mass should be combined with the mass of floor slab, assemblies, and racks. In the case of wall
panels, 50 percent of the SFP water inventory mass should be combined with the mass of the wall panel.

SFP Floor Flexural Resistance Function
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Figure 3. Example SFP floor flexural resistance function

Seismic in-structure response spectra (ISRS) are required to estimate inertial and hydrodynamic
forces acting on the SFP structure. For existing SFP seismic models based on detailed finite element
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methods, ISRS at the six locations (opposite-adjacent corners and wall centers) can be used as shown in
Figure 4. For lumped-mass models, ISRS at the top and bottom of the SFP can be used. The seismic input
in the horizontal direction is assumed to be the average response from horizontal floor response spectra at
the top and bottom of the SFP. The seismic input in the vertical direction is assumed to be the response
from the vertical ISRS at the bottom of the SFP. If several ISRS at the SFP bottom are available, the vertical
demand should be based on the average of these spectra. The averaged horizontal and vertical floor response
spectra are then used to estimate seismic inertial and hydrodynamic loads on the SFP floors and walls.
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Figure 4: Example SFP finite element model indicating the six desired locations of nodal output

Horizontal hydrodynamic pressures are computed for each direction using the method in
ACI 350.3/350.3R-15 (ACI, 2001), which provides guidance for the seismic analysis and design of liquid-
containing concrete structures. The steps in the analysis of hydrodynamic pressures are to calculate inertial
and convective masses, estimate heights to center-of-mass, and calculate the resultant forces and
corresponding pressure distributions. Sloshing frequencies, used in the estimation of convective wall
pressures are estimated using on Section 7.3.2 of the SPID (EPRI 2013). The evaluation for inertial and
hydrostatic demands is performed separately for each direction (X, Y, Z) and then combined based on the
100-40-40 method.

SFP floor and wall panel high confidence of a low probability of failure (HCLPF) values are
calculated in consideration of seismic and dead loads. If shear strength controls the design of the floor or
wall panel, and no shear reinforcement is present, ductility effects should not be credited in the HCLPF
calculation. However, if flexure controls and shear capacity is at least a factor of 1.20 times the flexure
strength, an appropriate flexural failure mode inelastic factor can be estimated and credited in the HCLPF
calculation.

If the site-specific GMRS is less than the limiting SFP HCLPF in the frequency range-of-interest
(e.g., 10-20 Hz), then the SFP structure will have an acceptably low rate of failure under seismic conditions
(< 1% mean probability of failure). However, if the GMRS is greater than the HCLPF in the frequency
range-of-interest, then a few options can be considered:

o Perform a more refined fragility analysis of the SFP using the separation-of-variables
methodology described in EPRI TR-103959 (EPRI, 1994).

e Perform a more detailed dynamic time-history analysis of the SFP structure and coupled
fluid inventory using seismic analysis guidance in ASCE 4-98 (ASCE, 1999) to demonstrate
adequacy of the wall and floor panels.
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NON-STRUCTURAL EVALUATIONS

Sloshing

Horizontal seismic demands on the SFP can induce vertical fluid motion, or sloshing. SFP sloshing
is addressed in SPID Section 7.3.2 (EPRI 2013), which provides guidance for estimating the fundamental
sloshing frequencies (one in each direction of the pool) and the slosh height. The SPID notes that the
estimates of SFP water losses using the methods in Section 7.3.2 are conservative and that more detailed
calculations can be performed if necessary. Industry SFP survey results of all of the U.S. NPP fleet screened
in to perform SFP evaluations confirm that sloshing frequencies are in the low frequency range (< 0.5 Hz).

Estimates of sloshing were computed using the industry SFP survey results, site-specific GMRS
demands, and SPID (EPRI 2013) sloshing equations. The results for plants with peak Sa less than 0.8g are
shown in Figure 5. This figure indicates the distribution of sloshing losses and remaining water inventory.
Despite losses due to sloshing, the remaining water inventory above the top elevation of fuel assemblies
ranged from 16.8 ft to 29.2 ft (mean = 22.4 ft) (5.12 m to 8.90 m, mean 6.83 m). Accounting for allowed
inventory losses down to 1/3 the height of the fuel assemblies, the increased inventory height ranges from
21.8 ft to 34.2 ft (mean = 27.4 ft) (6.64 m to 10.42 m, mean = 8.35 m).

For plants with peak Sa greater than 0.8g, the remaining water inventory above the top elevation
of fuel assemblies ranged from 6.4 ft to 21.5 ft (mean =15.9 ft) (1.95m to 6.66 m, mean = 4.85 m).
Accounting for allowed inventory losses down 1/3™ the height (5 ft) of the fuel assemblies, the increased
inventory height ranges from 11.4 ft to 26.5 ft (mean = 20.9 ft) (3.47 m to 8.08 m, mean = 6.37 m). The
remaining water inventory after accounting for sloshing losses is used as the initial condition for evaporative
losses which are discussed in the next section of this paper.

Seismic-Induced Sloshing Losses
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Figure 5. Seismic-Induced sloshing losses and remaining spent fuel pool inventory
for plants with peak spectral acceleration < 0.8g

Boil-off

The SPID (EPRI 2013) criteria includes an assessment of SFP boil-off inventory losses using
equations in Appendix EE of EPRI 1025295, “Update of the Technical Bases for Severe Accident
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Management Guidance” (EPRI, 2012). These equations can be used to determine the length of time
necessary to uncover more than 1/3" of the height of the spent fuel. Site-specific estimates of heat up and
drain down times were computed using the industry SFP survey results, site-specific sloshing results, and
Appendix EE of (EPRI, 2012).

Assumed SFP heat loads were based on realistic values obtained from several plants. A distribution
of BWR and PWR units, ranging in core thermal power from 1,800 MWt to 4,000 MWt, were surveyed for
representative SFP heat loads and outage durations. Results indicated (1) a strong correlation of SFP heat
load with core thermal power, (2) plants only retain 30-40% of the core in the SFP after the outage, and
(3) the typical outage periods last from 20-30 days. This data was used to estimate site-specific SFP heat
loads corresponding to 20 days following shutdown, which corresponds to the shortest estimated outage
duration. Additional information about the process used to estimate the heat loads is provided in
Appendix B to EPRI 3002009564 (EPRI, 2017).

The boil-off analysis results for plants with peak Sa less than 0.8 g indicate that these plants have
significantly more than 72 hours before uncovering fuel. These results, shown in Figure 6, indicate the
distribution of drain-down times to uncover the upper 1/3™ height of the fuel assemblies.

Site-specific results indicate that plants have a minimum of 149 hours and a maximum of 711 hours
(mean = 279 hours) before drain-down to the upper 1/3" fuel assembly height. For plants with peak Sa

greater than 0.8g, there is a minimum of 94 hours and a maximum of 392 hours (mean = 241 hours) before
drain-down to the upper 1/3" fuel assembly height.
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Figure 6. Spent fuel pool drain down results for plants with peak spectral acceleration < 0.8g

Penetrations and Piping Connections

Section 7.2.1 of the SPID (EPRI 2013) requires an evaluation of whether fuel could be uncovered in
the event of a failure of an interconnection at a level above the fuel. EPRI 3002009564 (EPRI, 2017)
provides screening criteria for the demonstration of seismic adequacy of any connections or penetrations.
Typical SFP penetrations are those associated with refueling gates and piping connections.

EPRI 3002009564 (EPRI, 2017) describes that refueling gates have been shown to have high
seismic capacities in the past due to their inherent ruggedness. Their designs have high ductility and seismic
loads do not dominate the design. Rather, the design is typically dominated by hydrostatic pressure and
thermal loads. Refueling gate designs were reviewed for plants with higher seismic ground motions (peak
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GMRS Sa > 0.8g) to confirm seismic ruggedness. The review found that most of the gates had similar
design details, such as stiffened plates, aluminum or steel material, and welded joints. Design parameters
such as gate span, plate material, and thickness were considered in the review. Based on the use of stiffened
plates, welded connections, and ductile materials, the gate designs were judged to be sufficiently rugged to
resist higher seismic demands. From the above observations, it is judged that that refueling gate designs
have an inherently high seismic margin to failure and have a negligible seismic risk contribution.

From reviews of the SFP designs at sites with GMRS peak Sa > 0.8g, the attached piping is either
seismically designed (or evaluated) to the SSE or penetrates the SFP relatively high in the SFP wall (within
about 6 ft of the top of the pool). Seismically designed (or seismically evaluated) piping is inherently rugged
and has been shown in past SPRAs and margin studies not to contribute appreciably to the seismic risk.
Since the SFP piping has all been reported to be attached to the pool at relatively high elevation within the
pool, rather than demonstrate that all of the SFP piping is seismically designed, it is simpler to assume that
SFP inventory is lost down to the level of the piping penetration. These losses will be accounted for in the
total inventory loss calculations.

The approach for evaluating siphoning of SFP inventory is described in EPRI 3002009564
(EPRI, 2017). Siphoning of SFP inventory is not a significant risk provided anti-siphoning devices exist in
applicable piping systems and any extremely large extended operators on valves attached to 2 inch or
smaller piping are evaluated.

CONCLUSION

The NRC 50.54(f) letter (NRC, 2012) requested that a seismic evaluation be performed on the SFP
to consider all seismically induced failures that could lead to rapid draining. The evaluation described
EPRI 3002009564 (EPRI, 2017) addresses this requirement for plants with low-to-moderate seismic
ground motions (peak Sa less than 0.8g) as well as for plants with high seismic ground motions (peak Sa
greater than 0.8g). The evaluation approach, endorsed by U.S. NRC, addresses both structural and non-
structural aspects.

Site-specific calculations for U.S. plants, based on GMRS demands, conservative estimates of
sloshing losses, and realistic SFP heat loads, were performed. For low-to-moderate seismicity plants, the
estimated time to drain-down to the upper 1/3™ fuel assembly height ranged from 149 hours to over
700 hours. These estimates provide reasonable assurance that there will not be a rapid drain-down of the
SFP leading to uncovering more than 1/3" of the fuel in 72 hours and that additional make-up capabilities
are not required to be credited.

For higher seismicity plants, the estimated time to drain-down to the upper 1/3" fuel assembly
height ranged from 94 hours to over 390 hours. These estimates provide reasonable assurance that there
will not be a rapid drain-down of the SFP leading to uncovering more than 1/3' of the fuel in 72 hours and
that additional make-up capabilities are not required to be credited. EPRI 3002009564 (EPRI, 2017)
provides screening criteria, which will enable plants to confirm that their plant parameters are enveloped
by those considered in this evaluation. The EPRI SFP evaluation guidance is not specific to U.S.
designs and may be beneficial to other countries for assessing their own beyond-design-basis seismic
ground motions.
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