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ABSTRACT

Three-dimensional nonlinear site response analyses
are conducted using finite element models of actual soil
profiles from ten nuclear power plant sites in the United
States to investigate the effects of soil properties and input
motions on site amplification. The modeling approach
developed in this study combines several novel elements, such
as three-dimensional analysis (including vertical motions),
nonlinear inelastic behavior of soil (strain dependent shear
modulus reduction and hysteretic damping), formulation of
non-reflecting boundary conditions at the base, and generating
realistic outcrop ground motions for specific sites. All these
elements of the modeling approach are first validated using
actual data from five earthquakes at three downhole array
stations recorded in KiK-net, Japan. The same approach is
then used to develop site models of ten nuclear power plant
sites in the United States and corresponding ground motions
that are spectrally matched to the site hazard spectra. Eight sets
of three-component input motions are used in the study and are
categorized on the basis of presence or absence of a near-field
pulse in the seed ground motions used for spectral matching.
It is found that all sites retain a definite site amplification
function regardless of the input motion, provided that the
seed motion is spectrally matched to the site hazard spectra.
The magnitude of site amplification and frequencies at which
they occur depend upon soil properties, particularly the shear
wave velocity profile and the constitutive relationship (strain
dependent shear modulus reduction and hysteretic damping)
of soil. Amplification of spectral acceleration in the vertical
direction (up-down motion) is found to be just as much as, if
not more than, the amplification in the horizontal direction.
Peak shear strain is found to be about 20% larger for near-field
motions compared to far-field motions, whereas maximum
horizontal site amplification for far-field motions is found to
be consistently larger than that of near-field motions, even
though the differences between the two remain within the
scatter resulting from individual ground motions.

INTRODUCTION

The Nuclear Regulatory Commission (NRC) regulation
10 CFR Part 50 Appendix S [1]] requires consideration of
soil-structure interaction (SSI) in nuclear power plant (NPP)
analysis and design. The first step towards modeling such
complex interaction is to perform site response analysis. This
is necessary because free-field acceleration (or response of a
soil column) on the surface of soil differs from rock outcrop
motion due to amplification/attenuation of seismic waves as

they propagate through the soil column [2]]. These changes
in response are generally simulated using a one-dimensional
soil column (shear-beam) model with an assumption that the
spatial variability of soil properties is dominant along the depth
of soil.

Site response simulations can be performed using linear,
equivalent-linear, or nonlinear soil models. Dynamic response
of a linear soil model with purely elastic springs and purely
viscous dashpots is usually computed using closed-form
solutions in the frequency domain [3]]. In equivalent-linear
site response analysis, the nonlinear dependence of shear
modulus and damping on shear strain is accounted for by
using an iterative procedure to obtain unique values for shear
modulus and damping that are compatible with the effective
shear strains in each soil layer [4]]. Thus, equivalent-linear
analysis is an approximation of the nonlinear soil behavior
using a linear analysis with strain-compatible soil properties.
Fully nonlinear site response analyses are needed to better
estimate surface motions for soft soil sites or for sites subject
to strong seismic motions [3].

There have been several studies on validation of nonlinear
site response analysis methodology using downhole array
ground motion recordings [|6,/7]. Those efforts have been
stimulated by the availability of ground motion data from
downhole array sites such as in Lotung (Taiwan) [§]], La
Cienega [9]], Wildlife [10], Corona [[11], Turkey Flat (USA)
[12]] and Japan. In Japan, Kiban-Kyoshin network (KiK-net)
[13] is a network of more than 600 downhole array stations
operated by the National Research Institute for Earth Science
and Disaster Prevention (NIED). KiK-net downhole array data
have been used by researchers for several purposes, e.g. Satoh
et al. [14] to investigate one particular site for the cause of
large recorded acceleration during 2011 Tohoku earthquake;
Shi and Asimaki [[15] to validate a hybrid hyperbolic nonlinear
soil model for site response analyses; Yang et al. [16] to
back-calculate shear modulus reduction curves for soil from
seismic measurements; and Han et al. [[17]] to investigate
site response modeling approach. A study by Thompson et
al. [18] identified that a large number of KiK-net sites cannot
be modeled using simple one-dimensional shear-beam-type
approach and require a better and more complex site response
analysis.

There are some studies in the literature that have explored
the variation of soil properties and input motion to a limited
extent. Rathje et al. [[19]] studied the influence of input
motion and site property variabilities on equivalent-linear site
response analysis using Monte Carlo simulation. Site response
analyses were conducted for an alluvium site using baseline



shear wave velocity profile, baseline modulus reduction and
damping curves which are randomized based on statistical
models of Toro [20] to account for uncertainty in those
material properties. Suites of acceleration time series were
selected to fit a target response spectrum for rock site condition

and propagation of longitudinal wave was not considered.

Bazzurro and Cornell [21]] performed nonlinear site response
analysis in computer program SUMDES [22] to evaluate

amplification factors for sites with uncertain soil properties.

They considered one sandy and one clayey soil deposit. The
uncertainty in the soil properties was considered via a Monte
Carlo simulation procedure. The soil column model was
subjected to a suite of real rock motion recordings. These

studies did not discriminate near-field from far-field records.

Previous studies [23}24]] are inclined towards intensity-based
categorization (relatively weak and strong accelerations) of
input motions.

It is known that ground motions recorded at near-field
and far-field stations are different in nature [25]. Rupture of
a fault towards a site (often described as forward-directivity)
can produce pulse-type motions in the recorded near-field
earthquake. Makris and Black [26] identified that distinct
velocity pulses in near-field ground motion arise from
distinguishable low frequency acceleration pulse or a

succession of high-frequency, one-sided acceleration spikes.

Far-field records generally do not contain distinct velocity
pulses. Site-to-fault distance is one measure frequently used
by researchers [25,[27] for categorizing ground motions as
near-field or far-field.

Boundary conditions play an important role in
site-response analysis. Some studies [28, 29] use
a one-dimensional shear-beam-type approach (vertical
propagation of horizontally polarized shear waves) with a rigid
base soil column model. But rigid base boundary definition
may not be realistic due to reflection of the downward
propagating waves back to the soil column unless a large
dynamic impedance contrast is meant to be simulated at the
base [30]]. Spears et al. [31] conducted detailed analysis
of a downhole array site in Lotung, Taiwan in which they
emphasized the importance of using non-reflecting boundary
condition at the base (compliant base). Overall in the current
literature, most modeling approaches for site response analysis
for downhole array sites seem to have several limitations,
including improper boundary conditions, do not consider
coupling of horizontal and vertical motions, use hypothetical
sites, or do not distinguish between the effects of near-field
and far-field input motion.

In this study, the effect of soil properties and input
motion on site amplification at select nuclear power plant
sites in the United States is evaluated. First, the modeling
approach is developed and validated by performing a series
of nonlinear site response analyses and comparing the
results from the numerical simulation to recorded ground
motions at three KiK-net downhole arrays sites during
five earthquakes. The analysis of these sites is conducted
using MASTODON (Multi-hazard Analysis for Stochastic
Time-Domain Phenomena), an open-source finite-element
code capable of capturing three-dimensional nonlinear
hysteretic soil response including simulation of source-to-site

wave propagation [32]. Three-dimensional soil column models
matching the soil profiles at these sites are developed and
subjected to three-component input motion under periodic
boundary conditions on the lateral faces and non-reflecting
(compliant) boundary condition at the base. This modeling
approach assumes primarily vertical propagation of waves in
a free field setting, i.e. no nearby structures and homogeneous,
isotropic and horizontal soil layering in the soil column models.
The degree to which simulations results match recorded
data is documented to provide guidance and context for the
parametric study to evaluate the effect of soil properties and
input motion on site amplification. Variation in soil material
properties is considered by using different real soil profiles
from operating nuclear power plants in United States. After
the Fukushima Dai-chi nuclear accident in 2011, these soil
profiles have been published following a reporting required
by the U.S. Nuclear Regulatory Commission [33]. Input
motions matching the reported hazard spectra for these sites
are used and categorized as near-field or far-field based
on presence or absence of a high-velocity pulse. Finally,
insights on site-amplification obtained from the parametric
study are reported. The main novel elements of this study
are: 1) three-dimensional analysis (including vertical motions),
ii) capturing nonlinear inelastic behavior of soil (strain
dependent shear modulus reduction and hysteretic damping),
iii) formulation of non-reflecting boundary conditions at the
base, and iv) generating realistic outcrop ground motions for
the specific sites selected.

MODELING APPROACH

Nonlinear site response analyses presented in this study
use the following modeling approach, as depicted in Figure T]
A typical site consisting of horizontally layered soil deposits
overlying a rock mass is modeled as a three-dimensional
column of soil matching the soil properties at different
depths. The four vertical faces of the soil column are treated
with periodic boundary conditions to mimic semi-infinite
horizontally layered soil. Input motion is applied at the base
of the column where a non-reflecting (compliant) boundary
condition is also specified to avoid reflections back into the
soil domain.

The resulting numerical model is then used for nonlinear
site response analyses by solving the underlying equation of
motion in time domain:

[M] {it} + [C] {i} + [K] {u} = {Fext} ey

In Eq. El, [M] denotes the mass matrix, [K] the
deformation-dependent tangent stiffness matrix, [C]
the viscous damping matrix, {u}, {i} and {ii} are the
displacement, velocity and acceleration respectively and
{F..} is the external force acting on the system. Nonlinearity
is introduced in the system by the term [K] {u}. The
tangent-stiffness matrix [K] is updated at every time-step to
account for nonlinearity in soil stiffness, e.g. reduction in soil
stiffness with increasing shear strains.

Energy dissipation occurs primarily through hysteretic
damping at moderate and large shear strains as the soil
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Figure 1: Representation of a typical site by shear beam model

undergoes loading and unloading cycles, but hysteresis does
not account for damping at low strain levels when the soil
behavior is close to linear-elastic. Solely for that reason,
viscous damping [C] is introduced in addition to the hysteretic
damping that is inherently present in the soil constitutive
model. While numerous viscous damping models exist, a
widely used model is based on Rayleigh damping in which
the matrix [C] is chosen as [C] = n[M] + {[K], where
and ¢ are the mass and stiffness proportionality constants
respectively. Rayleigh damping is frequency-dependent, yet it
allows a nearly constant damping ratio to be employed within
a pre-defined range of frequencies.

Further details of the model are presented in the following
subsections.

Selection of sites

S- and P-wave velocity profiles and acceleration time
series recorded during different earthquakes are available in the
KiK-net database. Acceleration data are recorded by the strong
motion accelerometers installed at the base of the borehole and
at the ground surface of each station. Table[l|shows the sites
and input motions considered for validation of the benchmark
numerical soil column model in MASTODON. Figure[2]shows
locations of the selected sites and epicenters of the earthquakes
considered. Three-component ground motion recorded during
the event dated 11/22/2016 for Iwaki-E (FKSH14) downhole
array site is shown in Figure[3]

The sites are chosen to demonstrate a representative
degree of match or discrepancy between recorded and
computed response. Table ] shows the label of each site as
identified in KiK-net database. The sites identified as FKSH14

Table I: Summary of the sites and earthquakes chosen for
validation

Site Earthquake M, ~d  Peak surface acc.(g)
name date (km) E-W N-S U-D
Iwaki-E 3/11/2011 9.0 205 040 036 0.24
(FKSH14) 9/20/2013 59 25 020 0.28 0.07
11/22/2016 74 67 0.19 026 0.08

Kawamata  3/11/2011 9.0 205 029 0.28 0.12
(FKSH17) 11/22/2016 7.4 95 0.09 0.09 0.05
Taiki 8/25/2012 6.1 18 0.50 032 0.38
(TKCHO8)  1/14/2016 6.7 64 0.12 0.09 0.06

M,, = Moment magnitude, d = Epicentral distance, E-W = East-West, N-S =
North-South, U-D = Up-Down

and FKSH17 are from Fukushima prefecture and site TKCHO8
is from Hokkaido prefecture of Japan. The input motions are
from five different seismic events dated 3/11/2011 (Tohoku
earthquake), 8/25/2012, 9/20/2013, 1/14/2016 and 11/22/2016
(Fukushima earthquake). These input motions are selected
to simulate moderate to strong intensity shaking conditions
with surface PGA ranging from 0.1g to 0.5g in the horizontal
direction and 0.05g to 0.4g in the vertical direction. They also
cover a wide range of epicentral distances 20 km to 200 km
and earthquake magnitudes 5 to 9. Figure 4] shows the s-wave
and p-wave velocity profiles of the selected sites.
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Soil material properties

Site-specific soil stress-strain relationships (often referred
as backbone curves) are not available for these KiK-net sites.
It is a standard practice to generate the backbone curves
from modulus reduction curves [34]]. Backbone curves are

generated as:

T(¥) = G/Gy (V) * Gy * ¥ 2
where 7/(y) and G/G',,(y) are both functions of shear strain
v and represent the shear stress and modulus reduction of the
i’ soil layer, respectively.

Commonly used modulus reduction curves include EPRI
(1993) [35]], Vucetic and Dobry (1991) [36], and Darendeli
(2001) [37]]. EPRI (1993) modulus reduction curves for rock
and sand at different depths are used in this study. For clay,
Vucetic and Dobry [36] curve for plasticity index O to 15 is
used. The modulus reduction curves are not reliable above
around 0.1% strain because of sparse experimental data used
to develop the reference curves [31]]. To consider strains larger
than 0.1%, the modulus reduction curves are modified to match
estimated shear strength of soil layers. Modification is done
using GQ/H curve fitting routine developed by Groholski et
al. [38]]. This routine requires an initial backbone (reference)
curve and a target shear strength (7,,,,,) to compute curve fitting
parameters 61, 6, 03, 64 and 65 for each soil layer. These five
parameters are used to construct modified backbone curve for
each soil layer [39] as:

Ttll" (4 1
pelos  Loav X o Ja+ Xy —awe, 2y 3
2 0, Yr Yr Vr
where,
Ttarget
r = 5 4
y Gmax ( )
04 * (%)95
97_ = 9] =+ 92 ES (5)

05 + 04 % (L)

Shear strength is estimated at mid-depth of each soil layer
as:
=0.08% G, + 0 tan ¢ (6)

i
Ttarget

where, o-i is the effective vertical stress at the center of the
i" soil layer, G, is the small strain shear modulus of the
i soil layer and ¢ is the angle of friction (taken as 30°).
This equation is based on Mohr-Coulomb relation wherein
the cohesion component is assumed to be equal to the shear
stress developed at 0.1% shear strain for a linear material with
shear modulus 80% of small-strain shear modulus (G,,,,) of
soil layer under consideration [40]]. Such shear strength model
considers confining pressure, friction angle and shear wave
velocity (v = /Guax/Density) of soil. The lower the shear
wave velocity, the larger will be the contribution of confining
pressure on the shear strength estimate. Using this model,
shear strength of different soil layers varies from 35 kPa to
4800 kPa for Iwaki-E (FKSH14) site, 80 kPa to 8500 kPa for
Kawamata (FKSH17) site and 50 kPa to 17000 kPa for Taiki
(TKCHOB) site.

The nonlinear backbone curve of soil layers is obtained
from reference modulus reduction curves modified to match
target shear strength of the soil layer. A modified backbone
curve is defined for each layer of soil. In each modified
backbone curve, the shear stress at 3.2% strain (the maximum
defined in EPRI curves) is equal to the estimated shear



strength at the mid-depth of the soil layer. Figure [5] shows
reference and effective modulus reduction and backbone curve
for a representative sand layer in site Iwaki-E (FKSH14). It
must be noted that the target shear strength to be used in the
curve fitting procedure corresponds to 10% strain [39], so the
curve-fitting procedure requires iteration to obtain appropriate
target shear strength while having a good fit to the data at or
below 3.2% strain levels.
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Figure 5: Reference and effective curves for sand layer
between depths 2 m to 8 m for site Iwaki-E (FKSH14): a)
G /G,qx curve, b) Backbone curve

Soil model

The I-so0il material model in MASTODON is used in this
study. The model is represented as nested spring and slider
components with different stiffness values in one dimensional
shear stress space [32]]. Its framework is analogous to the
distributed element modeling concept developed by Iwan
[41]]. The model behavior is obtained by superimposing the
stress-strain response of those nested components [42] as
shown in Figure[6]

o~

1 (kPa)

a)

v (%)

Figure 6: I-Soil model [43]] in MASTODON

Three-dimensional generalization of the soil model
follows Chiang and Beck [44]] using von Mises yield criterion
and an associative flow rule [31]. Nonlinear hysteretic

behavior of soil is achieved by defining piecewise linearized
backbone curve. In this study, backbone curves are formed
with 100 data points to avoid spurious oscillations caused
due to discontinuity when few data points are used in the
discretized representation of backbone curves [24]. This
is equivalent to using 100 linear spring components. The
model also allows for pressure dependency. Accordingly, the
yield criteria and initial shear stiffness can be varied as a
function of pressure. In the soil material model implemented
in MASTODON, both the initial shear modulus G,,,, and
shear stress 7 are pressure dependent and are expressed as
follows:

_ bexp
Gmax(p) = Gmax(pref) (p po) (7)
Pref
ap + a(p — po) + ax(p — po)?
™(p,y) = T(Pres>y) 5 {8)
ap + aiPref + a2pref

The defined backbone curves represent the behavior of
soil at a reference confining pressure (p,.r). po is the tension
cut-off pressure of soil, by, is pressure dependency parameter
for initial shear modulus G,,,, and ag, a;, a, relate the shear
stress 7(p, y) at any confining pressure (p) and shear strain
() to the shear stress at reference pressure 7(p,.s,y). This
material model is implemented in MASTODON as I-soil [43].

Site-specific pressure dependency parameters can be
calibrated to reduce discrepancy between computed response
and response recorded at downhole array stations. But, it is
not appropriate to use the same pressure-related parameters
for different soil profiles being studied in the next section of
this study. Therefore, pressure dependency is not considered
in this study. A pressure independent analysis is carried out
by choosing parameters ap = 1, a; = 0, a; = 0 and by, = 0.

The soil model uses Masing rule for hysteretic reloading /
unloading formulation. The hysteretic damping generated at
any layer depends on the area of one stress-strain 1oop, Ay,
for each strain amplitude and is computed [J3]] as:

_ WD _ Aloop
T Anw, 2rtTy

¢ 9

where, Wp, is energy dissipated in one load cycle and equal to
Ajpop, W is maximum strain energy during loading and 7 is
the shear stress corresponding to shear strain y.

Within the elastic range of soil, there is no hysteretic
damping. In consideration of soil behavior at small strain,
viscous damping is often defined using frequency dependent
or independent formulation. Typically 1% to 5% of the
critical viscous damping have been used for propagation of
horizontal ground motion. Previous studies [7]] have shown
that a higher damping ratio, as high as 15 to 25%, is required
for propagation simulation of vertical ground motion [45]]. In
this study, Campbell’s small strain damping relationship [46]
is adopted which is defined as:

1
2(7.17 + 0.0276 v™™%)

(10)

Dy =



where, v{'® is the average shear wave velocity in the soil.

This proposes small strain damping to be related to only
the average shear wave velocity of soil. The resulting small
strain damping ratio is used throughout the soil domain. For
reference Eq. [I0]yields damping ratio of around 3.2% when
average shear wave velocity is 300 m/s and 0.7% when average
shear wave velocity is 2400 m/s. Damping ratios are calculated
to be 2.4%, 1.3% and 2.2% for Iwaki-E, Kawamata and Taiki,
respectively. Damping is applied such that it is nearly constant
for the frequency range between the fundamental frequency
and 5 times the fundamental frequency of the soil as per
recommendations in Kwok et al. [47]].

Choice of Numerical Parameters

Element size for the soil column numerical model shown
in Figure|[T]is computed using Eq. [T]as per recommendations
by Kuhlemeyer and Lysmer [48]].
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This is equivalent to discretizing the harmonic wave at
one-tenth of the shortest period seismic wave that can be
transmitted accurately in the model [31]]. The shortest wave
period considered is 0.02 sec, corresponding to maximum
considered frequency of 50 Hz.

Analysis is carried out using a time-step of 0.01s, which
is same as the time-step of the input motion. Dynamic
response is computed using Hilber-Hughes-Taylor (HHT) - «
integration scheme (@ = -0.3, 8 = 0.4225 and y = 0.8) [49].

Obtaining rock outcrop motion from recorded base
motion (within motion) in downhole array

To prevent reflection of waves back into the soil domain
in the models, compliant base boundary condition, which
absorbs downward traveling waves, is used. Soil column
models with compliant base require outcrop motion as input
at the compliant base. Although outcrop motion is typically
not available from a downhole array, it can be obtained by
iterative site response analyses using compliant base boundary
condition such that the recorded base motion (also known
as "within motion") is reproduced [31,|50]. This approach
is adopted herein to compare spectral accelerations at the
top-of-soil level of downhole array sites from KiK-net in
Japan.

To obtain the rock outcrop motion that produces the
recorded motion (with some degree of tolerance) at the base
of the numerical model, the following iterative process is used.
The recorded base motion is taken as the first approximation
of the equivalent rock outcrop motion. For analysis, the
acceleration (integrated to obtain velocity) is converted into
traction or load time series. After each analysis, the output
acceleration at the base is compared with the recorded base
motion. Half of the difference in acceleration between the
output (simulation) and recorded (actual) motions is added to
the next approximation of rock outcrop motion. This process
is repeated until a certain threshold of tolerance is achieved.

To keep track of convergence, the following index is defined:

max|a 1) —a; ion(t
Indexa — | recorded( ) lteranon( ) | (12)
max | arecorded(t) |

where, d,ecoraeq(t) 1s the recorded base acceleration time
series and djrerqrion(f) 1s the computed base acceleration time
series at any iteration. The threshold for this index is set to
15%. Although a stricter limit can be set, that would require
additional iterations without any significant impact on this
validation.

This iterative procedure is followed for shear wave
propagation (horizontal direction). For longitudinal wave
propagation (vertical direction), iterations are done in the same
way but also ensuring that the measured peak acceleration at
the ground surface is not exceeded in the computed result.
This is required to make a reasonable comparison between the
recorded and computed acceleration response spectra under
uncertainties in material properties and other factors such
as topography effects and non-vertical propagation of waves
which are beyond the scope of the adopted numerical model.

These outcrop motions are applied at the base of the soil
column as shear and normal traction inputs. The 3-component
traction time series, i.e. along two horizontal (X- and Y-) and
one vertical (Z-) direction, are computed as:

(@0 = PO, (13)
and o) = PV (14)
respectively, where, p”", V7", vl;j are, respectively, density,

shear wave speed, p-wave velocity of underlying bedrock,
v;” () is velocity time series of upward traveling shear
wave and v, () is velocity time series of upward traveling
longitudinal wave. For brevity, shear traction along Y-direction
is not shown. Realizing that the upward propagating motion is
one-half of outcrop motion (V*/(¢) = 0.5 v(¢)) and a factor of 2
is required to account for absorption of energy at the compliant
base, the input traction used for the numerical model is:

Topux(® = "V vx(t) (15)
Tinpur®) = "V vz (D) (16)

Opposite vertical faces of the soil domain are constrained to
move identically at each elevation due to the periodic boundary
conditions.

Validation of modeling approach

For validation of the modeling approach adopted in this
study, computed and measured responses are compared using
5% damped acceleration response spectrum. To quantify the
measure of discrepancy between computed and measured
spectral acceleration, the following metrics are defined:

N

Emersee = — 17
average N max(Sm) ( )

max|S. — Sl
Epix = ——— 18
max (S ) (1%)




Table II: Measure of discrepancy between computed and measured spectral acceleration

Site Earthquake Egyerqge at base (%)  Egyerage at surface (%) E,... at base (%) E,... at surface (%)
name date E-W N-S U-D EW N-S UD EW NS UD E-W N-S U-D
Iwaki-E 3/11/2011 1.4 08 26 54  10.7 9.7 53 45 195 250 384 387
(FKSH14) 9/20/2013 02 02 34 8.1 33 8.6 1.8 19 186 424 142 619
11/22/2016 2.4 1.8 22 53 109 6.1 13.5 13.7 207 31.0 56.6 41.7

Kawamata  3/11/2011 1.1 1.3 1.7 6.6 5.3 8.3 6.6 122 158 675 43.0 64.7
(FKSH17) 11/22/2016 3.3 1.2 25 7.7 4.0 2.9 188 174 228 51.6 31.8 293
Taiki 8/25/2012 0.4 1.9 1.0 98 144 12.0 20 148 92 506 782 87.6
(TKCHO08) 1/14/2016 0.5 0.6 14 115 85 6.6 33 64 108 564 541 66.6

E-W = East-West, N-S = North-South, U-D = Up-Down
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Figure 7: Comparison of 5% damped spectral acceleration for site Kawamata (FKSH17) during earthquake dated 11/22/2016

where, S, and S, are respectively computed and measured
spectral acceleration at different frequencies f, i is a counter
and N is the total number of discrete data points in the
spectrum. The Egy.rq0 metric gives an average difference
between computed and measured spectral acceleration over the
frequency range 0.1 to 100 Hz whereas the E,,,, metric gives
the absolute maximum difference between them, normalized
by the maximum measured spectral acceleration.

The discrepancies in spectral acceleration at base and
at surface of the sites for the considered seismic events are
tabulated in Table [l The average discrepancy at base is
within 5% for all cases. At surface, there is varying degree
of match between measured and computed response with the
average measure of discrepancy ranging from 3% to 14%. Two

spectral acceleration plots are presented - one representing
a relatively good match at the surface level and the other
representing a relatively poor match. For site Kawamata
(FKSH17) subjected to earthquake dated 11/22/2016, the
average measure of discrepancy at surface is relatively low
- 7.7% for East-West, 4.0% for North-South and 2.9% in
the Up-Down direction. This particular case is shown as a
relatively good match in Figure[7] A relatively poor match is
shown in Figure |8 which corresponds to site Taiki (TKCHOS8)
subjected to earthquake dated 8/25/2012. Each figure consists
of six plots comparing the spectral accelerations in East-West,
North-South and Up-Down directions for the borehole base
and ground surface.

It is important to note that the analysis accurately
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Figure 8: Comparison of 5% damped spectral acceleration for site Taiki (TKCHOS8) during earthquake dated 8/25/2012

captures most of the frequencies excited by the input motion.
Discrepancy mainly arises from over or under amplification
at the excited frequencies. There are two major reasons
for these discrepancies. First, the modeling approach using
a soil column for wave propagation is unable to capture
complex phenomena such as variable soil layering, material
anisotropy, inclined wave propagation and surface wave
formation, pore-water pressure generation and 2D / 3D site
effects. Secondly, there is uncertainty and limited information
available on in-situ material properties. Several studies have
been done to overcome these limitations. For instance,
the interested reader is directed to work by Makra et al.
[51]], Graves [52]] for 2D and 3D site effects, Ishihara et
al. [53]], Matasovic and Vucetic [54] for pore water pressure
generation and Wolf and Obernhuber [55[], Ashford and Sitar
[56] for inclined wave propagation. Researchers have also
developed inversion techniques (e.g. Hashash and Song [57],
Assimaki and Steidl [58]], Zeghal and Elgamal [59]) to estimate
in-situ material properties from ground motion recordings in
downhole arrays.

PARAMETRIC STUDY FOR SITE AMPLIFICATION

Having validated the modeling approach with
measurements from downhole array records, we study
the effect of different soil properties and input motions on site
amplification at select nuclear power plant sites in this section.
Variation in soil properties and soil profiles is simulated
by considering different sites whereas differences in input

motions are categorized as near-field or far-field. These
parametric choices are described in detail in the following
subsections.

Soil profiles

There are more than 90 operating commercial nuclear
power reactor units in the United States. Their locations are
presented in Figure[9] 10 soil profiles from these operating
power plants are selected for the current study. Effect of
variations in soil type, soil layering and depth to bedrock are
investigated. The sites are selected based on availability of data
on soil properties and site-specific acceleration hazard spectra.
The selected sites cover a wide range of natural fundamental

frequency (f, = %) between 0.5 Hz and 30 Hz. The total soil
depth at the selected sites ranges from 18 m to 670 m. Shear
wave velocity profile of the sites are presented in Figure [I0}
In the figure, soil depth is curtailed for better visualization of
profile. Three sites (indicated by dashed line in Figure
have soil extending deeper than 75 m.

Table [[T] summarizes the average shear wave velocity,
total soil depth and the fundamental period of the site (T, =
%). The average shear wave velocity of the sites is computed

as: '
w = (5
2 vy
where, v{'"® is the average shear wave velocity at a site, H is
total soil depth, v is shear wave velocity and 4; is thickness of

19)



Figure 9: Map of USA showing operating nuclear power plants

(https://www.nrc.gov/reactors/operating/map-power-reactors.html)

i soil layer. The shear wave velocity of bedrock is reported
[60H69]] to be in the range of 2800 - 2830 m/s and Poisson’s
ratio in the range of 0.19 - 0.25. Shear wave velocity of 2830
m/s and Poisson’s ratio of 0.25 are adopted for bedrock for all
sites.

Table III: Summary of soil profiles for parametric study

Station Avgvy Depth T,

SN name State 9 m) ()
1 Oconee SC 2520 20 0.03
2 Byron IL 1044 37 0.14
3 Pilgrim MA 1042 43 0.17
4 Virgil C. Summer SC 370 18 0.20
5 Monticello MN 479 34 0.28
6 Point Beach WI 292 25 0.35
7  Palisades Nuclear MI 348 45 0.52
8 H.B.Robinson SC 849 140  0.66
9 Callaway MO 2182 670 1.23
10 Brunswick NC 932 452 1.94

Avg vy = Average shear wave velocity, Ty = Fundamental period of site

Input motion

Ground motions recorded at rock outcrop are categorized
into near-field (Category NF) and far-field (Category FF)
motions based on proximity to fault. Each category consists of
four sets of 3-component input motions. The ground motion
data are obtained from the Center for Engineering Strong
Motion Data (CESMD), established by the US Geological

Survey (USGS) and the California Geological Survey (CGS).

Near-field ground motions are selected such that they contain
low frequency acceleration pulse which result in high velocity
pulse as identified by Makris and Black [26]. Far-field
ground motions are selected such that the magnitude of
earthquake is at least 5.0 and epicentral distance is above
an assumed reference value of 35 km, also ensuring that
pulse-like characteristics do not exist. These reference ground
motions are listed in Tables [V]and[V]
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Point Beach Nuclear Plant, Wisconsin

Byron Station, lllinois

Pilgrim Nuclear Power Station, Massachusetts
Virgil C. Summer Nuclear Station, South Carolina
Monticello Nuclear Generating Plant, Minnesota
Oconee Nuclear Station - Unit 2, South Carolina
Palisades Nuclear Plant, Michigan

= = = Brunswick Steam Electric Plant, North Carolina

— — — H.B.Robinson Steam Electric Plant, South Carolina
= = = Callaway Energy Center, Missouri

Figure 10: Shear wave velocity profiles from ten of the nuclear
power plant sites in the US

Table IV: Summary of reference near-field seed motions

SN Earthquake Date of d PGA PGV
(Station) earthquake Y (km) (g) (cm/s)
Searles Valley
1 (China Lake) 5July 2019 54 6.5 0.16 7.1
Granada Hills
2 (Sylmar - 17Jan 1994 3.6 89 0.01 0.2

Pacoima Dam)

Bolinas (San
3 Rafael - Marin
Hospital)

17 Aug 1999 5.0 14 0.12 3.1

San Juan
4 Bautista
(Gilroy 1)

12 Aug 1998 5.1 26.1 0.18 11.8

M,, = Moment magnitude, d = Epicentral distance



Table V: Summary of reference far-field seed motions

SN Earthquake Date of d PGA PGV
(Station) earthquake Y (km) (g) (cm/s)
Northridge

1 (Vasquez Rocks 17 Jan 1994 6.4 37.0 0.16 18.2

Park)
Loma Prieta
(South San 17 1 1989 7.0 839 0.1 82
Francisco -
Sierra Pt)
Searles Valley
(Cattani Ranch) 05Jul 2019 5.0 922 0.04 2.1
LomaPrieta 15 1989 70 104.1 007 136

(Point Bonita)

M,, = Moment magnitude, d = Epicentral distance

The selected reference ground motions are spectrally
matched to the acceleration hazard spectra of the nuclear
power plant [[60H69] sites using SeismoMatch [70].
SeismoMatch is an application that uses wavelets algorithm
proposed by Al Atik and Abrahamson [71] to adjust
earthquake accelerograms so that they match a target response
spectrum. The objective of spectral matching is to create
uniformity in the ground motions over a wide range of
frequencies thus allowing direct comparison of results for
a particular site. Figure [IT] presents horizontal acceleration
hazard spectra of selected sites. These spectra are assumed to
be defined for rock outcrop.
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Figure 11: Acceleration hazard spectra for selected nuclear
power plant site. Annual probability of exceedance is stated
to be between 10~* and 107,
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Vertical acceleration hazard spectrum is considered to
be same as horizontal spectrum except at and below 3 Hz
frequency where it is scaled down by a factor of two-thirds.
This is based on vertical seismic design spectra for nuclear
power plants [72]. Spectral matching is performed over the
period range 0.025s to 10s (0.1 - 40 Hz) with a maximum
misfit tolerance of 30%. Typical reference (seed) near-field
and far-field rock outcrop motions and their spectrally matched
counterparts are shown in Figure[I2] Figure[I3] presents 5%
damped response spectra from different spectrally matched
ground motions for Palisades nuclear plant site. The dashed

line in Figure [[3]represents the target spectrum.
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Figure 12: Rock outcrop motions: a) San Juan (E-W
component), b) Northridge (E-W component) spectrally

matched to acceleration hazard spectrum of Palisades site
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Figure 13: Spectrally matched ground motions for Palisades
site

In similar manner, spectrally matched ground motions
are generated for other sites and site response analysis
is conducted in MASTODON using nonlinear soil model
with compliant (non-reflecting) base boundary condition as
described in the validation section of this paper. A typical soil
model is shown in Figure[T4]

45m

Layer 1

375m

Layer2
305m

Layer3

omSC

Figure 14: Soil model for Palisades site (not to scale)

The soil model has unit dimension in lateral directions
and is discretized in vertical direction as per Eq. [T1] The
different colors in the Figure[I4]represent soil layers. Opposite
vertical faces of the model are constrained to move together in
all directions. The only difference from the previous section,
in which soil model validation is presented, is the choice of
dynamic integration scheme. The reason behind this change
is to enforce same analysis time-step despite differences in
sampling frequency in the selected input motions. Here,
Newmark’s beta method is adopted with a time-step of 0.0005s.
The time-step is chosen conservatively to avoid numerical



noise in the frequency of interest (0.1 to 100 Hz).

Comparison with Deepsoil

For comparison, site response analyses for a typical
site (Palisades) are conducted using Deepsoil [38]], a
one-dimensional site response analysis program. The mean
site amplification and mean peak strain profile obtained using
Deepsoil are plotted in respective figures that contain result
from MASTODON. Result from Deepsoil is only available
for horizontal direction (East-West and North-South) since
the program is limited to shear wave propagation. For
analysis in Deepsoil, the soil properties, including stress-strain
relationship and damping as well as the boundary conditions
in the model are kept consistent with analysis in MASTODON.
Differences exist in the numerical procedure adopted in the
two analysis tools, for example, Deepsoil uses lumped mass
system whereas MASTODON uses consistent mass system.
Another difference is that MASTODON can simulate coupling
between multi-direction input motions. Apart from these,
the models in Deepsoil and MASTODON differ in numerical
discretization in space and time. In Deepsoil, the soil model for
Palisades site is discretized into 28 lumped masses and the time
domain analysis is conducted with Newmark-S integration
using a flexible time-step. Time increment in the analysis
follows time-step of the input motion but it is subdivided
if computed strains in the soil exceed 0.005% in a single
time-step. Despite these minor differences, Deepsoil provides
a frame of reference for the results from MASTODON being
presented here.

Results from site response analyses

Site amplification is defined in terms of spectral
acceleration (5% damped) as:

S A.rur face (f )

Amp(f) = S Arockouterop(f)

(20)

WhCI'C, SAsurface(f) and SAmtkoutcrop(f) are 5% damped
spectral acceleration at the ground surface and rock outcrop,
respectively.  Site amplification plots for a typical site
(Palisades) is presented in Figures [T5] and [T6] for spectrally
matched input motions obtained from reference near-field
and far-field outcrop motions, respectively. In those figures,
the gray plots indicate results from individual input motion
using analysis in MASTODON and mean site amplification
using MASTODON is shown for both horizontal and vertical
directions. The mean site amplification from analysis in
Deepsoil is also included for the horizontal direction. A
distinct peak is observed in all the amplification plots except
for Oconee nuclear plant site. That site is composed of
20 m deep granite which has stiffness about 80% that of
underlying bedrock. As a result, it does not amplify the rock
outcrop motion. Table [VI|presents a summary of maximum
amplification and the frequency at which it occurs for different
sites considered.
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Figure 16: Site amplification for Palisades site using far-field
ground motions

Table VI: Statistics related to site amplification (horizontal)

Mean site amplification

Station Site Input Freq. at Max.
SN freq. .

name (Hz) type amp max. amp. COV

(Hz) (%)

i NF - - -

1 Oconee 33.3 FF ) i i
NF 2.0 6.5 19.6
2 Byrom 71 g 3 6.9 15.8
o NF 2.6 7.8 27.4

3. Pilgim 59 g 5, 6.9 15.5
4 Virgil C. 50 NF 23 3.2 14.2
Summer : FF 29 3.7 11.3
. NF 3.7 4.8 15.7
5 Monticello 3.6 FF 43 43 152
. NF 2.7 2.7 18.2

6  Pointbeach 2.9 FF 35 26 8.3
. NF 2.8 1.8 17.7
7 Palisades 1.9 FE 34 1.9 115
3 H. B. 15 NF 2.7 1.6 26.7
Robinson ’ FF 32 1.8 11.1
NF 2.8 3.9 15.5

9 Callaway 08 o 54 45 12.1
. NF 23 0.4 12.9

10  Brunswick 0.5 FF 23 04 94

NF = Near-field, FF = Far-field, COV = Coeflicient of variation
I Results not reported because some reference motions had a maximum misfit
tolerance as high as 65% while spectral matching.
i Three single-component reference motions spectrally matched at 40% misfit
tolerance instead of 30%.



These values are calculated from mean site amplification
function defined as:

N
& Amp;(f)

—_— ey

ﬂAmp(f) N

A coefficient of variation, calculated as per Eq. 23]is
defined to quantify variation in results using individual input
motions. Maximum values from Egs. 21]and 23] are tabulated
in Table

N 2
;1 [Ampl(f) - ,uAmp(f)]
N

O-Amp(f) (22)

O-Amp(f)

/JAmp(f)

The maximum site amplification due to spectrally
matched far-field ground motion is consistently greater than
that due to near-field by around 15%. But, this difference is
not significant compared to the scatter in amplification due to
individual ground motions (COV between 10 to 25%). Figure
[[7]presents comparison of mean site amplification over a range
of frequencies for Palisades site. There is no evidence of
remarkable difference in site amplification resulting from two
sets of ground motions (spectrally matched near-field and
far-field) in either horizontal or vertical direction.
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Figure 17: Mean site amplification for Palisades site

Figure[18|compares site frequency (f,) to the frequency
at which maximum amplification occurs (fpeat). The two
frequencies are within around 20% of each other except for
Callaway site for which the site frequency is 0.8 Hz whereas
the frequency corresponding to maximum amplification is
about 4 Hz.
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Figure 18: Comparison between frequency at maximum
amplification and site frequency

Callaway site is 670 m deep and has a sharp change in
shear wave velocity at a depth of around 45 m. The upper
three layers of soil have shear wave velocity ranging from
300 to 1000 m/s whereas the bottom two layers are dolomite
rocks with shear wave velocity greater than 2250 m/s. The
large difference in soil stiffness might have excited a mode
of vibration wherein the upper relatively softer soil is most
dominant. To support this assumption, the shear wave velocity
averaged over the top 30 m of soil is calculated. This measure
referred to as v,3q is defined in NEHRP Provisions [73]] and
adopted in International Building Code [74] and ASCE 7-16
[75] to classify sites according to type of soil for earthquake
engineering design. For Callaway site, v,30 is equal to 612
m/s and the fundamental site frequency for the upper 30
m soil is 5 Hz (f, = 7%;). The frequency corresponding
to maximum amplification is around 4 Hz. The difference
that still remains can be attributed to decrease in resonant
frequencies of amplification due to softening (reduction of
shear modulus and hence shear wave velocity) of soil. A
measure of the extent of softening is peak strain profile
illustrating the maximum strain induced at different elevations.
Figure [T9]shows the peak strain profile for Palisades site. For
East-West and North-South directions in Figure results
from analysis in Deepsoil are also presented. The strain profile
is obtained by taking arithmetic mean of the peak strains (not
necessarily occuring at same time instant) developed using
individual spectrally matched near-field and far-field input
motions.
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Figure 19: Strain profile for Palisades site: a) East-West, b)
North-South, ¢) Up-Down component

The discontinuities in the plot correspond to different soil
layers in the site. In the horizontal direction (EW and NS),
the peak strain induced is about 20% greater for near-field
than for far-field input. The difference is negligible in vertical
direction. The peak shear strain induced within the soil is
tabulated in Table along with v and rock outcrop PGA
for all sites. The peak strain induced in most of the sites is
about 20% greater while using spectrally matched near-field
input compared to far-field. Greater levels of shear strain
would generate greater hysteretic damping which supports the
observed difference in site amplification. Using the maximum
of mean site amplification from Table|VI|land peak strain from
Table Figure 20| is plotted. The plot is for horizontal
direction shaking. Maximum site amplification is between
2 and 4.5 and the peak induced strain is mostly below 0.2%.



Only Robinson site develops strain beyond 0.5%. It is due to
a combination of higher intensity input motion and lower v,3.
The outcrop PGA of 0.47g corresponds to Modified Mercalli
Intensity scale of VIII and v3p of 392 m/s corresponds to
NEHRP site class in the boundary of C (soft rock) and D (stiff

soil).

Table VII: Summary of peak induced shear strain in different

sites
SN Station Outcrop  vg30 Peak strain (%)
name PGA(g) (m/s) NF FF

1 Oconee 0.40 2520 - -

2 Byron 0.27 975 0.011  0.008
3 Pilgrim 0.51 875 0.052  0.039
4  Virgil C. Summer  0.37 370 0.075 0.065
5 Monticello 0.15 460 0.028 0.022
6 Point Beach 0.14 292 0.040 0.037
7  Palisades Nuclear 0.28 305 0.160 0.110
8 H.B.Robinson 0.47 392 0.690 0.430
9 Callaway 0.50 612 0.190 0.150
10 Brunswick 0.19 836 0.029 0.029

PGA = Peak ground acceleration, vg3o = Average shear wave velocity in the

upper 30m of soil, NF = Near-field, FF = Far-field
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Figure 20: Comparison between maximum induced strain and
maximum site amplification

An exception to the difference in peak induced strain
caused by spectrally matched near-field and far-field input
motions is Brunswick site. The peak shear strain induced
(0.03%) and maximum site amplification (2.3) in the
horizontal direction are identical for spectrally matched
near-field and far-field input motions as shown in Tables
and [VIIl

SUMMARY AND CONCLUSIONS

This paper presents a comprehensive modeling approach
to perform nonlinear site response analyses using the
open-source finite element code, MASTODON, in terms
of all aspects involved in the numerical implementation
(e.g., meshing, nonlinear soil modeling properties, iteratively
obtained outcrop input motions using the downhole array data,
and employed time-integration properties). Model validation
is first performed using three representative sites available in

the KiK-net database for which the computed three-component
acceleration response spectra are compared to measured data.
Upon validation, the same modeling approach is used to
evaluate the effects of soil properties and input motions on site
amplification at selected US nuclear power plant sites using
spectrally-matched near-field and far-field ground motions.
The results of this study lead to the following observations and
conclusions.

e Site amplification function of a shallow rock site is
relatively flat without any distinct peak compared to soil
conditions at other sites considered in this study.

o For the sites and reference motions considered in this
study, it is found that site amplification functions retain
their general shape for a particular site regardless the
nature of the seed ground motion (i.e. with or without
near-field pulse) used to obtain input motion via spectral
matching (i.e. modifying the frequency content of the
seed motions to match the site-specific acceleration
hazard spectra). This is in agreement with observations
in a previous study by Rathje et al. [19]].

e The frequency corresponding to maximum amplification
is generally lower than or equal to the fundamental site
frequency, ;5. The difference can be attributed to the
decrease in resonant frequency of site due to the softening
of soil during a seismic event. This applies to both
horizontal and vertical directions.

e When there is large contrast in the stiffness between soil
layers at any depth, the dominant mode of vibration is
governed by the dynamics of a shallower and relatively
flexible portion of the site.

o The peak shear strain induced in soil is around 20% larger
for spectrally matched near-field motions compared to
far-field.

e Within the scope of this study, the difference in site
amplification due to spectrally matched near-field and
far-field ground motions over a wide range of soil profiles
ranging from shallow (< 30 m) rock sites to deep (>
600 m) soil sites is within 15%. For ground shaking
in horizontal direction, the maximum site amplification
(average effect of individual input motions) is consistently
larger when far-field seed motions are used compared to
near-field seed motions. This difference is not significant
with respect to the scatter resulting from individual input
motions. But, it can be important for large scale design
projects, especially involving safety critical structures.
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