
Contents lists available at ScienceDirect

Nuclear Engineering and Design

journal homepage: www.elsevier.com/locate/nucengdes

Using seismic isolation to reduce risk and capital cost of safety-related
nuclear structures

Ching-Ching Yua,⁎, Chandrakanth Bolisettib, Justin L. Colemanb, Ben Kosbabc,
Andrew S. Whittakera

aUniversity at Buffalo, The State University of New York, 212 Ketter Hall, Amherst, NY 14260, USA
b Idaho National Laboratory, 2525 Fremont Avenue, Idaho Falls, ID 83402, USA
c SC Solutions, 188 Anderson St SE, Suite 250, Marietta, GA 30060, USA

A R T I C L E I N F O

Keywords:
Nuclear facilities
Seismic isolation
Seismic probabilistic risk assessment
Capital cost

A B S T R A C T

The implementation of seismic base isolation can substantially reduce horizontal seismic demands on struc-
tures, systems, and components (SSCs) in a nuclear facility, potentially providing significant benefits in terms
of increased safety (smaller seismic risk) and reduced capital construction cost. Although increased safety of
SSCs has been demonstrated previously, the possible reduction in their capital cost has not been explored. To
quantify the reduction in risk enabled by isolation, nonlinear response-history analysis of a conventionally
founded and a base-isolated model of a generic nuclear facility (GNF) is performed at the sites of the Idaho
National Laboratory and the Los Alamos National Laboratory: sites of moderate and high seismic hazard,
respectively. Seismic probabilistic risk assessment is performed to compute the mean annual frequency of
unacceptable performance. The seismic risk is reduced by 7 to 8 orders of magnitude by the implementation of
isolation. The costs of addressing seismic loadings are estimated for the GNF in both the conventionally
founded and base-isolated GNF. The possible reductions in the required seismic ruggedness and in the cost of
SSCs in the isolated GNF are quantified at both sites. A reduction in cost enabled by isolation is possible at
nearly all sites of nuclear facilities in the United States, with the greatest benefit at sites of high seismic hazard,
such as LANL. Two risk-calculation procedures are used in the assessment: a simplified method based on
Boolean mathematics and a rigorous method based on Monte Carlo analysis. The simplified procedure, which
is suitable for implementation with preliminary design calculations, produces accurate estimates of risk unless
the mean annual frequencies of unacceptable performance are very small, measured here as smaller than
10−10. The sensitivity of the calculated risk in the conventionally founded GNF, to the choice of anchor period
for the seismic hazard curve, is investigated and found to be insignificant over the range considered: 0 to
0.10 s.

1. Introduction

The reduction in horizontal seismic demands enabled by the use of
seismic isolation yields four possible benefits for nuclear facilities: 1)
economic: reduction in capital cost, 2) increased safety: reduction in the
mean annual frequency of unacceptable performance, 3) insurance:
protection against increases in the known seismic hazard during and
after construction by minimizing or eliminating the effort to re-qualify
and re-certify, or back-fit structures, systems and components, and 4)
recertification: the opportunity to certify an existing NPP design for a
region of higher seismic hazard. To date, only the second benefit has
been explored (e.g., Huang et al., 2008a, 2011a, 2011b). In this paper,
the potential benefits of reduced capital cost and increased safety are

investigated for an archetype building, described herein as a generic
nuclear facility (GNF).

To enable some generalization of the outcomes, two sites are con-
sidered for a conventionally founded and a base-isolated GNF: 1) the
Idaho National Laboratory (INL) in Idaho Falls, ID and 2) the Los
Alamos National Laboratory (LANL) in Los Alamos, NM. Seismic hazard
calculations are performed and suites of ground motion time series are
generated for each site. The GNF is assumed to handle materials at risk
(MAR) and so structures, systems and components (SSCs) that are
common to safety-related nuclear structures are used to populate the
facility for risk calculations. The finite element code LS-DYNA (LSTC,
2013) is used to perform nonlinear response-history analysis of the
conventionally founded (non-isolated) and base-isolated building; the
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isolated building is assumed to have a translational period of 2 s, and
the isolation system was not optimized for either minimum risk or
minimum cost. Horizontal seismic demands on the assumed SSCs are
generated to enable risk and capital cost calculations. The seismic
probabilistic risk assessment methodology as proposed by Huang et al.
(2008a, 2011a,b) is used because it can accommodate highly nonlinear
soils, isolators and structures. Two procedures are used for the calcu-
lations: 1) the rigorous Monte Carlo-based documented in Huang et al.
(2008a, 2011a,b) and identified in ASCE/SEI Standard 4-16 (ASCE,
2017), and 2) a simplified method based on Boolean mathematics and
basic probability theory. Only the effects of horizontal shaking are
considered in this paper because available representative fragility data
for the assumed SSCs less rigorously account for the effects of vertical
earthquake shaking. The nuclear facility cost data proposed by
Stevenson (1981, 2003), which estimates the cost contribution due to
seismic considerations, are used to estimate 1) overnight capital cost
(OCC) and 2) cost of SSCs for the conventionally founded and base-
isolated building at both sites because no more modern, peer-reviewed
data are available.

2. Description of the facility

2.1. Building framing and SSCs

The GNF is a two-story reinforced concrete building. The building is
surface founded on a 5-ft. thick basemat. The thickness of the reinforced
concrete walls ranges between 1 ft. and 3 ft. The building’s plan di-
mensions are 65 ft. × 160 ft. At its highest point, the building is ap-
proximately 38 ft. tall. The total weight of the building, including the
basemat, but excluding SSCs, is 21,280 kips.

This nuclear facility is assumed to handle materials at risk (MAR)
and so sample SSCs in safety-related nuclear structures are used to
populate the building. The SSCs are chosen from the Electric Power
Research Institute (EPRI) Seismic probabilistic risk assessment im-
plementation guide EPRI (2013), and include 1) motor control center
(MCC), 2) battery, 3) coolant pump, 4) air handler, 5) heating, venti-
lation, air conditioning (HVAC) duct, 6) structure (surrounds the
pressure vessel), 7) pressure vessel, and 8) piping. (The numbers are
used later to identify the SSCs in the fault tree.)

2.2. Numerical modeling of the building

The finite element code LS-DYNA is used to model the GNF and
perform response-history analysis. Two models are prepared: con-
ventionally founded and base-isolated. Soil-structure-interaction (SSI)
analysis is not performed for either model because generic soil condi-
tions are assumed, as described in Section 3. Fig. 1a presents the LS-
DYNA model of the conventionally founded GNF, identifying the global
coordinate system (X, Y, Z) and representative dimensions. Fig. 1b
through Fig. 1f present the finite element models of the basemat, walls,
slabs and roofs. The elements were assigned linear elastic material
properties consistent with concrete: Young’s modulus, E , of
5.2× 105 kip/ft3, Poisson’s ratio, ν, of 0.17, and mass density of
4.7× 10−3 kip-s2/ft4. The total live load is 3115 kips, resulting from an
assumed uniformly distributed load of 200 lb/ft2 on the slabs and
basemat, and of 100 lb/ft2 on the roofs. The seismic (reactive) weight is
taken as the dead load and one half of the live load (= 22,845 kips) per
ASCE/SEI 7-10 (ASCE, 2010). Further details of the model can be found
in Bolisetti et al. (2016).

The building responds dynamically in many modes. More than 900
modes are required to capture 90% of the total mass in the X, Y and Z
directions (see Fig. 1). Table 1 presents summary information on the
modal properties of the LS-DYNA model, including the seven modes
that contribute most significantly to the modal effective mass (MEM) in
each orthogonal direction. Modes are listed in a descending order of

their contribution to MEM, rounded to the nearest percent. In the X
direction, modes 5, 6, 9, 7, 12, 16, and 4 contribute 72% of the mass; in
the Y direction, modes 4, 3, 5, 11, 7, 20, and 1 contribute 76% of the
mass; and in the Z direction, modes 40, 18, 93, 26, 38, 29, and 43
contribute 38% of the mass. The GNF is stiffer than many of the com-
mercial large light water reactors in the US fleet.

3. Seismic hazard calculations and ground motion time series
generations

To ensure that the conclusions drawn from the study were applic-
able to a wide range of new-build nuclear facilities in the United States,
isolation systems, risk calculations and cost estimates were prepared for
two sites: 1) the Idaho National Laboratory (INL) in Idaho Falls, ID,
assumed to represent low-to-moderate seismic hazard, and 2) the Los
Alamos National Laboratory (LANL) in Los Alamos, NM, which re-
presents a site of high seismic hazard. Seismic hazard data for INL and
LANL were developed using the ground motion calculator at the web-
site of the United States Geological Survey (USGS https://geohazards.
usgs.gov/hazardtool/application.php, accessed on June 1, 2016). The
soil condition at the INL and LANL sites of the GNF is assumed to be at
the boundary between site classes B and C per ASCE/SEI Standard 7-10
(ASCE, 2010) for the seismic hazard calculations. Fig. 2a (Fig. 2b)
presents seismic hazard curves at periods of 0.10 s (representative of a
stiff nuclear facility) and 2 s (representative of the isolated GNF) at INL
(LANL). (Hazard curves for the LANL and INL sites at periods between
0.0 and 0.10 s are not provided at the USGS website. The effect of the
choice of anchor period for the seismic hazard curve is investigated
later in the paper, in Appendix A.) Uniform hazard acceleration re-
sponse spectra corresponding to a mean annual frequency of ex-
ceedance (MAFE) of 10−4 for the two sites are generated for horizontal
shaking, and these are used to represent design basis earthquake (DBE)
shaking. The design basis earthquake (DBE) horizontal acceleration
spectra for 5% damping ratio are presented in Fig. 3 in linear and
logarithmic scales.

Ground motion time series are generated to be compatible with the
geometric mean spectra of Fig. 3. The seed motions are recorded ground
motions. Thirty sets of two-horizontal-component ground motions are
generated for the two sites in three steps:

(1) Select seed motions based on the 2-s peak magnitude-distance (M ,
r) pairs from the deaggregation tool provided at the USGS website
(http://geohazards.usgs.gov/deaggint/2008/, accessed on June 1,
2016) for the sites:

• INL, ID, 2 s: 6.8, 14.6 km (9.1 miles)

• LANL, NM, 2 s: 6.8, 4.8 km (3.0 miles)

The seed motions are extracted from the Pacific Earthquake
Engineering Research (PEER) Center Ground Motion Database website
(http://ngawest2.berkeley.edu/, accessed on June 1, 2016).

(2) Match the seed motions to the target spectrum using a time-domain
procedure of RSPMatch2005 (Hancock et al., 2006). The matched
acceleration spectra for 5% damping at the INL (LANL) site are
presented in Fig. 4a and b (Fig. 5a and b).

(3) Scale the amplitudes of the two horizontal components in each set
by factors to provide maximum direction-minimum direction (max-
min) ground motions that recover the geometric mean (Huang
et al., 2008b, 2009a,b). Amplitude scale factors Fh and F1/ h are
applied to the two horizontal components in each set, and were
selected by a Latin Hypercube procedure from a lognormal dis-
tribution with a mean, θ, of 1.3 and a logarithmic standard devia-
tion, β, of 0.13 (see Huang et al. (2008b) for details). The max-min
ground motion acceleration spectra for 5% damping at the INL
(LANL) site are presented in Fig. 4c and d (Fig. 5c and d).
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