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Abstract

The risk of failure of non-structural components and secondary systems (NSCs) during a seismic
event is greater in ultra-critical infrastructure, such as nuclear power plants (NPPs). Peak Floor
Acceleration (PFA) serves as a key parameter for assessing the seismic demand on NSCs, as these
components typically have vibration periods below 0.1 s. Current seismic design standards do not
explicitly incorporate soil-structure interaction (SSI) effects in PFA prediction approaches, which
may be important for deeply embedded to-the-ground structures like NPPs. To this end, this study
quantifies the potential influence of SSI effects in PFA predictions by considering comprehensive
acceleration time series from 13 different basement and 22 superstructure locations at 5 different
NPP units of the Fukushima plants recorded during the 2011 Tohoku Earthquake event. A random
vibration theory (RVT) based estimator is adopted to predict PFA from floor acceleration Fourier
amplitude spectra (FASs), determined by filtering FASs from nearby recorded free-field ground
motions through transfer functions accounting for SSI effects and the structure. Numerical data-
derived SSI and structure transfer functions as well as analytical SSI transfer functions
incorporating, for the first in the literature, judicially defined parameters allowing for data-
informed calibration are used for PFA estimation. These estimates are compared to the recorded
PFAs, demonstrating that kinematic SSI effects are quite important for accurate PFA prediction
for the considered NPPs with more than 12m of ground embedment, while the proposed data-
driven refinement to standard analytic SSI transfer function models leads to smaller than 1%
average prediction error. It is concluded that current simplified PFA prediction equations of
seismic design guidelines need to be extended to account for SSI effects in PFA prediction and that
such extensions may be achieved by leveraging recorded data from past seismic events.
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1 INTRODUCTION

Critical civil engineering structures are complex systems integrating primary load-bearing
structural and geotechnical components with various architectural, mechanical, or electrical
nonstructural secondary components and systems (NSCs) [1]. These NSCs may experience
significant damage during major seismic events. This damage often results in greater seismic losses
and consequences compared to those due to damage in the primary load-bearing components [2],
particularly in structures containing hazardous materials [3] such as nuclear power plants (NPPs).
The maximum forces acting on the NSCs (e.g. electrical cabinets, piping and its support) can be
estimated as the product of their mass and anticipated peak accelerations at their center of mass
[4]. For stiff NSCs with vibration periods lower than 0.1s, such as those found in NPPs [2, 5, 6],
peak floor accelerations (PFAs) is a dependable surrogate of peak acceleration imposed on NSCs
[7, 8]. In this regard, accurate prediction of PFAs is important to manage seismic risks in NPPs.

Past studies have proposed various solutions to predict PFAs with differing levels of complexity
[9, 10]. In principle, approaches with increased complexity often lead to reduced uncertainty,
mostly attributed to uncertainties in high-frequency ground motion predictions due to the natural
record-to-record variability, as highlighted by Ghahari et al. [9] who examined PFA predictions in
tall buildings in Downtown Los Angeles, California. Their study emphasized the importance of
regional factors, such as source characteristics, propagation path, and site effects, as these factors
significantly affect PFA predictions. Similarly, the Nuclear Regulatory Commission acknowledges
the significance of high-frequency ground excitation in PFA predictions [11]. Moreover, soil-
structure interaction (SSI) effects [12] may also influence PFA predictions in NPPs, which are
commonly deeply embedded in the ground. However, the current seismic codes of practice,
including ASCE 7-22, NEHRP 2020, FEMA P-58 2018, and Eurocode 8-2004, do not account for
SSI effects in the PFA prediction approaches they offer to practitioners. Thus, there is scope to
probe into the influence of SSI effects on PFA predictions in typical NPP structures under region-
specific high-frequency ground motion excitation.

To this aim, this study examines the prediction of PFA in Fukushima No. 1 and 2 NPPs during
the catastrophic 2011 Tohoku earthquake conditioned on the recorded free-field ground motions.
This is pursued by leveraging a comprehensive dataset of recorded acceleration time series at 13
basement/foundation locations and at 22 superstructure/floor locations. Analytical and empirical
data-extracted (observed) SSI transfer functions are developed using structural geometries and
observed signals, respectively, to incorporate SSI effects into the prediction. PFA predictions using
a random vibrations based formulation are compared to the observed PFAs with a view of
evaluating the importance of accurately modelling SSI for predicting PFAs for large, deeply
embedded structures.

2 CASE STUDY STRUCTURES AND RECORDED EARTHQUAKE DATA

The pursued numerical evaluation of SSI effects on PFA predictions in typical NPPs considers
free-field acceleration ground motions together with base slab (foundation level) and superstructure
response acceleration time-histories recorded at the Fukushima No.l and No.2 NPPs during the
great 2011 Tohoku earthquake (Japan) [13]. The ground embedment depth of the Fukushima No.1
units is 13m with structures reaching elevations of 65.5m. Figure 1 shows a typical cross-section
of one of the two units (unit 6) of Fukushima No.1. Fukushima No.2 comprises four adjacent units
with 12m embedment depth and structures of up to 66.5m of height.
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Figure 1: Sectional view of Fukushima No. 1 NPP, Unit 6
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Figure 2: Typical recorded time series for Fukushima No. 1 NPP in Figure 1 E-W direction (a) free field ground
motion record (+12.2m elevation), (b) Fourier amplitude spectra of free field records (E-W and N-S directions), (c)
foundation level acceleration record at location P3 (+1.0m elevation), (d) structure level acceleration record at
location P1 (+65.5m elevation).

Acceleration data from two perpendicular horizontal components recorded at 37 different
locations are considered in this study (i.e. a total of 74 time-histories), pertaining to unit 6 of
Fukushima No.1, shown in Fig.1, and to all four units of Fukushima No.2 (i.e. 5 NPP units in total).
Specifically, free-field ground motions from two different sites are considered, one located at 308m
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from unit 6 of Fukushima No.l and one located at 252m from Fukushima No.2 units. Further,
recordings from 13 different locations at the base slab (foundation level) and 22 in-structure
locations at different elevations across the 5 units are taken. For illustration, Figure 1 shows the
sectional view of Unit 6 Fukushima NPP with red dots denoting the recording locations.

The sampling frequency of all time series is 100 Hz with anti-alias filtering at 30 Hz. Band-pass
Butterworth filters were applied to all recordings according to the approach described in [14]. The
median corner frequency for the applied high-pass filter was about 0.03 Hz based on signal-to-
noise ratio, with the minimum and maximum values ranging from 0.004 to 1.4 Hz. Combining the
sensor responses with the applied filters makes the recorded signals generally usable in the
frequency range of 0.03 Hz to 24 Hz. Figure 2 plots typical time series from the considered dataset.

3 DATA-DRIVEN RANDOM VIBRATION-BASED PFA PREDICTION

The use of random vibration theory (RVT) for estimating the expected absolute peak time-
domain values from Fourier amplitude spectra (FAS) of non-stationary time series is common in
earthquake engineering and has been proved reasonably accurate in a number of applications (e.g.
[10, 15-17]). For the purposes of this work, RVT is the approach of choice as it enables to explicitly
account for SSI effects in estimating the PFA at each of the 22 Fukushima NPP structure recording
locations through a straightforward frequency-domain treatment of the problem. Specifically, the
RVT-based estimator of PFA is given as

1 Wmax . 2
PFA, = np\/n—Dfo Y ()| dw (1)
where |Y(w)| is the FAS of the seismic response acceleration time series at the in-structure location
(floor) of interest, D is an effective duration of this time series, wmax s a cut-off frequency above
which the FAS is not usable (e.g. due to data reliability or due to insignificant FAS values), and 7,,
is the so-called peak factor of RVT. In the herein discussed setting, the latter is rigorously defined
as the factor by which the standard deviation of the acceleration time series, modelled as a quasi-
stationary random process, must be multiplied to predict the threshold below which the PFA will
remain with probability p, throughout the duration D (e.g. [18]).

Herein, p is taken equal to 0.5 to achieve a median value estimator in Eq.(1) [19], and the peak
factor formulation due to Der Kiureghian [20] is adopted to compute 7,,—¢ 5 as implemented in the
pyRVT open software [21]. Further, following [17], the duration D is adjusted as a means to
compensate for the non-stationary nature of the floor acceleration time series, which violates the
quasi-stationary assumption invoked by Eq.(1), through the expression

PFA25t>2

2
PFA,ps @

D =D~ (
where D* is a seed duration value, PFAgg; is the PFA estimated from Eq.(1) by using D*, and
PFAups 1s the PFA derived from the recorded floor acceleration time series (observed) presented in
the previous section. Lastly, the acceleration FAS in Eq.(1) is derived separately for the two
horizontal directions (N-S and E-W) at each structure location by frequency-domain filtering of
the FAS of the corresponding free-field ground motions at the geotechnical downhole array,
| Ug (a))| (see e.g. Figure 2(b)), through one transfer function that accounts for the SSI effects,
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TFgs;(w), and a second transfer function that accounts for the structure, TFg, (w), using the
expression

¥ (@)| = | TFstr ()| TFssi (@) | Uy ()| 3)

The FAS | Ug (w)| is computed from the entire free field ground acceleration time series. The
structure transfer functions are derived for each one of the 22 structure locations along the N-S and
E-W directions using standard input-output linear system identification (e.g. [22]), whereas the
entire structure acceleration times series is used as output signal and the entire acceleration time
series from foundation location immediately below each structure locations is used as input signal.
For illustration, Figure 3 plots the TF,;, for P1 location in Figure 1 along N-S and E-W directions,
using recorded acceleration time series from P1 (output) and P3 (input) locations. As seen in Figure
3, the thus obtained (observed) transfer functions are quite jagged, therefore a log-frequency
rectangular window with a width of 0.05 in logio scale was used to extract smooth structure transfer
functions which are used in Egs.(1)-(3) for PFA predictions. Notably, the consideration of these
data-driven structure transfer functions facilitates the investigation of the influence of the SSI
transfer function in Eq.(3) which is the main focus of this work. To this aim, both theoretical
parametric models and data-driven transfer functions are used in place of TFsg; in Eq.(3) to draw
comparisons, as detailed in the following section.
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Figure 3: Structure transfer functions for Fukushima No 1 NPP between P3 foundation location and P1 structure
(roof) location (N-S and E-W directions).

4 SOIL-STRUCTURE-INTERACTION MODELLING

The importance of inertial SSI effects depends on the structure-to-soil stiffness ratio (e.g. [23]).
This ratio is lower than 0.1 for the case study Fukushima No. 1 and No. 2 NPPs; therefore, inertial
SSI effects are negligible compared to the kinematic SSI effects, based on the [12]. In this regard,
the TFss; component in Eq.(3) is herein modelled analytically to represent only kinematic SSI
effects, namely base slab averaging (BSA) and embedment (e.g. [24]) as

| TFssi(w)| = | TF () || TSP (w))] (4)

where
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In Eq.(5), B is half the foundation width along the excitation direction and V,, = Vi/sin{ is the
apparent seismic shear wave velocity propagation with Vs being the shear wave velocity and i the
angle of incidence of the seismic waves. The latter is estimated as i = 18° following [25] and using
the recorded signals. Further, in Eq.(6), e is the embedment depth. Moreover, o and f in Egs. (5)
and (6) are newly introduced coefficients which govern the corner frequency value above which
| TFsg;(w)| model in Eq.(4) reduces, and the constant value of | TFgg;(w)]| at high frequencies,
respectively. For a=f=1, Eqgs.(5) and (6) coincide with the SSI models for BSA and embedment
found in the literature (see [24] and references therein). In this respect, coefficients a and S are
herein used to modify the analytical | T Fsg;(w)| model in Eq.(4) to achieve a better matching with
the observed SSI transfer functions, | TFSEs (w)|. The latter functions are derived from the
Fukushima time series at 13 basement level locations (two per location along E-W and N-S
directions), using the same system identification approach and smoothing as in the case of the
observed structure transfer function discussed in the previous section.
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Figure 4: SSI Transfer functions for Fukushima No 1 NPP between P3 foundation location and free field ground
motion (N-S and E-W directions).

Representative analytical and observed SSI transfer functions are plotted in Figure 4 for the P3
basement location in Figure 1 (similar trends hold for the other 12 locations). It is seen that the
analytical unmodified | TFsg(w)| model in Eq.(4) with o=f=1 matches well the data-derived
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smoothed SSI transfer functions, extracted from the overly noisy observed transfer functions,
| TFS%S (w)|, within a band of 0.1 Hz to 2 Hz. For frequencies above 2 Hz, the level of matching
deteriorates which motivated the introduction of the a and f modification coefficients in the
analytical SSI transfer function. Indeed, the modified (analytical) transfer functions obtained by
varying o and £ based on the data-driven smoothed SSI transfer functions (corner period and high-
frequency transfer function ordinate) match closely the smoothed SSI transfer function within a
much wider frequency band. As a final remark of this section, it is noted that the observed transfer
functions (SSI and structure) above 10 Hz are not reliable as the coherence function (ratio of
input/output cross-spectrum squared over product of input and output auto-spectra) drops below
0.6 at frequencies above 10 Hz [22]. Therefore, PFA estimation based on Eq.(1) should be made
using frequencies up to 10 Hz (or ®mmax= 62.8 rad/s) as indicated by the black broken line in Figures
3 and 4.

S COMPARISONS OF PREDICTED PFAS VERSUS RECORDED PFAS

This section compares PFAs predicted from Eq.(1) using 5 different set of assumptions (M1-
M5) versus PFAs extracted (observed) directly from the structure acceleration records for all 22
locations with two directions each (i.e. 44 data points in total). The comparisons are shown in
Figure 5 and are used first to validate the accuracy of the RVT-based PFA prediction methodology
of section 3 and second to quantify the influence and relative importance of SSI effects in PFA
prediction for NPPs. Specifically, M1 predictions in Figure 5(a) are made using smoothed data-
driven structure and SSI transfer functions including frequencies above 10 Hz in conjunction with
duration D from the structure-level recorded time series. The prediction errors are less than 1% for
all locations and directions, validating the accuracy and applicability of the RVT-based estimator
in Eq.(1) for PFAs. Next, M2 PFA predictions in Figure 5(a) use the same data-derived transfer
functions as M1 predictions but with duration D in Eq.(2) calculated from free-field ground motion
time series using Eq.(1) estimator with | Ug (w)| FAS to predict peak ground acceleration (PGA).
On average, M2 exhibits an average overprediction of PFAs by 3.4%, indicating that duration is
important for accurate RVT-based PFA predictions, as heavily discussed in the literature (see e.g.
[26] and references therein). Importantly, the deterioration of M2 prediction vis-a-vis M1 indicate
that duration in Eq.(1) should be based on structural response acceleration time series instead of
ground motion time series. Still, recognizing that in-structure recordings are very rarely available
(making the denominator in Eq.(2) elusive), while PGA is the most common ground motion
property in seismic design, duration D based on the ground motion time series are adopted in all
subsequent PFA predictions.

To this effect, M3 predictions in Figure 5(b) use the same duration and data-derived transfer
functions as M2 prediction, but the latter are limited to 10 Hz. The level of accuracy of M2 and M3
predictions is fairly similar to M3, underpredicting PFAs by 2.6% on average, which suggests that
high-frequency content above 10 Hz with very low coherency is not important for PFA estimation.
Next, M4 predictions in Figure 5(c) are obtained the same way as M3 with only difference being
that the analytical unmodified SSI transfer function in Eq. (4) is used with = =1 instead of the
data-derived one. This change significantly deteriorates the quality of the predictions (average
overprediction reaches 27%), suggesting that, on the one hand, SSI effects are important for
accurate PFA prediction and, on the other hand, the standard analytical SSI models as the ones in
Egs.(5) and (6) are inadequate for capturing faithfully the SSI effects at least for the herein
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considered case study NPPs and recorded data. Finally, M5 predictions use the modified analytical
SSI transfer functions compared to M4 predictions with « and f coefficients calibrated against the
data-driven SSI transfer functions. Excellent agreement is noted between observed and M5
predictions, with the average error level being similar to the M1 predictions (less than 1%) and all
predicted PFA values lying within the £20% error range. These results demonstrate that the herein
proposed modified analytical SSI models can effectively replace the data-driven SSI transfer
functions and that the influence of the SSI effect on PFA prediction may be more significant than
the effective duration used in RVT-based estimation.
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Figure 5: Comparison of predicted PFAs using different assumptions (M1-M5) with observed PFAs from records at
22 structure locations of Fukushima Nol and No2 NPPs, along two horizontal directions per location.
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6 CONCLUSIONS

This study investigated the influence of SSI effects on the PFA in typical NPPs whose prediction
is critical for assessing the seismic demands and vulnerability of acceleration-sensitive NSCs. This
was achieved by considering comprehensive recorded acceleration data along two horizontal
perpendicular directions from 13 different basement and 22 superstructure locations of 5 different
NPP units of Fukushima plants during the 2011 Tohoku Earthquake event, as well as from nearby
free field ground motion records. A random vibration theory (RVT) based estimator was adopted,
relying on the concepts of the peak factor and effective duration, to predict PFA from floor
acceleration Fourier amplitude spectra (FASs) at the 22 considered in-structure locations. The latter
FASs were determined by filtering free-field ground motion FASs through transfer functions
accounting for SSI effects and the structure. Numerical data-derived SSI and structure transfer
functions as well as analytical parametrically defined SSI transfer functions incorporating for the
first in the literature judicially defined parameters allowing for data-informed calibration were used
for PFA estimation. These estimates were compared to PFAs directly observed from acceleration
recordings along two independent directions at the 22 in-structure locations (i.e. 44 data points in
total). Major conclusions from these comparisons are: (i) Kinematic SSI effects are more important
for accurate RVT-based PFA prediction than the assumed effective duration of the underlying
quasi-stationary random floor acceleration process and (ii) the proposed data-driven refinement to
the standard analytic SSI transfer function models is very effective in accurate PFA prediction
leading to smaller than 1% average error from 44 samples. Conclusion (i) calls for refinement of
current seismic design guidelines, which do not explicitly incorporate SSI effects in PFA prediction
approaches, especially for deeply embedded to-the-ground structures like NPPs, while conclusion
(i1) suggests that in the current era of data-centered/driven approaches such refinements should
leverage recorded data from past seismic events, which further highlight a need for more
widespread structural monitoring systems in high seismicity areas.
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