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SUMMARY: This paper studies resonance-sensitive seismic demand in a base-isolated
nuclear reactor building. The baseline target spectrum is the design response spectrum (DRS)
defined in ASCE/SEI 43-19 for seismic design category 5 (SDC 5), which corresponds to a
target performance goal of 1×10−5 mean annual frequency of exceedance. Beyond-design-
basis earthquake (BDBE) levels are represented by controlled multipliers of the same DRS
shape (150%, 167%, and 200%). In parallel, a critical excitation (CE) procedure is used to
derive a CE-based response spectrum (CE-RS) by maximizing a selected response measure
within an admissible input set constrained by physical intensity measures, including peak
ground acceleration (PGA), peak ground velocity (PGV), and Arias intensity. The CE
constraints are anchored using a recorded event. Response-history analyses are performed
using 11 spectrum-compatible horizontal record sets. The reported outputs are peak isolation
displacement, isolation-plane base shear, and peak absolute acceleration at the lumped
superstructure mass as a global indicator. Results show that BDBE scaling increases demands
relative to the DRS baseline, as expected. However, CE-RS produces the largest demands
across all metrics, indicating that standard DRS/BDBE scaling may not fully capture
resonance-driven isolation demands for long-period isolated systems. A validation check
shows that CE results agree closely with CE-RS-based results (differences below about 1%).
The proposed workflow provides a fast, traceable supplement for early-stage design screening
and for evaluating strengthening or rehabilitation options in existing isolated systems.
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1 Introduction

Nuclear power plants are highly safety-critical facilities, so seismic design is a structural and
public-safety requirement. If seismic demands are underestimated, or if key assumptions are
unrealistic, damage can reduce safety-related functions. It can also cause long and costly
outages. In the worst case, it may affect containment and emergency response systems. The
consequences can extend beyond the plant site. They include economic disruption,
environmental impacts, and loss of public trust. For this reason, nuclear seismic design and
assessment should treat uncertainty carefully and target robust performance under rare, severe
shaking [1-3].
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Earthquake loading is uncertain because each event is unique and cannot be repeated [4].
Data are also scarce at very strong shaking levels, so our record sets do not fully cover the
range of possible source and path effects. Even with careful hazard modelling, large epistemic
uncertainty remains, and different models can give noticeably different results, especially at
long periods and very low annual probabilities. In addition, real earthquakes may include
features that are hard to capture with standard scenarios, such as multi-segment ruptures,
basin effects, and time-varying frequency content. For design, this means the next damaging
motion may differ from what the available data and typical assumptions suggest, so the
evaluation should account for that gap explicitly [4].

Major earthquakes can reveal weak points that were not covered by existing rules. This
often leads to code updates. The 1994 Northridge earthquake is a well-known example. It
revealed brittle fractures in many welded steel moment-frame connections. After that, design
guidance and detailing practice were revised [5]. Similar lessons followed the 1995 Hyogo-
ken Nanbu (Kobe) earthquake. Damage observations led to updates in detailing and design
rules for several systems. For example, Japan’s highway bridge specifications were revised
after the event [6]. A common lesson is that the ground motion can include features that
control the response, which simple assumptions may not capture well. These include forward-
directivity effects and strong velocity pulses [7]. This is why it is reasonable to complement
typical scenario thinking with checks that remain safe under adverse, but physically plausible,
ground motions.

Recent earthquakes have shown that demand can be controlled by uncommon
combinations of duration and spectral content, and sometimes by sequences rather than a
single event. The 2010 Maule earthquake (Mw 8.8), for example, produced sustained shaking,
and engineering back-analyses used site-specific motions to explain observed deficiencies and
structural demands [8]. The 2010–2011 Canterbury earthquake sequence also showed the
effect of repeated shaking. Strong events continued for months. Damage levels changed after
each event. Safety assessments were updated as the sequence continued [9]. These
observations support using hazard-consistent targets when selecting or generating input
motions. The targets should also match the key factors controlling the response, not only the
spectrum. This includes a duration target when long-duration sources contribute strongly to
the hazard. If we use only typical-duration records, collapse risk can be underestimated [10].
When aftershocks are included explicitly, fragility and loss estimates can increase, which
reinforces the need to treat sequence effects as part of performance checks when they matter
[11].

The 2011 Great East Japan (Tohoku) earthquake is another clear reminder that long-
duration shaking with strong long-period content can control demand in flexible and
displacement-sensitive systems. Recorded responses and post-event analyses showed that
even sites far from the source experienced prolonged motion, which can sustain resonance
and accumulate response in lightly damped structures [12]. Detailed studies also emphasized
that long-period ground motions during this event carried substantial uncertainty in
predominant frequency, duration, and amplitude, which makes typical assumptions risky for
performance checks that depend on displacement and drift [13]. Records from instrumented
base-isolated buildings show that effective system properties can change during strong
shaking. The effective period can shift with response level. Floor accelerations can still be
high when higher-mode response is activated. This can happen when dominant motion
components align with superstructure modes, even if the isolation layer remains functional
[14].

For nuclear installations, seismic design is not treated as a normal code check. The
consequences of failure are severe, and the accepted risk is much lower than in conventional
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structures. For that reason, major guidance documents expect explicit safety margin beyond
the design basis and a clear demonstration that key safety functions are maintained even under
rare, high-impact shaking [1-3]. This margin beyond the design basis is often discussed
through evaluation of beyond design basis earthquake (BDBE) conditions, i.e., shaking that
exceeds the design-basis earthquake used for standard checks. International Atomic Energy
Agency (IAEA) guidance, for example, provides recommendations for seismic design and
qualification of safety-related Structures, Systems, and Components (SSCs) and also lays out
evaluation approaches such as seismic margin assessment and seismic probabilistic safety
assessment [1,2]. In U.S. practice, risk-informed performance goals and design criteria are
provided in American Society of Civil Engineers (ASCE) standards (with seismic analysis
typically handled through ASCE/SEI 4-16 [15] and design criteria through ASCE/SEI 43-19
[3]). This framework also includes checks under BDBE to avoid cliff-edge behavior and to
make margin explicit [2]. Risk-informed decision-making is further supported by
probabilistic risk assessment (PRA) standards such as American Society of Mechanical
Engineers (ASME) [16]. This matters for base-isolated nuclear facilities in particular.
Isolation can substantially reduce superstructure demand, but it concentrates critical
performance in the isolation layer and in components crossing the isolation interface, so
margin has to be demonstrated there, not only in the superstructure [3,17].

In parallel, modern seismic codes and design workflows still rely heavily on response
spectrum (RS) procedures because they reduce a complex time history to period-dependent
amplitudes that are easy to use in analysis and design checks [18]. In practice, the target
spectrum is often taken from Probabilistic Seismic Hazard Analysis (PSHA) products, most
commonly a uniform hazard spectrum (UHS). However, a UHS is not intended to describe a
single realizable ground motion, and using it as a matching target can bias record selection.
Baker [18] addressed this issue by introducing the conditional mean spectrum (CMS), which
links record selection back to PSHA while providing a more realistic expected spectral shape,
conditioned on a chosen period. Building on the same idea, Lin, Haselton and Baker [19]
proposed the conditional spectrum (CS) with conditional mean and variability to improve
hazard consistency in risk-based assessments. Bradley [20] generalized conditional intensity
measure (GCIM) framework extends conditioning beyond one measure. It supports consistent
selection when more than one intensity measure matters, and it makes the selection choices
more explicit. Overall, these tools link record selection to PSHA and keep the procedure
practical and transparent.

Critical excitation (CE) methods offer a robust way to deal with the uncertainty of future
earthquakes in high-importance systems. The idea goes back to the 1970s. Instead of
assuming one representative record, CE defines a physically admissible class of inputs
(typically through intensity and other constraints) and then finds the input that produces the
largest response in the chosen demand measure [21]. Later work extended the framework to
random and nonstationary excitation by placing explicit bounds on the input power spectral
density (PSD) (to control power and intensity) and then maximizing the chosen response
measure subject to those bounds. [22,23]. A key development for practical studies is the
frequency-domain, energy-based form, where the worst-case input is characterized through
bounds on earthquake input energy using compact transfer-function expressions [24].

Against this background, this study develops and demonstrates a critical-excitation
response-spectrum (CE-RS) framework that remains compatible with code-type spectrum
targets while enforcing an explicit energy-consistency constraint. The aim is practical. In early
design and in retrofit screening, engineers need fast iterations. Repeating full record selection
and scaling after every change is slow. It can also make the iterations inconsistent. Here, the
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CE-based spectrum enables a direct, spectrum-level worst-case demand check under rare,
BDBE loading assumptions, without rebuilding a record suite each time. The framework also
allows a simple resonance check. It shows whether a code-compatible spectrum shape lines
up with the main periods of the isolated system. The method is illustrated for base-isolated
nuclear structures using global isolation measures, with emphasis on rapid, conservative
screening of isolation performance. To our knowledge, this is among the early spectrum-level
CE implementations targeted specifically at nuclear isolation checks under code-compatible
spectral constraints and an explicit energy bound.

2 Modeling of base-isolated NPP structures

This study evaluates CE-based worst-case excitation for a base-isolated nuclear reactor
building using a reduced-order dynamic model. The objective is not to reproduce detailed
local component response. Instead, the analysis targets the governing horizontal isolation
demands, such as peak isolation displacement and the associated base shear, using a model
that is clear, numerically stable for parametric studies, and aligned with nuclear isolation
guidance and benchmarking work.

Within code-based nuclear seismic workflows, reduced-order models are acceptable when
they capture the dominant response characteristics needed to evaluate the global demand
measures of interest [15]. Within ASCE/SEI 4-16 workflows [15], simplified structural
models are acceptable if they represent the mass–stiffness distribution and resolve the
frequency range needed for the response quantities of interest. When significant coupling
exists between directional responses, a combined three-dimensional model should be used.
Otherwise, separate planar models for individual direction excitations may be used.
ASCE/SEI 4-16 also allows lumped-mass (stick-type) models under defined conditions,
including cases where the horizontal analysis does not require direct determination of seismic
stresses and where torsional effects are appropriately included. ASCE/SEI 43-19 [3] requires
that seismic analysis be performed in accordance with ASCE 4 and that modeling follows
ASCE 4-16 chapter 3. Therefore, the ASCE 4-16 modeling assumptions adopted here are used
to support ASCE 43-19 performance checks focused on global isolation demand.

In this study, the low-damping rubber (LDR) benchmark model proposed by Mir et al. [25]
is adopted as a reduced-order representation of the reactor building for isolation-demand
screening [25]. Consistent with ASCE/SEI 4-16 simplified modelling options for global
response when detailed seismic stresses are not the intended outputs, the model is used to
estimate (a) peak horizontal isolation displacement (stroke) and (b) base shear at the isolation
plane, and (c) peak absolute acceleration of the lumped superstructure mass as a global
response indicator. The focus is the isolation-layer response to horizontal shaking, not detailed
superstructure deformation or local component actions. Results from this reduced model are
not intended to replace full three-component, coupled evaluations when those are required for
final design decisions.

LDR system, shown schematically in Fig. 1, is adopted as a reduced-order representation
to evaluate global isolation demand. LDR model is a lightly damped, two-dimensional linear
isolation system composed of 17 identical LDR isolators with an effective horizontal isolation
period of 2 s. The first horizontal mode in each principal direction occurs at the isolation
frequency and carries nearly the full participating mass, indicating that the horizontal response
is dominated by the isolation mode and supporting the use of a reduced model when the
outputs of interest are peak displacement and global shear demand.



INGEGNERIA SISMICA – INTERNATIONAL JOURNAL OF EARTHQUAKE ENGINEERING

5

Figure 1: Representative lumped-mass model for the 2DOF system.

Mir et al. [25] represent the horizontal dynamics using a two-degree-of-freedom (2DOF)
model for performance calculations. The isolated superstructure is treated as rigid above the
isolation interface, and the response is governed by one dominant isolation mode in each
horizontal direction. The isolation system is represented by an equivalent link element
connected between the lumped mass and the ground. The link captures the combined
horizontal response of the isolator array (and any damping devices). For LDR model, one
equivalent link element (acting in both X and Y) is used. The adopted lumped mass and the
effective horizontal stiffness and damping values are summarised in Table 1 [25].

Table 1: System properties used in the 2DOF model

Quantity Symbol Value
Isolated superstructure mass M 8,920 ton
Horizontal isolation period T 2.0 s

Equivalent horizontal stiffness K 8.8 × 104 kN/m
Horizontal viscous damping coefficient C 2,800 kN·s/m

For the present objective, the system idealisation neglects vertical excitation and axial-
load fluctuation effects. Previous studies suggest that for isolation systems with high vertical
stiffness, variations in axial load during an earthquake usually have a limited effect on peak
horizontal isolation displacement. The horizontal input and the isolation properties tend to
govern this metric. Vertical shaking may still affect other responses (for example, base shear
and floor accelerations), but its influence on peak isolation displacement is often small when
reporting global horizontal demands [26]. This supports use of a planar model when the goal
is global horizontal isolation demand rather than vertical-sensitive local responses [3, 15, 25].

3 Critical Excitation Method (CEM)

In structural dynamics, resonance is the main reason some earthquakes create disproportionate
demands. The amplification is not only about how strong the motion is. It happens when the
dominant frequency content of the ground motion is close to the natural frequency of the
system. Under that condition, even a physically plausible input can drive a large response
because energy is transferred efficiently into the critical mode(s) [27].



Khaji & Ahmadi

6

The CE framework developed by Takewaki extends earlier worst-case formulations and
highlights resonance effects more clearly [21]. It searches within an admissible set of ground
motions for the one that maximizes a selected response quantity. In practice, the workflow is
straightforward. First, describe the system using its dominant modal properties. Next, set a
physically reasonable set of input motions using explicit constraints. Then solve the
maximization problem to find the worst-case motion.

After the modal properties are identified, the CE problem is written for the adopted
structural model [21]. For the 2DOF system used in this study (Section 2), the governing
equation is:

( ) ( ) ( ) ( )gt t t t     Mu Cu Ku Mu (1)

For the 2DOF system, diag( , ), diag( , )M M C C M C , and diag( , )K KK are the
diagonal mass, damping, and stiffness matrices, respectively. Moreover,

T
( ) ( ) ( )X Yt u t u t   u is the displacement vector. In addition,

T
( ) ( ) ( )g g gt u t v t     u denotes

the bi-directional orthogonal ground acceleration input. In the following derivation, the CE
expressions are written for one horizontal component for clarity; the same form is applied to
both X and Y .

With the structural model fixed, the CE task is as follows. First, define a realistic
admissible set for ( )g tu . Next, find the input within that set that maximizes the chosen

response measure. All constraints must remain satisfied. Because earthquake shaking is
nonstationary, the input is written in a envelope representation form [21]:

( ) ( ) ( )gu t c t w t (2)

where ( )c t is a deterministic envelope and ( )w t is a zero-mean stationary process. This

separation is practical. The envelope sets how the intensity grows and decays over time, while
the stationary part defines the frequency content through its PSD. A standard admissible set in
CE is defined by placing constraints directly on the PSD of the stationary component, ( )wS  .

Two core constraints are used. A total power bound and a peak-amplitude bound [21]:

( )dw wS S 



 (3)

sup ( )w wS S  (4)

in which
wS is the upper bound on the total spectral area, and ws is the upper bound on the

maximum PSD level. It is important to define them here because they set the size of the
admissible set from the outset. They are not auxiliary quantities.

Under these constraints, the maximizing PSD becomes rectangular over the active
frequency band. This happens because the response is largest when the allowed spectral
power is concentrated in the frequency range that most strongly influences the selected
response measure. In the same formulation, the band width is written as

/w wS s  (5)

and it is also defined by the lower and upper bounds of the active frequency band:
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U L   (6)

CE maximizes a chosen response measure. In this study, the objective is the mean-square
response ( )f t defined later in Eq. (16). The transfer function ( , )H t  depends only on the
fixed structural model , ,M C K and the selected response definition. Under the rectangular-

PSD case defined by Eqs. (3)–(6), the objective at each time point it reduces to

   , d
U

L

i w if t s H t  




  (7)

The CE result is obtained by evaluating  if t over the considered time window and

choosing the time it that maximizes it. In Eq. (7),  ,iH t  is the system transfer function for

the selected response measure. It is determined by the structural model , ,M C K , damping,
and the chosen response definition, and it describes how input spectral content at frequency
 contributes to the response level at time it . Therefore, maximizing  if t corresponds to

placing the admissible spectral power inside the frequency band where  ,iH t  is most

influential, while satisfying the PSD bounds in Eqs. (3)–(4) and the additional intensity
constraints in Eqs. (8)–(13) [21].

PSD bounds alone may allow unrealistic inputs if they are not constrained by physical
intensity measures. For that reason, additional constraints are imposed using Arias intensity
and peak measures namely peak ground acceleration (PGA) and peak ground velocity (PGV).
A key link is provided by Parseval-type relations in the frequency and time domains:

2 2| ( ) | d 2 ( )d 4g AA u t t gI      (8)

and the Arias intensity is defined as

2 ( )d
2A gI u t t
g


   (9)

Then the admissible set is tightened using bounds such as

A AI I (10)

sup | ( ) |A A  (11)

where ( )A  is the acceleration spectrum and A is the corresponding upper bound on its
magnitude. Under these bounds, and for a rectangular spectrum, the admissible active
bandwidth  follows as

2

4 AI

A


  (12)

To control long-period content consistently with PGV-type limits, the acceleration and
velocity spectra are connected through
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( )A   𝕚 ( )V  (13)

where ( )V  is the velocity spectrum and 𝕚 1 i is the imaginary unit. In this way, bounds
on velocity-based measures also limit low-frequency energy. Without these bounds, low-
frequency content could become too large and lead to overly conservative displacement
demands. Fig. 2 illustrates how the acceleration- and velocity-related constraints act together
in practice.

Figure 2: Period-dependent input energy and credible bounds for CE constraints
(acceleration and velocity controls).

The single rectangular PSD proposed by Takewaki is intentionally sharp. It pushes the
allowable power directly into the most damaging band. That is good for identifying a worst
case, but it can be too concentrated compared with real records. To improve realism while
keeping the same admissible logic, Bazrafshan et al. [28] proposed a three-segment PSD that
spreads energy more naturally across a broader band but at lower levels away from the
dominant peak. A convenient three-segment form is:
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(15)

Short-period control
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In this setup, the middle segment targets the critical band (around the dominant system
period), while the side segments preserve the total spectral area and avoid an unrealistically
narrow spike. Fig. 3 shows the geometry of the three segments and the meaning of , , ,l h a b  .

Figure 3: Illustration of the two-level PSD envelope for the CE.

A CE analysis is most meaningful when the maximized response quantity matches the
decision objective. In the CE literature, interstory drift is a common objective because it links
directly to damage and performance limits, and it is the objective adopted in our earlier CE
procedure [21]. For nuclear-oriented screening, our recent work further adapted CE for
nuclear practice and again showed that a displacement-based objective is a rational choice
when the goal is to bound displacement-sensitive demands and avoid non-conservative
acceleration-only screening [29]. For resonance-focused problems in long-period or base-
isolated systems, displacement remains the governing demand because it controls isolator
stroke, deformation compatibility, and impact/pounding potential.

The objective can be written in a mean-square form using the transfer function:

2

1

( ) ( ) ( , ) ( )d
n

k w
k

f t x t H t S  


 

   (16)

In a linear system, the transfer-function ( , )H t  follows from the modal (or impulse-
response) representation of the system. It depends on the system and the selected response
quantity, not on the particular choice of ( )wS  . This relation links the system behavior to the
worst-case input search. In CE, the admissible PSD is defined by Eqs. (3)–(4) (and, if used,
Eqs. (14)–(15)). The procedure allocates this PSD to the frequency region that maximizes the
integral in Eq. (16), while satisfying the physical constraints in Eqs. (8)–(13) [21].

4 Ground motion selection

Record selection has a major impact on nonlinear time-history results. This is especially true
for base-isolated nuclear systems, where the response is dominated by a narrow frequency
band near the isolation period. We use the Diablo Canyon Power Plant site in California as the
case-study site. The site has extensive published seismic-hazard work, including long-term
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program studies and later confirmatory assessments. It has also been used as a benchmark site
in studies of seismically isolated nuclear structures under hazard-consistent motions. This
makes the hazard target and the record-selection basis more transparent and easier to justify
[30, 31].

Diablo Canyon Power Plant sits on the central California coast within the active Pacific–
North America plate-boundary zone. The site hazard is strongly influenced by nearby offshore
right-lateral faults, most notably the Hosgri and Shoreline fault systems. For broader context,
the 2023 update of the U.S. National Seismic Hazard Model incorporates revised rupture
forecasts and ground-motion components and provides updated UHS across the western U.S.
[30].

To keep record selection transparent and reproducible, we start from the recorded-motion
set developed for the Diablo Canyon Power Plant site in Ref. [31]. That study assembled 30
recorded ground motions from the Pacific Earthquake Engineering Research Center; Next
Generation Attenuation—West2 (PEER NGA-West2) database, which provides consistently
processed strong-motion time series and metadata for shallow crustal earthquakes in active
tectonic regions [32]. The motions were then spectrally matched to the site’s 10,000-year
uniform-hazard response spectrum (UHRS) for a reference rock condition (Site Class B). This
approach keeps the suite hazard-consistent while retaining real recorded waveforms as the
starting point [31].

From the 30-record pool, we select an 11-record subset (Table 2). The subset is chosen to
(i) remain compatible with the Diablo Canyon UHRS target and its key hazard contributors,
and (ii) reduce computational cost for repeated nonlinear analyses. The screening uses the
following criteria:

 Hazard consistency. Retain motions whose matched spectra remain consistent with
the UHRS basis and the analysis spectrum level used in the workflow [3, 15].

 Event realism. Prefer records whose magnitude, distance, and mechanism are broadly
consistent with the main PSHA disaggregation contributors at the target hazard level [30].

 Directivity pulses. Avoid suites dominated by strong pulse-like motions when pulses
are not representative of the dominant hazard contributors at the site. Pulse identification
follows established methods [33].

 Outlier control. Remove records with atypical intensity characteristics that would
shift the suite mean and dispersion away from the intended hazard-consistent target.

Table 2: Ground motion records used in this study

Events RSN Mw
San Fernando 72 6.61
San Fernando 77 6.61
Loma Prieta 810 6.93
Loma Prieta 763 6.93
Northridge 1021 6.69
Northridge 1051 6.69
Chi-Chi 2704 6.2
Irpinia 284 6.9
Manjil 1633 6.4

Cape Mendocino 828 7.0
Kocaeli 1161 7.5
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5 Numerical analyses

5.1 General remarks

Section 2 introduced the reduced-order model, which is used here for the numerical analyses
[25]. The focus is global isolation-layer response. The reported outputs are (a) peak horizontal
isolation displacement (stroke), (b) base shear at the isolation plane, and (c) peak absolute
acceleration of the lumped superstructure mass as a global indicator. This focus keeps the
comparison clear. It links changes in the input spectrum to changes in the key isolation
response. Local superstructure responses are not included because they are outside the scope
of this study.

The case-study site is Diablo Canyon, California. The design-level target spectrum is the
ASCE 43 design response spectrum (DRS). In the ASCE 43 workflow, the DRS is obtained
by scaling the UHRS for the target performance goal (TPG) associated with the selected
seismic design category (SDC) [3]. In this study, SDC 5 is used because it corresponds to the
highest seismic design category, where the consequences of unacceptable performance are
greatest. In ASCE 43 terminology, it corresponds to a TPG of 1×10-5 mean annual frequency
of seismic damage exceeding the assigned limit state [3]. Accordingly, we adopt DRS-5 (the
SDC-5 DRS) for Diablo Canyon as the baseline design-level spectrum. Figure 4 shows the
DRS-5 shape and the scale factors for the selected site/soil definition. These follow the ASCE
43 DRS construction procedure [34].

Figure 4: Diablo Canyon design response spectrum for SDC 5 (DRS-5).

After the 2011 Tohoku/Fukushima accident, nuclear seismic practice put more emphasis
on explicitly checking hazards and demands beyond the original design basis. IAEA guidance
formalizes the need to consider higher-than-design conditions through design-extension or
BDBE concepts in design and assessment, including external hazards such as earthquakes
[1,2].

In this study, we keep the ASCE 43 design-level spectrum [3] as the baseline and build
BDBE cases by controlled scaling. ASCE/SEI 43-19 defines the design RS as DRS = SF ×
UHRS at the target performance goal, and it states that SDC 5 corresponds to 𝑃 = 1 × 10−5

mean annual frequency of unacceptable performance. Accordingly, we use DRS-5 for Diablo
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Canyon as the base shape and define BDBE spectra as 150%, 167%, and 200% of DRS. This
approach is common in nuclear studies as a practical way to represent stronger than design
shaking for robustness checks[35]. These scaled cases are not a substitute for re-deriving a
new UHRS at a different exceedance level. They are used here to keep the hazard-based DRS
shape fixed and to make the demand trends with increasing intensity easy to interpret and
compare. Figure 5 shows DRS-5 for Diablo Canyon, the BDBE scaling cases, and the CE-RS
used in the analyses.

Figure 5: Diablo Canyon target spectra used in this study: ASCE 43 design response
spectrum for SDC 5 (DRS-5), the BDBE-scaled spectra (multipliers of DRS-5), and the CE-
based response spectrum (CE-RS).

To compare the CE procedure against the DRS and the BDBE-scaled spectra, the CE
admissible set must be anchored to physical intensity measures. We therefore use at least one
recorded earthquake motion as a baseline. From the selected horizontal component(s), we
compute PGA, PGV, and Arias intensity. These values are then used as bounds to define the
CE constraints, and the same constraint set is applied consistently across the parametric cases.

Because the case-study site is Diablo Canyon in California, we adopt the 1989 Loma
Prieta earthquake as a historically important California strong-shaking event documented by
United States Geological Survey (USGS) products. USGS reports describe the event and
summarize the strong-motion dataset and its regional shaking characteristics. The record-
derived intensity measures are computed from the chosen component(s) and then used to set
the CE constraints for all comparisons.

For response-history evaluation under spectrum-compatible motions, we use 11 sets of
horizontal ground motions. This gives stable mean demand estimates and reduces sensitivity
to record-to-record variability in the global isolation metrics. This choice follows common
nonlinear time-history practice and is also consistent with recent nuclear isolation guidance
that discusses the use of at least 11 record sets [31].

Each record is scaled (spectrally matched) to the target spectrum so that all comparisons
are anchored to the same baseline definition (DRS-5) and its BDBE multipliers, as well as the
CE-RS. The reported demand measures are (i) maximum resultant horizontal isolation
displacement, (ii) base shear at the isolation plane, and (iii) peak absolute acceleration of the
lumped superstructure mass as a global indicator.

As an internal check, we also compare CE results obtained from the Loma Prieta–based
constraints with CE results obtained when the constraints are derived from a representative
spectrum-compatible (scaled/matched) record. This comparison helps verify that the CE
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trends are not driven by a single baseline record and supports the validation of the CE
procedure against the DRS/BDBE/CE-RS response-history results.

Fig. 6 summarizes the mean results from the 11-record set for peak isolation displacement,
base shear, and peak absolute acceleration. As expected, the BDBE scaling cases produce
larger demands than DRS-5. This follows the increase in spectrum amplitude shown in Fig. 5.
The CE-RS case gives the largest demands across all three metrics, and the trend is consistent
with the fact that the CE-RS target is higher than the BDBE-scaled spectra over the periods
that control the isolation response. This pattern suggests that DRS-5 and the BDBE-scaled
spectra may still underestimate resonance-driven demands for this isolated system. They
reflect hazard-level scaling, but they do not explicitly target the frequency band that
maximizes the isolation response under resonance.

(a)

(b)

(c)
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Figure 6: Mean global isolation responses from the 11-record spectrum-compatible analyses
for Diablo Canyon: (a) peak resultant isolation displacement, (b) peak absolute acceleration
at the lumped superstructure mass, and (c) base shear.

The key point is how the CE-RS is obtained. The CE-RS is not defined by simply
increasing the hazard level. Instead, it is derived by maximizing the selected response
measure within an admissible set that satisfies the same physical and intensity constraints. In
other words, it uses the available input energy in a way that is most damaging to the system.
This highlights a resonance-driven effect. Demands increase when the input frequency
content aligns with the dominant period(s) of the isolated system. Therefore, a DRS or a
scaled BDBE spectrum may still miss response-controlling spectral features, even when the
overall intensity level is increased, if the frequency content does not concentrate around the
most influential band for the isolation mode.

To check the validity of the CE results, Table 3 reports the CE-based responses when the
admissible set constraints are derived from the selected Loma Prieta record component(s).
The resulting demands are in very close agreement with the CE-RS results in Fig. 6, with
differences below about 1%. This consistency indicates that the CE outcome is not sensitive
to the specific baseline record used to define the intensity constraints, and it supports the
robustness of the CE procedure for the present screening study.

Table 3: CE-based mean global isolation responses obtained using Loma Prieta–derived
intensity constraints

Response metrics CE Loma Prieta
Displacement (m) 1.032

Floor acceleration (m/s2) 10.24
Base shear (kN) 91300

Overall, the spectrum-based CE workflow provides a fast and traceable supplement to
code-based spectra. It is not intended to replace ASCE/NRC/IAEA design and verification
procedures. Instead, it provides an additional early-stage check to identify whether resonance-
sensitive isolation demands may be underestimated by standard DRS/BDBE scaling. The
same idea can also be useful for existing isolated systems, where it can support strengthening
or rehabilitation planning by quickly screening demand increases under resonance-driven
input shaping.

6 Conclusions

This study evaluated global isolation-layer demands for a base-isolated nuclear reactor
building using a reduced-order 2DOF model. The focus was on three global metrics, peak
horizontal isolation displacement, base shear, and peak absolute acceleration at the lumped
superstructure mass. Using the Diablo Canyon site as the case study, DRS-5 (SDC 5) was
adopted as the baseline design spectrum, and beyond-design-basis levels were represented by
controlled multipliers of the same DRS shape (150%, 167%, and 200%). Nonlinear response-
history analyses were performed with 11 spectrum-compatible ground-motion sets to obtain
stable mean estimates of the global demands.

Across all metrics, demand increased with BDBE scaling, as expected from the increase in
spectrum amplitude. However, the CE-RS produced the largest demands, even relative to the
higher BDBE multipliers. This indicates that standard DRS/BDBE scaling may not fully
capture resonance-driven isolation demands for long-period or base-isolated systems. The key
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difference is not only intensity. CE-RS is obtained by maximizing the selected response
measure within an admissible input set that satisfies the same physical and intensity
constraints. It therefore concentrates admissible frequency content in the band that most
strongly excites the isolation mode and can increase displacement-sensitive demands when
resonance conditions occur.

A validation check was also performed by defining CE constraints from a historically
relevant recorded event (the 1989 Loma Prieta earthquake). The CE responses based on Loma
Prieta-derived constraints were consistent with the CE-RS-based results, with differences
below about 1%. This supports the robustness of the CE procedure for the present screening
objective and suggests that the results are not driven by a single baseline record choice.

The spectrum-based CE workflow is a fast and traceable supplement to code-based
spectra. It is suitable for early-stage design because it can quickly flag resonance-sensitive
isolation demands that may not be evident from DRS/BDBE scaling alone. It is also useful for
existing isolated facilities, where it can support strengthening or rehabilitation planning by
screening how isolation displacement, base shear, and global acceleration indicators change
under resonance-driven input shaping. The method is not intended to replace
ASCE/NRC/IAEA design and verification procedures. Future work should test the CE-RS
screening with higher-fidelity 3D models (including torsion/coupling, nonlinear isolators, and
vertical effects where relevant) and across multiple sites/hazard conditions. It should also
extend the outputs beyond global isolation demand to include nuclear-relevant measures such
as in-structure spectra and key component demands, to define where CE screening adds the
most value in code-familiar workflows.
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