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ABSTRACT

Over the past twenty years, the Nuclear Power Engineering Corporation (NUPEC) of Japan has conducted a series of
field model test programs to investigate various aspects of soil-structure interaction (SSI) effects on nuclear power plant
structures, including embedment and dynamic structure-soil-structure interaction (SSSI) effects. As part of a collaborative
agreement between the US Nuclear Regulatory Commission (NRC) and NUPEC, Brookhaven National Laboratory (BNL)
performed a numerical analysis to predict the free field soil profile using industry standard methods and the recorded free
field responses to actual earthquake events. This paper describes the BNL free-field analyses, including the methods and the
analysis results and their comparison to recorded data in the free field. The free-field soil profiles determined from the BNL
analyses are being used for both the embedment and SSSI studies, the results of which will be made available upon their
completion.

INTRODUCTION

As part of the Seismic Proving Test program for nuclear power plant (NPP) structures, the Nuclear Power Engineering
Corporation (NUPEC) of Japan has conducted a series of field model test programs to ensure the adequacy of methodologies
employed for seismic analyses of NPP structures [1,2]. Large-scale realistic model structures for reactor and turbine buildings
were constructed at a site, which experiences frequent small to median earthquakes with maximum free field ground shaking
up to 174 gal. The NUPEC test program has collected a large amount of recorded data from these model structures and the
free field, which can be used to investigate various aspects of soil-structure interaction (SSI) effects, including embedment
and dynamic structure-soil-structure interaction (SSSI) effects. As part of collaborative efforts between the United States and
Japan on seismic issues, the US Nuclear Regulatory Commission (NRC) and Brookhaven National Laboratory (BNL) are
participating in this program to apply the industry practice to predict both the free field and structural responses to recorded
earthquake events, including the SSSI effect, and to mterpret the observed data. This paper provides a description of the BNL
free field analysis.

NUPEC provided recorded data from five earthquakes to BNL, including down-hole accelerometer measurements in the
free field and structural responses. The BNL free field analysis applied the Fourier ratio method with non-linear least square
fitting technique to correlate the recorded free-field earthquake motions, therefore back-calculating the soil properties. Similar
applications can be found in Lotung and Port Island experiments [3,4]. The strain dependent modulus degradation
relationships for the NUPEC site were determined by correlating the down-hole recordings to several published laboratory
tests [5,6,7,8], in conjunctlon with a 1-D convolution model for vertically propagated shear waves. In order to identify the
propagation mechanism of seismic waves associated with the recorded earthquakes, the Arias energy intensity [9,10] was
calculated for the recorded earthquakes as they traveled across the site.

This paper contains four sections. Section 2 describes the method used for the BNL free field analysis. Discussions on the
analysis results are provided in Section 3, including the back calculated soil properties that produce the soil column transfer
functions, which retrofit soil amplifications computed from recorded free field earthquake motions along a down-hole array:
Section 3 also discusses the selection of the modulus degradation relationships by correlating the down-hole recordings to the
published laboratory data. Finally, conclusions are drawn in Section 4.

ANALYSIS TECHNIQUES

In the context of the 1D site model to be used for the BNL free field analysis, the wave propagating mechanisms
associated with the recorded free-field motions need to be appropriately identified in order to screen out those records with
wave types that are inconsistent with the 1D site model. The remaining records are analyzed using the Fourier ratios with the
Levenburg-Marquadt non-linear least square fitting algorithm. In the following subsections, the technique used to analyze
recorded free-field motions is first described, followed by a description of the Fourier ratio method.

Arias Intensity for Energy Transmission of Seismic Waves through Soils

At the NUPEC test site, a series of seismometers were placed at different depths along two down-hole arrays in the free
field (referred to as the old and new free-field points) to record earthquake events that traveled through the site. An accurate
measurement of the energy content of these seismometers on a time scale would enable examination of the wave propagation
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of the seismic motion in the free field. This can be accomplished using the Arias intensity, which is represented by the
following function
t, 2
L()==% Lxg (r)dv I

2%
where Xg (7) represents an accelerogram recorded at a down-hole station and g is the gravitational acceleration.

To confirm an upward propagating motion, the Arias intensity computed for the down-hole seismometers located
between rock and ground surface in the free field should show an initial built-up of energy in the rock seismometer with
energy increasing as it propagates upward. Eventually the domination of energy should be established in the surface
seismometer. On the other hand, for seismic motions with strong surface wave characteristics, which are usually
associated with epicenter distances of more than 100m, the Arias intensity plots for the down-hole seismometers would
not show a clear upward energy movement. BNL applied this technique to the recorded earthquake motions at both the
old and new free-field points for selecting the motions that are consistent with the 1D site model.

Fourier Ratios with the Levenburg-Marquadt Non-Linear Least Square Fitting Algorithm

The Fourier ratio technique has been used extensively in studies for Treasure Island and Taiwan (Lotung and Hualein)
sites to back-calculate the in-situ soil properties [3]. It was also employed by investigators in Japan [4] to identify the site
soil properties at Port Island, Japan. The technique involves matching the theoretical transfer function to the actual
amplifications in terms of Fourier spectral ratios computed from down-hole accelerometer recordings, and back-
calculating the soil properties by iterations. It should noted that the procedure is used for determining the low strain soil
properties in this study, although it could also be applied to identify strain-dependent properties, in which case both the
shear wave velocity and hysteretic damping values associated with the soil column should be considered. A brief
description of the Fourier ratio technique and its computer implementation for use in the free field analysis is provided
below.

Assuming that the Iaboratory tests are used as the best estimates of the soil column, the identification process of the
actual dynamic characteristics of the soil deposits can be formulated as a conditional non-linear least square minimization
problem, which is stated as

Minimum 1 Z z F,. (v,,0)° [0))

Vv ez 2 w,cQ lgaclL,

in which,
Vs Vector containing shear wave velocities associated with the Ly layers of a soil
column, : .
28 Bounds for v; defined as: v,pe/(1+COV) <V, < v,5g (1+COV), v,pg is the best

estimate from laboratory tests (inedian values) and COV represents variability of the
tests (COV = 0.5 is used in this study),

£ Vector containing hysteretic damping values associated with the Ly layers of a soil
column; .

ot Bounds for £ and for low strain properties £ is set at &= 1.5% constant,

Wy » Circular frequency,

Q The analysis frequency range,

Ly Set of Fourier spectral ratios being considered.

The target function in Equation (2) is defined as:

an (VHC) = Rl_ (Con) - H]_ (mn$v:’ (3)
in which, ’

Rin(©,) Fourier ratios computed from the accelerometer recordings between the rock and the
location 1,
Hin(0,,V5,5) Theoretical transfer function between the rock and the location L,

The theoretical transfer function is computed using the one-dimensional wave propagation theory. The conditional non-
linear least square minimization problem, as defined in Equation (2), was solved using the modified Levenberg-
Marquardt algorithm, which has been discussed extensively in the literature [11].

The Fourier ratio technique, as discussed above, has been implemented into the CARES program [12] in which x =
(v;) and & = &; (set at 1.5% constant), and was used for identification of the low strain properties of both the old and new



free field points. As will be discussed later in this report, the strain-dependent modulus degradation relationships will be
determined by fitting the free field records to several available laboratory tests by performing equivalent-linear
convolution analysis.

ANALYSIS RESULTS AND DISCUSSIONS

The BNL free field analysis was performed using the techniques described above and the analysis results are discussed
in this section. NUPEC provided recorded data for five earthquake events, including one major event with a maximum
free field acceleration of 174 Gal. Table 1 summarizes these events with respect to their occurrence time, source location,
magnitude, epicenter and focal distances from the site, as well as maximum acceleration induced in the free field.

Table 1. Earthquake Events Selected for. Collaboration

Earthq | Earthquake Source Location Earthquake | Epicenter Max old free field Max new free field
No. Occurrence East North magnitude [Focal point acceleration point acceleration
Time Longitude Latitude o) distance GL-1.5m (Gal) GL-3.0m (Gal)
: (km) NS EW NS EW
34 03-05-1991 141°41.0 41°16.0 4 28/46 15.8 9.6
89 12-28-1994 143°43.3 40°27.1 7.5 2131213 123.0 174.0
131 02-17-1996 141°23.0 40°47.0 4.6 43/45 15.9 17.3 15.1 13.3
139 02-20-1997 142°’52.0 41°45.0 5.6 140/146 9.3 8.9 11.4 11.6
157 01-03-1998 142°04.0 41°28.0 5.1 66/89 28.5 26.7 20.8 30.2

These earthquakes were first examined for their propagating mechanism in the free field using the Arias intensity in order
to select those that are consistent with the 1-D site characterization for the prediction of the soil properties. Figures 1 and 2
show the Arias intensity plots for Earthquakes Nos. 34 and 89, x-component at the old free field point. As showninFigure 1,
a consistent upward energy built-up from the rock seismometer (GL —34.3m) to near surface seismometer (GL —1.5m) is
clearly demonstrated. For earthquake No. 89 (Figure 2), the Arias intensity plot did not establish a clear upward intensity
built-up to support the rock to surface energy movement, which is inconsistent with an upward vertically propagating pattern.
Therefore, Earthquake No.34 was selected for the site response analysis to determine the low strain soil properties for the old
free field point and Earthquake No. 89 was not used for this purpose because of its inconsistency with the 1D site
characterization. For the new free field point, three earthquake events were provided by NUPEC for the free field analysis, as
designated by No. 131, No. 139 and No. 157. The analysis using the Arias intensity to determine the energy movement of
these seismic events in the free field was performed. An upward energy movement in the free field was demonstrated for
these earthquakes. For instance, Figures 3 and 4 provide the Arias intensity plots for Nos. 139 and 157, x-component.
Although any of the earthquakes could have been used, No. 139 was chosen for the site response analysis to determine the
low strain soil properties because it induced much smaller ground shaking than the others.

The BNL approach for determining low-strain soil properties utilizes the Fourier ratio technique with the modified
Levenburg-Marquadt least square algorithm, as described in the previous section. The NUPEC laboratory estimated soil
properties were used to calculate the initial estimate of the'soil transfer function (rock to surface), with 1.5 percent constant
damping assumed for the low-strain soils. The modified Levenburg-Marquadt least square minimization algorithm was then
applied in conjunction with the convolution analyses performed with the CARES program to correlate the predicted soil
transfer function with the target Fourier ratio of the surface to rock seismometer recordings for an earthquake event. The
iteration continued until a satisfactory correlation was achieved, and the predicted soil properties were back calculated by the
CARES program. For the old free field point, Earthquake No.34 was used as the target and the computed rock-to-surface
amplification was compared to the Fourier ratio of the surface to rock seismometer recordings, as shown in Figure 5. As
displayed in this figure, an excellent match was achieved between the BNL prediction and the recording at the major peak
near the soil frequency about 6.0 Hz. Although the BNL calculation did not predict well at the second peak in the transfer
function (primarily due to the fact that a clearly defined second peak does not exist in the target soil amplification), the BNL
prediction is believed to be adequate for computing the soil properties, since the soil response is primarily controlled by the
first major peak in the transfer function. The BNL estimated soil profile for the old free-field point was then used to compute
the free-field response in terms of response spectra, using the GEI (Geotechnical Engineers, Inc.) degradation model and the -
CARES program for an equivalent linear convolution analysis. In addition, the computed response spectra were compared to
the recorded spectra at GL ~1.5m and GL —13m with very good agreement. These results are presented in Figures 6 and 7.

The same process was used to develop the low-strain soil profile for the new free-field point, using Earthquake No.139.
Figure 8 shows the comparisons of the computed rock-to-surface amplification to the Fourier ratio of the surface to rock
seismometer recordings. Again, a good match was obtained at the first resonance peak. Response spectra were also computed
and compared to the recordings at GL —3.0m (similar results were obtained for GL —6.8m) as plotted in Figure 9, which show
excellent agreement between computed and recorded responses. Finally, the BNL estimated soil profiles for both old and new
free field points are plotted together with the corresponding NUPEC laboratory data, as shown in Figure 10.



Furthermore, three published laboratory data on the strain dependent modulus degradation relationships were examined for
the BNL predicted soil profiles for both old and new free field points. Figure 11 presents a comparison of the response spectra
computed for the location GL —3.0m at the new free field point, using the three published laboratory data and Earthquake No
157. In this comparison, responses calculated using both GEI and EPRI 93 degradation models appear very close to each
other and both are comparable to the recorded responses, while the response generated with the Geomatrix model appears less
comparable to the recorded responses in both frequency content and amplitudes.

CONLUSION

As part of a collaborative research effort, NRC/BNL and NUPEC of Japan have been investigating the various aspects of
the dynamic structure-soil-structure interaction (SSSI) effects on the seismic response of nuclear power plant (NPP)
structures, both experimentally and analytically. In this paper, the BNL free field analysis was described, which was based on
the Fourier ratio technique with the modified Levenburg-Marquadt least square minimization algorithm for the correlation
with the recorded free-field seismic motions. In addition, Arias intensity was employed to identify the energy transmission
mechanisms for the earthquakes traveling across the site. The BNL predicted low strain soil profiles for both the old and new
free-field points were compared to the laboratory test data and differences to different degrees were observed, especially for
the near surface soil layers. Finally, several published degradation data were examined and compared with the computed free
field response to recordings. It was concluded that both GEI and EPRI 93 degradation models produce the free-field
responses comparable to the recorded free-field recordings, and therefore, are equally applicable to the site.

DISCLAIMER NOTICE

This work was performed under the auspices of the U.S. Nuclear Regulatory Commission, Washington, D.C. The findings
and opinions expressed in this paper are those of the authors, and do not necessarily reflect the views of the U.S. Nuclear
Regulatory Commission, Brookhaven National Laboratory or the Nuclear Power Engineering Corporation.
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Figure 1. Arias intensities for the down-hole array for Earthquake 34x at Old Free Field Point.
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Figure 2. Arias intensities for the down-hole array for Earthquake 89x at Old Free Field Point.
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Figure 3. Arias intensities for the down-hole array for Earthquake 139x at New Free Field Point.
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Figure 4. Arias intensities for the down-hole array for Earthquake 157x at New Free Field Point.
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Figure 5. Predicted rock-to-surface amplification for Earthquake 34x at Old Free Field Point.
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Figure 6. BNL predicted response spectrum at GL-1.5m, compared to the recording for Earthquake 34x
at Old Free Field Point.
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Figure 7. BNL predicted response spectrum at GL-13m, compared to the recording for Earthquake 34x
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Figure 8. Predicted rock-to-surface amplification for Earthquake 139x at New Free Field Point
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Figure 9. BNL predicted response spectrum at GL-3m, compared to the recording for Earthquake 139x
at New Free Field Point.
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Figure 11. Comparison of response spectra using different degradation models for Earthquake 157x

at New Free Field Point.



