











low-to-medium frequency range). As a result,
the standard plant designs often would need
to be assessed for site-specific soil and ground
motion parameters, and rules for conducting
such assessments needed to be developed to
address this new situation for the industry.

The operating-basis earthquake (OBE) is
another ground motion concept that has
evolved over the past 15 years, especially as
NSSS suppliers developed their respective
standard plant concepts. Experience from
seismic design/qualification tests for existing
plants had showed that, compared to the
SSE, the OBE rarely governed the final
design of SSCs (especially the structures).
This determination meant that the significant
design, analysis, and testing effort expended
for OBE was not worthwhile, so the industry
lobbied the NRC during the early 1990s to
make OBE an “inspection level” earthquake
rather than an explicit design-level
earthquake. The NRC's earlier concurrence
on this subject was first documented in
SECY (Office of the Secretary) 93-087 [22] and

later reflected in 10 CFR 50 Appendix S.

The OBE concept, however, has needed some
revisiting during the past few years as it
became clear that not all of an NPP’s seismic
category I structures would be standardized

(e.g., intake structure configuration can vary
from site to site, a reason why it is usually
not part of the standard plant offering).
Another factor is that the free-field motion
corresponding to foundation elevations of
various structures differs because not all
structures have the same embedment in
soil. As OBE and SSE are both meant to
encompass not only site-dependent but also
structure-independent ground motions,
it became necessary to define them clearly
and to clarify their usage for both standard
and nonstandard plant structures.

* The phenomenon of ground motion
incoherence, attributable to wave passage
effect as well as random incoherency, had
been recognized for a long time. The wave
passage effect reflects the fact that a time
lag is associated with passage of a given
wave such that identical particle motion at
two different locations cannot happen at
any given instant of time (the wave passage
effectis captured in most commercial software
for SSI analysis). Random incoherency,
which is the more significant source of
incoherency, relates to the fact that the particle
motion at any location within the soil is a
result of many reflected and refracted waves
that pass through at any given time (i.e.,
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While attractive in
principle, the basic
goal of having a
“standard plant”
seismic design
that covers most
candidate sites has
been somewhat
elusive because
most standard
plant designs have
employed design
spectra that do not
contain sufficient
HF content
to envelop the
site-specific spectra
for many CEUS
hard-rock sites.

Figure 5. Comparison of Design Motion Developed for a CEUS Rock Site, and Design Motions Used for Design Certification [23]
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The trend
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a very large

common nuclear
island basemat
also meant that
the resulting
foundation sizes
were ripe
for realizing
the benefit of
incoherency.

waves do not arrive in an orderly fashion;
many waves are incident at a given time due
to multiple reflections in the soil layers).

It has been known that the incoherency
increases with frequency and spatial
separation between observation points. While
some empirical models existed for describing
ground motion incoherency, there was no
proper technique to account for its effect on
the seismic response of structures. ASCE 4-98
[24] permitted an ad hoc reduction of the
design ground motion spectrum based on
the foundation expanse and frequency range
(i.e., larger reductions were permitted for HF
range and large foundation sizes). However,
because of the lack of rigor in this scheme, the
NRC never fully endorsed it. Nonetheless, it
was always recognized that the use of a good
incoherency model, combined with its proper
implementation into seismic SSI analysis
(whereby the structure is analyzed for the
incident incoherent motion), would result in
a reduced significance of HF excitation. The
trend toward using a very large common
nuclear island basemat also meant that the
resulting foundation sizes were ripe for
realizing the benefit of incoherency. There
was thus a clear impetus to develop a
consensus on incoherency models and their
treatment in the seismic analysis schemes.

RG 1.138 [25] requires field measurements for
seismic shear wave velocity and subsequent
lab testing for determining dynamic soil
properties (i.e., strain dependence of soil
damping and modulus of elasticity) to
characterize the seismic behavior of the
underlying soil strata. Such tests need to
be performed for both the in situ layers
above the bedrock as well as for the backfill
material to be placed on top of the uppermost
competent in situ material.

A recent development in this regard is
the so-called resonant column/torsional
shear (RC/TS) test. This increasingly used
method, developed at the University of
Texas at Austin, enables both damping and
modulus characteristics to be determined
from a single test and with multiple uses
of the same specimen (compared to the
separate cyclic triaxial [CT] tests and RC
tests mentioned in RG 1.138). Although not
mentioned directly in RG 1.138, the RC/TS
test is considered to be superior for
synthesizing the test results along with saving
time. For these reasons, the nuclear industry
became interested in seeking regulatory
approval of this method.

The seismic-related activities in support of recent
ESP and COL applications further highlighted
the importance of the foregoing developments
in terms of seismic ground motion development,
site geotechnical studies, and subsequent
seismic analysis and design. These developments
thus formed the bases for industry’s desire to
influence the seismic requirements.

SEISMIC ISSUES ADDRESSED SINCE 2004

ecognizing the importance of the issues

discussed earlier, both the NRC and the NEI
formed senior-level seismic task forces to achieve
consensus and resolutions. These task forces
have been meeting regularly since late 2004 and
are now at a point at which they have resolved
most of the issues, which are captured in RG
1.208 [19], the NRC’s May 2008 Seismic Interim
Staff Guidance (ISG) document [26], and the
latest revisions of SRP Sections 2.5.2 [27] and 3.7.1
[28]. The following sections discuss some of the
more important issues and their resolutions.

Option to Use Uniform-Hazard Spectrum (UHS) or

Performance-Based Spectrum (PBS)

The industry (NEI) succeeded in persuading the
NRC to allow the use of PBS. The NRC issued a
new regulatory guide (RG 1.208 [19]) that allows
the use of PBS in lieu of UHS per RG 1.165.
Figures 3 and 4 illustrate why the PBS approach
is attractive to the nuclear industry; most of the
recent applicants have been opting for the PBS
approach. Use of either method requires rigorous
PSHA work and site amplification studies with
support from top-notch geology and seismology
experts from boutique firms and architectural/
engineering companies as described below:

* Geology and seismology experts performing
detailed geological, seismological, and
geophysical investigations to identify and
characterize regional/local seismic sources.

Seismology/ probability experts performing
PSHA work for developing UHS (and
subsequently PBS, if desired) by considering
the seismicity data for the sources and
appropriate ground motion attenuation
models. The spectra thus obtained correspond
to the crystalline bedrock below the site,
which can be a few tens of feet to many
hundreds of feet below grade.

e Geotechnical experts performing site
amplification studies to determine the free-
field ground motion at various locations
within the site soil profile (wherever structure
foundations are to be located). This work
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entails the use of test data for dynamic
properties of the soil layers at the site (from
the bedrock to the grade) and accounting
for the uncertainties. Because the soil near
the grade elevation is typically not of the
“competent” caliber, the properties of the
structural backfill (or lean concrete layer) have
to be accurately determined and accounted
for in the site amplification studies. As a
result, the design ground motion is initially
established only at the uppermost competent
soil layer because the backfill properties are
not known upfront.

NRC Interim Staff Guidance — Definitions of Key
Ground Motion Terms, Including Interpretations
of SSE and OBE

The NRC requires that the design ground motions
be established at (1) the top of the uppermost
competent in situ soil layer under the site
(generally defined as a layer in which the seismic
shear wave velocity is at least 1,000 ft/sec),
and (2) various elevations corresponding to the
bottoms of the foundations of all safety-related
structures. The latter is necessary because the
foundations are often located on top of structural
fill materials that are used to replace the
unsuitable upper layers at most sites.

To ensure that the standard plant design is
adequate for the site-specific ground motion, the
site-independent design ground motion (which is
applied as free-field ground motion either at the
grade level or at the foundations of the concerned
structures) used for design of the standard plant
structures is compared with the site-specific
spectra. With the advent of the standard plant
concept, it also has become necessary to clarify
what the OBE spectrum means for SSCs that are
not part of the standard plant. The following new
terms and definitions have thus been introduced
in the recent NRC seismic ISG [26]:

* Certified seismic design response spectrum
(CSDRS) —Site-independent seismic design
response spectrum approved by the NRC for
a certified standard plant design.

* Ground motion response spectrum
(GMRS) —Site-specific ground motion
response spectrum (horizontal and vertical)
determined as free-field outcrop motions on
the uppermost in situ competent material,
determined using RG 1.165 or RG 1.208.

* Foundation input response spectra (FIRS)—
As the GMRS is established at the uppermost
in situ competent layer, the resulting motion
has to be “transferred” to the base elevations
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of each seismic category I foundation. These
site-specific (amplified) ground motion
response spectra at the foundation levels in
the free field are referred to as FIRS and are
derived as free-field outcrop spectra.

Safe-shutdown earthquake (SSE)—The
SSE for the site is the performance-based
design motion defined at the ground
surface. Given this definition, any deviant
as-found conditions can be evaluated
against this spectrum, provided that the
condition is subsequently restored to the
design basis (e.g., the CSDRS for standard
plant). Also, the slope stability soil lique-
faction analyses need to be performed
using the site-specific SSE.

This definition poses a dilemma because it
is difficult to locate (and maintain) seismic
monitoring instrumentation at the GMRS
elevation. Therefore, the subject of ground
motion monitoring requirements still needs
to be sorted out. The NRC plans to publish a
revised version of RG 1.12 [29] and possibly
RG 1.166 [30] to address this issue with
industry input. For now, NRC’s seismic
ISG [24] states that the applicant’s
monitoring and instrumentation plan will be
reviewed on a case-by-case basis.

Operating-basis earthquake (OBE)—For
license applications for the use of a certified
standard plant design, the OBE ground
motion is defined as follows:

- For the standard plant structures, the OBE
ground motion is one-third of the CSDRS.

- For the safety-related structures that
are not part of the certified design, the
OBE ground motion is one-third of
the design motion response spectra, as
stipulated in the design -certification
conditions specified in the DCD
(which could be the CSDRS or GMRS).

- It is noted that, for situations when
the DCD specifies GMRS as the design
motion response spectrum for site-specific
(non-standard) structures, the OBE for
such structures need only match (or
exceed) one-third of the GMRS. As the
GMRS is often lower than the CSDRS,
this would result in a lower OBE for
the non-standard SSCs.
selection of a rather low OBE level poses

However,

an economic risk to the plant in that a
potential occurrence of an earthquake that
exceeds the low OBE threshold would
trigger an extended plant shutdown for
post-earthquake inspections.

Because the soil
near the grade
elevation is
typically not of
the “competent”
caliber, the
properties of the
structural backfill
(or lean
concrete layer)
have to be
accurately
determined and
accounted for

in the site
amplification
studies.




All of the industry
initiatives with
regard to HF
ground motion,
except for
truncation of the
number of standard
deviations used
in the ground
motion model,
have been
successful in
reducing the
significance of
HF content in the
design ground
motion.

Outcome of Initiatives for Reduction of

HF Content and Its Impact

During recent years, the nuclear industry has
mounted a multi-pronged effort to minimize
the significance of HF content in CEUS hard-
rock ground motions. (The HF content can
still persist for medium hard sites because
their soil layers may not fully filter out
the HF content.) This effort consisted of the
following initiatives and outcomes:

e Use of PBS is now permitted in lieu of the
UHS approach, which results in an effectively
smaller return period for the HF range of
the response spectrum and correspondingly
reduced spectral values (see Figure 3). This
approach complies with RG 1.208.

e Use of the cumulative absolute velocity
(CAV) is permitted as a filter to help weed
out seismic hazard contributions from low-
magnitude earthquake events. It has been
known that such events produce lower levels
of ground shaking that usually do not damage
most structures, let alone nuclear structures.
It is also known that the low-magnitude
events contribute more significantly to the
HF content because the HF waves incur
less attenuation compared with low-
frequency waves. With this in mind, the
industry proposed use of CAV (a term closely
correlated with the earthquake magnitude)
as a filter for eliminating seismic hazard
contributions from low-magnitude events.
The NRC endorsed this approach in RG 1.208
with the stipulation that a conservative CAV
threshold of 0.16g-seconds be used for
hazard calculation.

* Truncation of the number of standard
deviations included in defining the ground
motion model, which can have a significant
impact on the hazard estimates, is not
permitted. An industry study to determine if
such models could be truncated with a limited
number of standard deviations found that
there was no rational basis for such truncation
(except as implied by the inherent strength
limit of the geologic materials through which
the motion is transmitted). While RG 1.208
does not permit such truncation, it does
acknowledge that the
the standard deviation need not be too

magnitude of

conservative. That is, if better ground motion
models are developed using more data,
the conservatism in the standard deviation
magnitude can be reduced.

* Incorporation of ground motion incoherence
is now permitted in the seismic SSI analysis.

Several sample studies have confirmed that
the application of incoherent ground motion
into SSI analysis results in reduced impact of
the HF content (i.e., reduced HF acceleration
levels in the in-structure response spectra and
reduced response of walls and floors to HF
excitation). Many researchers have proposed
incoherency models, and the NEI in particular
advocated those proposed by Abrahamson.
[31] The NRC approved this model for rock
sites and its incorporation into the SASSI
program by Ostadan [32], among other
similar implementations.

All of these industry initiatives, except for
truncation of the number of standard deviations
used in the ground motion model, have been
successful in reducing the significance of
HF content in the design ground motion.
However, it is important to note that the
wave incoherence benefit can be realized only
when the unreduced (high-frequency-rich)
spectrum is applied as (incoherent) free-field
ground motion during the SSI analysis.

Impact of HF Content on Structural Modeling and
Seismic Qualification

Despite the aforementioned improvements, there
is still significant HF content in the ground
motion for CEUS rock sites (and very stiff sites).
Consequently, new rules have been introduced
to ensure that structural analyses and seismic
qualifications are conducted properly to capture
the response to HF excitation.

e Seismic analysis models must be refined
enough to accurately capture response to the
HF content (at least up to 50 Hz) of the
horizontal and vertical GMRS/FIRS.
The NRC considered this requirement to
be important in developing accurate
in-structure response spectra (ISRS) for
walls and floors (as well as in accurately
capturing any significant HF response of
wall and floor panels). The ISG [26] further
requires that the ISRS be developed for
frequencies up to 100 Hz. The spectra
thus developed will enable proper seismic
qualification of HF-sensitive equipment and
systems supported by the structures.

e Use of screening techniques to identify
and screen out electrical and mechanical
equipment not sensitive to HF excitation is
outlined in the ISG. [26] This screening helps
narrow down the number of items that have
to be qualified for the HF excitation. It is
expected that a large number of SSCs could
be screened out using the screening criteria
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provided in the ISG document. For the
remaining SSCs, which are deemed to be HF
sensitive, the seismic qualification method
(whether by test, analysis, or a combination
thereof) will need to be suitable to capture
the response (and any vulnerability) to
HF excitation.

Determination of Dynamic Soil Properties and
Engineered Backfill

The RC/TS method has now been accepted by
the NRC and is being widely used by most of the
COL applicants. For some time, the University of
Texas at Austin has been the only facility capable
of conducting these tests for nuclear applications
(i.e., with the requisite quality assurance
program). While relatively efficient, an RC/TS
test still takes about 1 week per granular sample
and 2 weeks for cohesive samples (it is not
needed for hard-rock sites), which has created
a bottleneck for the COL applicants. Soil testing
also becomes a significant challenge for deep-
soil sites, where hard rock is not reached even at
depths of several hundred feet. Careful planning
and coordination with other applicants are
therefore needed at the outset of an ESP or COL
project to ensure that the application submittal
schedule is realistic.

Reconciliation of Site Parameters with

Standard Plant Design

The standard designis based on asite-independent
ground motion (represented by CSDRS) and a
variety of potential soil profiles to arrive at an SSI
response. Generally speaking, a standard plant
supplier considers several soil profiles deemed
representative of candidate sites and provides
a design that considers the maximum response
from all such profiles. Therefore, from a seismic
design standpoint, the following site-specific
characteristics have to be considered in assessing
whether the standard plant design envelops the
site conditions:

* Reconciliation with site-specific seismic
design spectrum—The CSDRS must exceed
the site GMRS (or structure-specific FIRS,
if the structure is not founded at the GMRS
elevation) at all frequencies
the spectrum. As noted earlier, this
is often not the case for CEUS hard-
rock sites because most suppliers did
not choose sufficient HF-rich design
spectrum for their standard design.

across

Reconciliation with site soil profile—The
applicant must demonstrate that the site soil
profile is bounded by or very close to one of
the generic profiles considered in the standard
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plant design. This condition can also be
elusive because the presence of a soft soil lens
by way of an engineered fill layer on top of
a medium hard or hard rock layer (a not-so-
uncommon scenario) has generally not been
considered by most standard plant suppliers.
The presence of such layers can in fact be
problematic because of increased shaking
levels due to reflection of seismic waves from
the underlying hard layer. Most ancillary
structures are not as deeply embedded as
the nuclear island structure (which may be
directly founded on rock at hard-rock sites).
One remedy for such situations is the use
of lean concrete as a backfill (in lieu of the
usual compacted structural backfill), which
can help align the resulting soil profile with
one of the generic profiles considered in the
standard plant design.

Inclination (“dip”) of the top surface of the
uppermost competent in situ soil layer—The
standard plant design typically factors in
some dip (say, up to 20 degrees) for the soil
layer where CSDRS is applied. The applicant
must verify that the dip at the site, if any,
does not exceed the limit prescribed by the
standard plant supplier.

* Dynamic soil-bearing capacity and friction
coefficient at soil-foundation interface—The
standard plant suppliers often prescribe a
minimum value for the dynamic bearing
capacity for the soil directly below the
foundation and for the friction coefficient
at the soil-foundation interface. These limits
ensure that (1) the supporting soil at the
site can withstand potentially large transient
bearing pressures caused during design level
shaking, and (2) there is enough friction
resistance at the foundation interface to
prevent sliding of the structure. Of these two
parameters, the dynamic bearing capacity
can be problematic because there are no
prescribed tests to determine it. Consequently,
the applicant (and/or the E&C company
representing the applicant) must somehow
justify that the soil in question has sufficient
dynamic bearing capacity.

Site-specific reconciliation is warranted if one or
more of the aforementioned conditions cannot
be satisfied. As more COL applicants move
forward, many applications are requiring such
reconciliation, which consists of demonstrating
that the critical sections of structures, as reported
in the DCD, remain adequate for the forces and
moments resulting from site-specific conditions.
(This evaluation often works out favorably
because most standard plants have been designed

One remedy for
avoiding situations
involving a soft
backfill layer
underlain by a
hard in situ layer
is to use lean
concrete as backfill
(in lieu of the
usual compacted
structural backfill),
which can help
align the resulting
soil profile with
one of the generic
profiles considered
in the standard
plant design.




Even with the
advent of the
standard plant
concept, industry
observers are
noting that
significant seismic
analysis and
design activities
are taking place
and are expected
to continue.

very conservatively, using the envelope of design
requirements stemming from several generic
soil profiles.) The reconciliation leads to either
(1) demonstrating that the site-specific ISRS are
enveloped by those reported in the DCD, or
(2) generating a new (higher) set of ISRS for
the applicant’s use during the detailed design
phase. So, even with the advent of the standard
plant concept, industry observers are noting that
significant seismic analysis and design activities
are taking place and are expected to continue.

STILL-TO-BE-RESOLVED SEISMIC ISSUES

ostmajor seismicissueshavebeenaddressed

during the past year or two. However,
several issues, discussed in the following
subsections, are continuing to be resolved.

New Ground Motion Models for the CEUS

As mentioned earlier, the magnitude of
standard deviation in the ground motion model
can contribute significantly to a high hazard
estimate. The problem has been especially
significant for the CEUS because, unlike the
Western United States, there has been a general
lack of specific ground motion attenuation
models for this region. To address this issue,
the NRC recently sponsored ([33]) a research
project called NGA-East (Next Generation
Attenuation models for the region), which
is patterned after a similar NGA-West project
that was concluded in 2007. It is expected that
the NGA-East work will lead to some reduction
in seismic hazard estimates for the CEUS, which
will be in line with similar benefits realized
based on the results of the NGA-West project.
While the final results from this project are
a few years away, it is likely that the nuclear
industry will start using some of the research
data and formulations as they become available.

Application of FIRS for SSI Analysis

So far, the NRC has indicated that an SSI
analysis should be conducted by applying the
amplified ground at the grade level, whereby
the input motion on the embedded portion of
the structure (i.e., basement walls and basemat)
is determined through a de-convolution
analysis. The industry has been arguing
against this approach. The NEI issued a white
paper in September 2008 (see [34]) and reached
an agreement with the NRC to wuse the
performance-based design motion at the
foundation level for SSI analysis. The NRC
is in the process of documenting this agreement
in a new ISG.

Need for Refined Seismic Modeling

The task of generating refined analytical models
to accurately capture seismic response for at
least 50 Hz excitation is not easy. The following
considerations apply for the size of concrete and
soil elements:

¢ For concrete elements, their size of elements
depends on the shear wave velocity
through concrete as well as vibration
frequencies of individual wall and floor
panels. Consideration of these factors leads
to element sizes in the range of 10 ft by
10 ft (sometimes slightly smaller for thinner
floor slabs). The analytical models used
for static analysis often have this degree of
refinement. The key difference is that static
analysis is not nearly as computationally
intensive as seismic analysis; as a result, this
level of mesh refinement can be considerably
challenging for seismic analysis in terms of
software and hardware limits.

e For rock sites (with a shear wave velocity
of at least 5,000 ft/sec), the maximum size
of the soil elements can be as much as 20 ft
by 20 ft for ensuring faithful transmission
of 50 Hz frequency waves. This in itself
is not a big problem in terms of the potential
model size for the SSI analysis. The real
problem arises with a common scenario
wherein the safety-related structures are
underlain by a lens of backfill material with
low shear wave velocity characteristics
(often 800 ft/sec to 1,000 ft/sec). In this
situation, the element size must be
limited to 3 ft to 4 ft in these soil layers,
which in turn balloons the total number
of soil elements used for the SSI analysis
(the number of soil elements increases
quickly because the soil volume modeled for
SSI analysis is often quite large).

The total number of elements dictates the
computation time required to solve the SSI
problem. Making models work for 50 Hz
frequency is a challenge for the whole nuclear
industry. This latest NRC requirement has yet to
be fully addressed by any of the NSSS vendors
and E&C companies. SASSI is the most common
and versatile SSI program in the industry;
however, both the Bechtel version of the
program and the commercially available SASSI
version have difficulty meeting the challenge,
especially for large structures (i.e., whereas
the total number of nodes in SSI analyses was
previously less than 100, the number may
now reach several tens of thousands for even
small structures).
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Improvements are therefore needed in terms
of both software enhancements and increased
hardware capacity using many parallel processors.
Before such an effort is undertaken (or in parallel
with same), one possible option is to demonstrate
the acceptability of a lower cutoff frequency
(such as 25 Hz) by showing that the wall and floor
responses and associated ISRS remain relatively
unaffected at 25 Hz as well as 50 Hz. It is
also possible to show that the cutoff frequency
can be smaller for soft-to-medium-stiff soil
sites, because such soil layers may sufficiently
filter out HF transmission into the super-
structure. In any case, such demonstrations would
likely be structure and/or soil profile specific,
rather than grounds for an outright exemption
from the current 50 Hz NRC requirement.

Engineered Backfill

Backfill properties are important for foundation
design and for developing site-specific seismic
responses of the plant structures. However, the
fact that the backfill properties can only be
measured once backfill is placed during plant
construction imposes a condition on the license
(inspections, tests, analyses, and acceptance
criteria [ITAAC] on backfill) to be met after
backfill is placed. This is not a desirable
development for COL applicants. The NEI has
formed a task force to develop a solution and
reach an agreement with the NRC.

Moisture Barrier

All standard designs require a moisture barrier
with a defined frictional capacity between the con-
crete and the barrier. A barrier design that meets
the requirements has not been fully developed
and is subject to future testing and performance
assessment. The COL applications continue to
accept a condition on the license (ITAAC) for a
satisfactory design of a moisture barrier.

CONCLUSIONS

Several challenging seismic issues in designing
nuclear power plants have already been dealt
with, and more are still being addressed. Bechtel
has remained engaged with other industry
players in successful resolution of these issues
and has continued to assist customers (standard
plant suppliers and utilities) with the difficult
implementation process during the ESP and
COL application phases. Thus, while its role has
changed with the advent of the standard
plant concept, Bechtel remains a key player in
the nuclear industry. Bechtel’s technical leader-
ship in the seismic arena continues to be vital
to maintaining its prominent industry role. ®
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