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February 26, 1988
€320-88-0270

Mr. A.W. Dromerick
U.S. Nuclear Regulatory Commission
Washington, DC 20585

Dear Mr. Dromerick:

SUBJECT: Information Requested by A.W. Dromerick's Letter
Dated December 16, 1987 re: Oyster Creek Seismic
Floor Response Spectra Methodology

This letter transmits the enclosed information as outlined below. The
information was requested by your letter dated December 16, 1987 concerning
Oyster Creek seismic floor response spectra. As per our telephone
conversation on February 10, 1988, the information is being forwarded directly
to you in order to expedite your review. Our formal submittals will be made
in the near future. Although the enclosed documents are advanced copies, it
is expected that there will be very few (if any) changes.

Listed below are the materials being transmitted by this letter,

Enclosure 1. V:riatiors in sofl properties - This material provides
responses to Item 1 mentioned in your letter of December 16,
1987, Part A of this material provides reasonings behind
choosing t'e soil property bounds used in the Oyster Creek SSI
analyses and Part B presents a study of the effects of strain -
dependent soil properties on reduction of motion in the SSI
analyses.

Enclosure 2. Modeling uncertainties - This material provides responses to
Item 2 mentioned in your letter of December 16, 1987. Under
this item, NRC staff wanted us to provide published reports of
comparisons between SUPERFLUSH analytical results and measured
responses of structures under actual seismic events. This is
to obtain assurance that SSI modeling and computations, as
implemented in the SUPERFLUSH code, properly capture the
structural responses in the field.
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Mr. A.W. Dromerick
February 26, 1988
Page 2

Enclosure 3. Computational parameters and their limitations - This
information is provided in response to Item 3 of your December
16, 1987 letter, It describes the enveloping procedures that
have been followed to obtain final floor response spectra.

Enclosure 4, Verification and validation of computer code with the measured
results - This information is provided in response to Item 4 of
your December 16, 1987 letter.

Enclosure 5, Effect of saturated sofl - This information is provided in
response to Item 6 of your December 16, 1987 letter. It
describes the soil saturation condition at the Oyster Creek
reactor building area and how the saturation effects were
considered in the reactor building SSI analyses.

Enclosure 6. Torsional effects on structures - This information addresses
Item 7 of your December 16, 1987 letter, It describes the
study done to assess the torsional effects of Oyster Creek
reactor building mathematical model on the computed horizontal
floor response spectra.

Please note that information requested by Item 5 of your December 16, 1987
letter, "Power spectral density for the time history being used" is still in
the process of being gathered. It will be forwarded to you as soon as the
information becomes available.

If you have any questions ccncerning the materials being transmitted by this
letter, please contact me,
Very truly yours

fbsh Nagai
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Enclosure
cc: Civil/Structural Manager - L. Garibian (w/0 attach.)

Director - Engineering & Design - G.R. Capodanno
Director - Engineering Projects - D.K. Croneberger
Lic. & Reg. Affairs Director - J.R, Thorpe

Manager BWR Licensing - M.W. Laggart

Manager Engineering Mechanics - A.P, Rochino
Manager Special Projects - E.F, Q'Connor
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ENCLOSURE 1

VARIATIONS IN SOIL PROPERTIES

The attached packages have been developed {n response tc information
requested by USNRC audit staff (Ref. memo from Mr. A. Dromerick (NRC) to
Mr. P. Fledler (GPU), dated December 16, 1987),

The attached material provides responses to item | = Variactions in Soil
Properties - mentioned in the NRC memo. Part A provides reasonings behind
choosing the soil property bounds used in the Oyster Creek SSI analyses.
Part B presents a study of the effects of strain-dependent soil properties
on reduction of motion in the SSI analyses.
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PART A

SOIL PROPERTY BOUNDS USED IN OYSTER CREEK
REACTOR BUILDING SSI ANALYSES

Introduction

The following paragraphs descride the study done by URS/Blume to obtain the
soll property bounds to be used for SSI analyses. These soil property
bounds are considered to account for realistic soil property variations
that may occur at the Oyster Creek site.

Measured Soil Properties at ster Creek Site Area

Shear (S) and compression (P) wave velocities were measured in the site
area. These are presented in Figure |. The S~ and P-wave velocities are
given for four layers — a 15-ft top layer overlying 25-ft, 65-ft, and 35-
ft layers. Shear wave velocities increase with capth from 600 ft/sec for
the top layer to 1,400 ft/sec for the fourth layer. Compression wave
velocities are also measured for these layers. Poisson's ratio for each of
the layers is derived from its shear and compression vave velocities. The
water table varies between elevation +3 ft 6 {n. to +10 fr, as monitored in
the well network at the site since 1984,

The reactor building is embedded 53 ft bdelow grade. This places the
basemat of the reactor building {n the third layer (dense Cohansey sand).
The third layer extends below the reactor building basemat and (s the most
important layer for consideration of SSI effects on the reactor builéing.
The third layer has a measured shear wvave velocity of 1,200 ft/sec.
Relative densities vere also obtained from relative density tests performed
on undisturbed tube samples. The average relative density of the sands in
the third layer was determined to be 94X, with the maximum and minisum
values being 101% and 78%,



Best Estimate Soil Properties

For the purposes of computing the best estimate soil shear modulus to be
used in SSI analyses, the field-measured seismic shear wave velocities have

been used. Por the third layer, this yields the following best estimate
s0il shear modulus:

v 2
C = s
2.120 -
- T 1200
« 5,366 ksf

where!
G = Shear modulus in ksf
o = Soil mass density, K-sec?/ft

v. = Soil shear wave velocity, ft/sec

We have also calculated the shear modulus for the third layer from tested
relative density (D) values as follows:

Average value of D, for the third layer is 94%. This {s assumed to be best

estimate value. Shear modulus of sand {s also given by the following
formula:

G = ‘z fO.I

where o; is the effective mean principal stress and Kz is a parameter which
{s a function of relative density and shear strain.

K, = 73 for D, = 942 and low shear strain (107*%) from Figure 2
(Ref, Fig., 5 of reference 1)

The effective stress a; is calculated at the wmiddle of the third layer
(72,5 ft below grade) as follows:



Assuming water table at elevation +10 ft (maximum level):

a * 135 x 120 + 59,0 x (120 - 62.4)

= 5,018.4 pst

Q

Assuming wvater table at elevation +3.,5 ft (minisum level):

9g * 20 x 120 + 52.5 x (120 = 62.4)

= 5,424 pef
The average a; ® (5,018,4 + 5,424)/2 = 5,221,2 pof

The best estimate G = 73 (/F,221.2)
= 5 274.8 ksf
x 5,275 ksf

The best estimate shear modulus value of 5,275 ksf, calculated from the
relative density test results, compares very well with 5,366 ksf computed
from shear wave velocity measurements. So, 5,366 ksf was chosen as the
best estimate shear modulus for the third layer.

Detarmination of Upper and Lowver Bound Soil Properties

To determine realistic upper and lover bound soil properties, we have exam~
ined the actual soil property variations reported for the site soil tests.
For the third layer, the relative density variations were reported to be
78% (minimum) and 1012 (maximum).

The Kz values associated with these dersities are obtained from Figure 2 as
follows:

Kz ® 61 for D, = 78 and low shear strain (107%%)

= 78 for D, = 101X and low shear strain (107%%)

-4 JFL/Blume



Upper value of C = K, /e

a
« 78 /S2IT.2
= 5,636 kef

= 105% of best estisate G of 5,366 kef

Lover value of C = K, ia;
- 61 '5!![.!
® 4,408 kef

= 0.82% of best estimate G of 5,366 ksf

From the above calculations, it i{s judged that conservative estimates of
upper bound and lower bdound shear moduli may be taken as 1,25 Gpe and
0.67 Gper Wwhere Cpe 18 best astimate shear modulus, The K2 values corre-
sponding to upper bound and lower bound soil properties are 93 and 50.
Seed and ldriss (Ref, |) examined X7 values determined from several i{n-situ
shear wvave velocity measurement tests reported in the literature. The
range of values of K; for dense to extremely dense sands wvere found to be
44 to 86, Thus, a range of 50 to 93, chosen for K2 values for the densa
Cohansey sand layer at the Oyster Creek site, covers the possible variation
in K2 of such dense sands as reported in the literature.

Figure 3 presents the best estimate, upper bound, and lover bound soil pro=
files used i{n Oyster Creek reactor building SSI analyses.

Conclusion

From the above study, it is concluded that the soil properties used in SSI
analyses of Oyster Creek reactor building are based on actual soil property
seasurements in the site area. The soil property variations considered are
realistic and conservative bounds of actual soil property variations ob=-
tained from site soil test results.

Reference

l. Seed, H, B,, and ldriss, 1. M., "Soil Moduli and Damping Factors for
Dynamic Response Analyses," Report No EERC-70-10, University of
California, Berkeley, December 1970,
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PART 8

EFFECT OF STRAIN-DEPENDENT SOIL PROPERTIES ON REDUCTION OF MOTION
OYSTER CREEK REACTOR BUILDING SSI ANALYSES

JIntroduction

In {splementing the SSI analyses for Oyster Creek reactor building,
URS/Blume has used strain-dependent soil properties in the computer code
SuperFLUSH, The strain dependence of soil s.ear modulus and damping with
shear strain are given in Figures | and 2. These are the well=known Seed
and ldrise curves for sand (Ref.l). The soil shear modulus reduces with
increased strain, and this {s given as a ratio of low-strain (107%2) shear
modulus, G..‘. Usually, the shear moduli calculated from shear vave veloc=

{ties measured in thy fleld from downhole and crosshole data are assumed to
be low=strain shear moduli, {.e., G

max"'

The best estimate, upper bdound, and lower dound low=strain shear modull for
the Oyster Creek aite are shown in Figure 3. The best estimate low-strain
shear modul!l are calculated from the shear wave velocities measured in the
Oyster Creek site area. The upper dound and lower dound moduli are 1.25
and 0,67 times thi best estiuate values. Three SSI analyses were conducted
vith SuperFLUSH for the three low=strain soil profiles, and the soil laver
properties (shear modulus and damping) were iterated to correspond to the
shear strain state in the soil as per Figures | and 2. The floor response
spectra, computed from these three S5SI analyses, wvere enveloped to obtain
the final spectra for the Oyster Creek project.

Parametric Study

To investigate the effect of strain-dependent properties on the computed
seismic ressonses, ve have used deconvolution procedures to compute the
motion at the basemat level of the reactor dbuilding (el. =29 ft 6 in.) for
strain-independent soll profile (i.e., soll properties vere not varied with
shear strain). The shear moduli of the soil layers wvere assumed to resain
constant at the low-strain best estimate shear modulus values as given in
Figure 3. The _orresponding soill damping wvas assumed to bde 1%. The best




estimate soill profile was chosen bocause these properties correspond to the
fleld-measured shear wave velocities. The motion at the ground surface
(El. #23 ft 6 in.) wvas assumed to be :he design time history (0.165g 2zPA)
for the deconvolution computation.

The response spectrum for the deconvolved motion at el. =29 ft 6 in. for
the above-mentioned strain-independent best estisate soil profile was cog~
puted., This was compared with the response spectra at the same level, com-
puted for tha project using the envelope of spectra from strain-dependent
best estimate, upper bound, and lower bdound soil profiles. The ratio of
the spectral amplitudes of the project spectrum to the strain-independent
response spectrum is plotted as a function of frequency in Figure 4. A
ratio value of less than 1.0 {mpliss that consideration of strain-dependent
soll properties and enveloping results from the three soll cases give lower
response spectral amplitudes at that frequency than a strain-independent
analysis with best estimate soil case would yield. As shown in Figure &
(shaded area), in most frequenc: ranges, the spectral amplitudes are in-
creased (by as much as 50% to 70%) due to consideration of strain~dependent
soil properties and enveloping the three soil profiles. In the rest of the
frequency ranges, there is a reduction of less than 102, except in & very

narrow range, where it goes up to about 202 reduction in a frequency range
of 2.5 hz to & hz,

To further investigate the effects of soil strain~dependent properties on
soil motion, we considered a case vhere soil shear strain is assumed tc
consistent with Seed and Idriss curves at a strain of 10792, This {s a
very conservative estimate of the possidle soil strain during an SSE event.
The best estimate soil modulus at 10772 strain is 93.4% of the low=strain
(107%2) value. Corresonding damping is 1.6%, Deconvolved motion at this
soil condition was computed, and spectral ratios similar to Figure & are
plotted in Figure 5. As shown in Figure 5 (shaded area), in most frequency
ranges, the spectral amplitudes are increased due to consideration of
strain~dependent esoil properties. In the rest of the frequency ranges,
there {a less than 10T reduction in spectrel asplitudes.

- 10 - F2/Blume



Conclusions

It {s concluded from the adove study that the consideration of strain-
dependent soil properties in Oyster Creek S$SI analyses does not lead to
significant reduction {n basemat motion. In most frequency ranges, spec~
tral amplitudes are increased due to the strain-dependent soil cases /hen
compared to strain-independent, best-estimate soill case . In other fre~-
quency ranges, the differences are less than 10% vhen compared to responses
obtained assuming very conservative soil strains (1073%) during seismic
motion and only 7% reduction in soil shear modulus and 1.6% damping (n
soil. Even for the extreme case of no raduction in soil shear modulus and
1% soill damping, the reductions are wostly less than 10T in all frequency
ranges of interest.

lc!orcncgu

l. Seed and Idries (1970), “Soil Moduli and Damping Factors for Dynamic
Response Analyses,” EERC Report 70-10, University of California,
Berkeley.
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Seismic soil-structure interaction effects at Fukushima Nuclear Power
Plant in the Mivagiken-oki earthquake

Masafumi Narikawa
The Tokyo Electric Power Company, Irc.

Takekazu Udaka
Eathquake Engineering Technology, Inc.

Mitsuo Okumura
Kozo Keikaku Engineering Inc.

1 INTRODUCTION

The finite element method provides a powerful tool for the solution of
seismic soil-structure interaction problems especially with complicated
properties, geometries, and boundary conditions (EET 1983). However,
only limited field observations of strong excitation at nuclear power
plants are available at present, This paper describes soil-structure
interaction analyses of the Fukushima Daiichi Nuclear Power Plant
complex using motions recorded at the plant during the Miyagiken-oki
earthquake and evaluates the adequacy of the analytical methods used in
current design practice.

2 DESCRIPTION OF THE REACTOR BUILDING

The reactor building, which houses a 1100 MWe BWR Mark II reactor is
constructed of reinforced concrete and is structually isolated fron the
adjacent turbine building and radwaste building. The reactor building
is about 73m in height from the base of the foundation mat and is

68.5m x 68.3m in plan at the basement level and 45.5m x 42.5m in plan
at the roof level. The reactor building is partially embedded and is
founded on a mudstone at a depth of 17m below ground surface.

3 MIYACIKEN-OKI EARTHQUAKE OF 1978 AND OBSERVATION SYSTEM

On June 12, 1978, the Fukushima Daiichi Nuclear Power Plant experienced
a strong earthquake. The earthquake was assigned a Richter magnitude of
7.4 with the epicenter being approximately 140km from the plant and the
focal depth being 4Okm, Four accelerometers of the moving coil type
were installed at the time of the earthquake and all four recorded
motions. The accelerometers are located under the roof (PO1), on the
refueling floor (P02), at the top of the Sase mat (P03) and in the
mudstone at a depth of 3lm below ground surface (PO4). The duration of
strong motion was more than 30 seconds. The observed peak accelerations
were 145 to 208 Gal at the piant roof level and 60 to 84 Cal inside the
mudstone. Following the Miyagiken-oki earthquake, the total number of
observation points has been increased. Cross-sectional view of the
locations of the seismographs are shown in Fig. 1 and more explanations
are available in reference (Narikawa 1987),
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4 SOIL-STRUCTURE INTERACTION ANALYSES

4.1 Outline of analytical approach

The computer program "SuperFLUSH" (EET 1983, Lysmer 1975) has been used
in order to analyze the response of the Unit 6 reactor building during
the earthquake. This program uses the complex response method of
computing the response of a finite element model. 1In this study, seismic
soil-structure interaction analyses have been carried out using a special
deconvolutional procedure. Commonly, in soil-structure interaction
analyses the control motion is specified at the surface of the free field
away from the structure. However, the locations POl to PO4 are too close
to the reactor building to avoid soil-structure interaction effects, and
may not be considered to be free field motions. In this series of
studies, the control motions were considered to be at two of the ob~-
served locations in the finite element mcdel and a deconvolutioral
procedure has been used to estimate the free field ground surface motion.
The deconvolutional procedure was applied to the recotded accelerations
at both P03 and PO4. However, since the ratio of ver{ical excitation

to horizontal excitation was negligible, only the horiz:ntal component
was considered at this location. The results obtained from a previous
study (Narikawa, 1987) based on a multi-point observation system were
also utilized to obtain better understanding of the soil-structure
behavior at Unit 6 reactor building site and the motion recorded at

Unit 1 site was also used as a control motion for simulation of the
response of Unit 6,

4.2 Material properties

The soil properties used in thc analyses are shown in Fig. 2. The same
shear wave velocities as used by Narikawa (1987) were used for the soil~
structure interaction studies. The darping ratios used were higher than
those used in the previous study because of the higher level of excita-
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tion. The reactor building itself was represented by three flexible -
beams and the foundation was modeled by a series of rigid beams. The
StTucture properties are also identical to those used by Narikawa (1987)
and were determined by computing effective shear areas, mass moments ,
moments of inertia and masses based on the original blue prints of the
reactor building. A damping ratio of 2% was assigned to all structural
components to be compatible with the previous analyses. The finite
element model used in the analyses is shown in Fig. 3. A semi-infinite
half space (EET 1983, Joyner 1975) is assumed at a depth of 65m below
ground surface and energy transmitting boundaries (EET 1983, Waas 1972)
are attached at the vertical boundaries in order to transmit energy
beyond the finite element mesh.

4.3 Analyses based on the motions recorded at P03 and P04

Comparisons of the recorded response spectra and computed response
spectra which assume PO3 as a control point at the foundation mat are
shown in Figs. 4(a) through 4(c). The solid lines and dotted lines in
the figures are recorded and computed response spectra, respectively.
The comparisons show excellent agreement with each other. Similar com=
parisons of recordsd and computed response spectra are shown in Figs.
5(a) through 5(c), taking the control point to be PO4. The discrepancy
between tiie observed and computed motions at PO4 in the cange of 0.10
to 0.30 seconds that is shown in Fig. 4(c¢) significantly affected the
structural response. This discrepancy may be due to the irregularity
of the geometry and material properties of the real soil and rock layers.
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4.4 Analyses assuming a local irregularity at P04

In order to compensate for the discripancy observed at location P04,
local irregularity of the material properties has been introduced to the
analyses. The properties in the vicinity of locarion P04 were assumed
to be slightly softer for the upper layers and slightly stiffer below
30m as compared to those used in the free field. The incident wave
component of the recorded motions was then computed at a depth of 143m
below ground surface and used as the control motion in further analyses.
This procedure is illustrated schematically in Fig. 6. Comparisons of
recorded and computed response spectra and transfer functions in N-§
direction are shown in Figs. 7(a) through 7(d), and Figs. 8(a) through
8(c), respectively. The transfer functions obtained are relative to

the motion at PO4. Figs. 9(a) through 9(d) show comparisons of the
recorded and computed response spectra in E-W direction. The computed
values are in good agreement with the recorded values.
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4.5 Analyses based on the motion recorded at Unit 1

The motion recorded at Unit 1 at a depth of l4m below the ground surface

was also used as an input motion and the corresponding incident wave

component was obtained at a depth of 143m using the mudstone properties

given by Tanaka (i980).

is again obtained.
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the recorded and computed response spectra at Unit 6.
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5 CONCLUSION

In order to obtain a better understanding of the behavior of the reactor
building, a number of dynamic soil-structure interaction analyses have
been performed using the motions recorded during the Miyagiken=-oki
earthquake of 1978. The results of the analyses show good agreement
with the recorded responses. The results presented herein along with
those presented by Narikawa (1987) indicate that this class of soil-
Structure interaction analyses can be very useful in evaluating the
observed responses of reactor buildings and should give increased
confidence to their use in design analyses.
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1 INTRODUCTION

Evaluation of scil-structure interaction effects is one of the most
important processes in the seismic design of nuclear power plants. In
order to better understand soil-structure interaction effects and to
accomplish more safely designed structures it is therefore very desirable
to obtain observations of field performance and to perform analytical
simulations for both large and small earthquakes. On September 14, 1982,
a minor earthquake occurred off the coast of the Tohoku district of the
Main Island of Japan. The earthquake was assigned a Richter magnitude

of 5.0 with the epicenter being approximately 37km from the Fukushima
Daiichi Nuclear Power Station of The Tokyo Electric Power Company and

the focal depth being approximately 60km. Acceleration records were
obtained at thirteen locations both within and outside the Unit 6

reactor building. Analytical simulations have subsequently performed to
study the dynamic response of the reactor building and to examine the
adequacy of the analytical methods used in current design practice.

2 DESCRIPTION OF THE REACTOR BUILDING

The reactor building of Unit 6 of the Fukushiaa Daiichi Nuclear Power
Plant (a BWR Mark II type, 1100 MWe) is approximately 73m high from the
bottom of base mat (OP-4.0m) to the top of the structure (OP+68.6m).

The building is partially embedded and is founded on a mudstone at an
elevation of 17m below ground sur‘ace. The plan dimension of the
reactor building is 68.5m x 68.3m at the bottom and 45.5a x 42.5m at the
top. The reactor building is constructed of reinforced concrete and is
ftructually isolated from the adjacent turbine and radwaste buildings.

3 MULTI-POINT OBSERVATION SYSTEM

Cross-sectional view of the approximate locations of the seismographs
are shown in Fig. 1. Tvo seismographs are installed at the roof level
(Op+65.5m, POl and P11), two at the refueling floor level (OP+51,5m,
PO2 and P10), one at OP+19m level (PO8), and two in the basement floor
(OP+1m, PO3 and POS), resulting in total of seven seismographs inside
the reactor building. Five seismographs are installed outside the
reactor building: two (PO4 and P13) in the mudstone at a depth of
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=3lm below ground surface near the reactor building, one (Pl4) at a depth
of =143m below ground surface, one at the surface (P0O7) and one at depth
of =17a (P12). The seismographs PO7 and P12 are located 130m north of
the reactor building, and are considered to be located in a nearly
perfect free field environment. The observed peak acceleration during
the earthquake on September 14, 1982 were 26 to 28.6 Cal at the plant
roof level and 20.5 to 26,5 Cal at the free field ground surface. The
approximate duration of motions was 40 seconds.

4 SOIL-STRUCTURE INTERACTION ANALYSIS

4.1 Outline of analytical approach

Dynamic soil-structure interaction analyses have been performed utilizing
the computer program "SuperFLUSH" (EET 1983), which uses the complex
response method of computing the response of a finite element model
(Lysmer 1975). The recorded motion at the ground surface in the free
field was taken as control motion for the analysis, A semi-infinite
half space was assumed at depth of 65m at the bottom of the finite ele-
ment model. A technique for separating incident and reflected components
of the incoming motion was used and only incident component is applied
at the bottom of the finite element model. The reflected component ,
including the disturbance due to the reactor building, is absorbed by
the half space (Joyner 1975, Udaka 1981). This approach eliminates any
uncertainty caused by the assumption of any arbitrary depth for the
finite e’ement model. Energy transmitting boundaries (EET 1983, Lysmer
1975, Waas 1972) were attached at the vertical boundaries of the finite
element model to simulate the existence of semi-infinite soil layers
beyond the finite element model, Soil-structure interaction analyses
were performed in both N-$ and E-W directions and rocking motion of the
reactor building along an axis approximately 45 degrees from the N-§
direction was computed by taking the resultant accelerations of the N-§
and E-W excitations. Torsional behavior of the structure was also
simulated by use of a traveling SH wave concept.
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4,2 Material properties

The soil properties used in the analyses are shown in Fig, 2. The
reactor building was modeled in the N-S direction by three shear beams
whose properties were obtained by computing effective shear areas, mass
moments, moments of inertia, and masses based on the original blue prints
for the reactor building. The base mat was modeled as a rigid beam.

A damping ratio of 2% was assumed for all structural components. Fig. 3
shows the finite element model used for soil-structure interaction
analyses,

4.3 Comparison of recorded and computed responses
4.3.1 Horizontal motions

Fig. 4 shows comparisons of the recorded and computed responses in the
N-S direction at P10, located on the refueling level, at P08, located

on O+19m level, and at P05, located in the basement. Similarly, Fig. 5
shows comparisons of the recorded and computed responses in the E-W
direction. All the response spectra are computed for a damping ratio

of 5%. The transfer functions shown in Fig. 6 for the N-S direction and
in Fig. 7 for the E-W direction are relative to the free field ground
surface motions (P07). A comparison of the recorded and computed
maximum accelerations is tabulated in Table 1. The computed values are
in extremely goud agreement with the recorded values.
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4.5.2 Rocking

The seismographs POJ and P05 are located on a line which is nearly 45
degrees from the N-S axis. Therefore, the accelerations obtained by the
subtraction of the observed vertical components at P03 from P05 can

be assumed to be twice the rocking component of the foundation aleng
this axis. Likewise, the computed vertical responses due to both N-S
and E-W horizontal excitations at the foundation level are simply com-
bined to obtain the rocking response on the axis 45 degrees from the N-S
direction. A comparison of the recorded and computed rocking response
spectra is shown in Fig, 8. The computed response is again in excellent
agreement with the recorded response. The minor differences that can

be seen may be due to the assumption in the analysis that the structure
is perfectly symmetric when this is not actually true.
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4.3.] Torsional behavior

In order to evaluate the torsional response of Fukushima Unit 6, the
base foundation was assumed to be perfectly rigid as shown in Fig., 9,
The torsional components with respect to the N-S and E<~W directions can
then be expressed as follows:

fus = (PO3INS=POSNS)/Rew
& Eq. (1)
few = (POSEW=PO3EW) /Rug

If é~, is equal to 5.,, because of the assumption of rigidity, the
foundation has a torsional movement with angular acceleration of Bug

The observed torsional motions were then computed using Eq. (1) and
the response spectra for Hus and ¥gy multiplied by a factor Ry as shown
in Fig. 10. It is apparent that the reactor building has a rigid body
torsional component in the order of 105 of the translational component.

The torsional components 5..R,. and SgwRyg can also be calculated
using the recorded responses at P03 and traveling SH wave concepts
(Udaka 1979) with phase velocities of 2000m/sec in N-S5 and 3000m/sec in
E-W directions, respectively. A phase velocity of 2000m/sec corresponds
to an incident angle of approximately 15 degrees to the vertical while a
phase velocity of 3000m/sec corresponds to an incident angle of 10
degrees. Comparisons of response spectra based on the observed motion
computed using Eq. (1) and the traveling SH wave concept are shown in
Fig. 11. The results shown suggest that torsional behavior at the site
may be well explained by the traveling SH wave concept.

Finally ¥,4 and 8, were computed using the responses computed in the
soil-structure interaction analysis and traveling wave concepts with
phase velocities of 2000m/sec for the N-S and 3000m/sec for the E-W
directions, respectively, Comparison of response spectra for recorded
and computed torsional components are shown in Fig. 12. The good agree-
ment that can be seen between recorded and computed results should in-
crease confidence in the concept of traveling SH waves for evaluating
the torsional response of structures.

The computed torsional component 84s Rgw was then added to the computed
tvanslational components. The computed response spectra with the tor-
sional component included are shown in Fig. 13. It may be seen that the
torsional behavior has no significanc effect on the total translational
behavior in this case.

5 CONCLUSION

The results of the analyses of horizontal and rocking motions show
excellent agreement with the recorded responses. The torsional move-
ment of the reactor building was also studied and was found to have no
significant effect on the horizontal responses. These results indicate
that the methods used herein are both useful and suitable for evaluation
of soil-structure interaction effects and also that analysis based on
motions generated by small magnitude earthquakes can be very informative
in evaluating the adequacy of analysis and design procedures.
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ENCLOSURE ¢

MODELLING UNCERTAINTIES

The following paragraphs describe our response to the modelling uncertain-
ties item mentioned by USNRC audit staff (Ref. Memo from Mr. A. Dromerick
(NRC) to Mr. P, B, Fiedler (GPU), dated December 16, 1987, item 2, page
1) Under this item, NRC staff wanted us to provide published reports of
comparisons between SuperFLUSH analytical results and measured responses of
structures under actual seismic events. This i{s to obtain assurance that
SSI modelling and computations as implemented in the SuperFLUSH code prop-
erly capture the structural responses in the field.

The following documents are submitted herewith in respense to the above-

mentioned USNRC request:

1. Validation of SuperFLUSH code with Measured Earthquake Results: The

following papers present comparisons of SuperFLUSH analytical results
and actual measured earthquake responses at Pukushima Unit € plant
(BWR MK.II, 1100 MWe) in Japan. The earthquakes were Miyagiken-Oki
(June 12, 1978, 7.4 magnitude, 140 km epicentral distance) and Tohoku
(September 14, 1982, magnitude 5, 37 km epicentral distance).

la. Narikawa, Udaka, and Okumura, "Seismic Soil=-structure Interaction
Effects at Fukushima Nuclear Power Plant in Miyagiken-Oki Earth-
quake," Paper K5/7, SMiRT-9, Lausanne, 1987,

!bs Narikawa, Udaka, and Okumura, "Seismic Soil=-structure Interaction
Behavior at Fukushima Nuclear Plant Based on Multi-point Observa=-

tions," Paper K5/8, SM{RT-9, Lausanne, 1987,

y Comparison of Analysis Results from FLUSH Group of Programs with Mea-~

sured Earthquake Results: The following papers compare results from

SSI analyses using FLUSH group of programs with measured results from

actual earthquakes in nuclear plant structures or scaled models.



2a.

2b.

2¢.

2.

Valera, Seed, Tsai, and Lysmer, "Soil=-structure Interaction
Effecta at the Humboldt Bay Power Plant in the Ferndale Earth-
quake of June 7, 1975," J. Geot. Engrg. Div., ASCE, Vol. 103, No.
GT10, October 1977.

Berger, Fierz, and Kluge, "Predictive Response Computations for
Vibration Tests and Earthquake of May 20, 1986, Using an Axisym-
metric Finite Element Formulation Based on the Complex Response
Method and Comparison with Measurements--A Swiss Contribution,”
EPRI/NRC/TPC Lotung SSI Workshop, 1987,

Sato, Nakai, Yamazaki{, Mita, and Ishii, "Soil=-structure Interac~-
tion Analysis of Quarter-Scale Mode. Using AXERA Code,"
EPRI/NRC/TPC Lotung SSI Workshop, 1987,

Teeng, et al., "Soil-structure Interaction Analyses of Quarter=-
Scale Containment Model Experiment in Lotung, Taiwan; Part 3:
FLUSH Method," EPRI/NRC/TPC Lotung SSI Workehop, 1987,
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Seismic SoiL-STrucTure INTERACTION EFFECTS
AT HumMBOLDT BAY POWER PLANT

By Julio E. Valera,” M. ASCE, H. Bolton Seed,” F. ASCE, C. F. Taai,’
and John Lysmer,* M. ASCE

InTmooucTon

One of the many caurovashlasmsdmk.mphﬂdn@inm
past several years has been that of evaluating the seismic soil-structure interaction
effects during design levels of earthquake shaking. Basically, two methods of
approach are available for determining these effects: (1) Complete interaction
analyses that attempt 10 make some cvduﬂiondlkvmmm
mms.hothmthumclmmdinlhcwilhwﬁduiisew;—d
(2) nertial interaction analyses in which the motions in the soil surrounding
the structure are considered to be some representative average motion having
the same characteristics at all points (10). The former approach has usually
been apphied through the use of finite element methods of analysis while the
latter. although it can be performed using limte element techniques, has usually
been associated with half -space analyses of elastic or viscoelastic layered systems.
It appears to be the prevailing opimion ““that for near surface structures, good
results can be obtained by a well performed analysis of either type. However,
for embedded siructures, the complete interaction analysis approach comes closest
1o representing in a rational way all the important aspects of the problem™
(1) The principal himitation of this approach at the present time is usually
consutered 1o be the cost of the analysis and, in some cases, the less expensive
mertial wnteraction approach may provide results of sufficient accuracy for
practical purposes. However, as increasingly efficient and versatile computer
programs are developed for fimte clement analyses, and as progressively more

Note — Discussion open until March 1. 1978 To exiend the closing date one month,
a writien request must be filed with the Eduor of Technical Pubbications. ASCE Ths
paper s part of the copynghted Journal of the Geotechaical Engincering Dywvisson,
Proceedings of the Amernican Society of Civil Engmncers. Vol 103. No. GT10, October.
1977 Manuscnipt was submatted for review for possible pubhcation on February 8. 1977

"Partner. Dames & Moore. San Francisco, Cabf

"Prof of Civ. Engrg . Umv. of Cahforma, Berkeley. Calif

'Grad Rescarch Asst . Dept. of Civ Engrg . Umiv. of Califorma. Berkeley. Calif
“Prof_of Ciwv. Engrg . Umiv. of California. Berkeley . Calif
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ficld (Storage Building) were 035 g and 0.26 g in the transverse and longitudinal
duecnions respectively, making these the strongest carthquake motions to which
anuclear power plant has so far been subjected. However there was no observable
damage 1o the facility resulting from these motons.

A fortuitous aspect of the records obtained from the Humboldt Bay Plant
was the fact that the soil conditions at the plant site had been determined
by a comprehensive field investigation only approx 12 months before the
carthquake occurred. In fact, extensive hquifaction and soil-structure interaction
analyses using finite clement procedures, with accompanying determinations
of soil charactenstics at the site, had been carmed out prior to the carthquake
of June 7. 1975. These studies were performed by Dames & Moore using analytical
techniques developed at the Umiversity of California at Berkeley (8). In this
respect, it is interesting 1o noic that ithese arnzlyses had predicted a peak
acceleration at the base of the Refuchng Building of 0.13 g for a free-ficld
ground surface acceleration of 0.25 g, while the subsequent earthquake produced
an average peak acceleration at the base of the Refueling Buildi:g, of 0.14
& for an average free-ficld ground surface acceleration of 0.30 g. This result
alone, predicted in advance of the cvent and published in design reports, is
of considerable interest.

Though these facts are of major importance, perhaps the most significant
feature of the June 7 event is the opportunity it provided to check the adequacy
of seismic design procedures against the known performance of a prototype
structure under known ficld conditions of considerable intensity. The resulis
of such an evaluation are presented in the following pages.

Seve Comomons s Son. Prorenres

A general descnption of the rubsurface soil conditions at the plant site has
been presented by Valera and Brady. A crosssection through Unit 3 in the
north-south direction s shown in Fig. 2. Basically, the sotls around the Refucling
Buslding consist of approx 25 ft (8 m) of medium to suff clay [increasing to
approx 30 ft (9 m) at the Storage Building]. underiamn successiveiy by approx
0 ft 9 m) of medium-dense 1o dense sand, 10 ft (3 m) of very suff clay
and then a deep bed of dense sand contamming some clay lenses extending to
a depth of approx 400 ft (120 m). All of the soils surrounding the Refuclhing
Bwiding are overconsohdated, with an average overconsghdation ratio of at
lcast 6-8, indicating that the coefficient of carth pressure at rest in the sands
would be on the order of one or more. The soil profile and soil propertics
used in the pre-carthquake soil-structure interaction studies are shown n Figs.
Wa) and 4, respectively. The soil profiles and soil properties used in the present
study are shown in Figs. 3, 4, and 5. The profile for the condions adjacent
1o the Refuehing Building was identical to that used in the pre-carthquake analyses.

At the site of v Storage Huslding itself, where the free-field records were
obtaned, there 15 scowe uncertainly about the aciual strength of the top 30
ft (9 m) of clay, because the closest boring 1s at least 100 feet (30 m) away
and there 1s considerable scatter in the measured values of shear strength for
undisturbed samples of clay taken from three bonngs surrounding the building.
Thes uncertamnty s reflecied by the ranges of strength values for these soils
ndicated in Fig. M b). To allow for tlas uncertanty, analyses were made for

GTo SEISMIC ESFECTS na
a number of soul profiles involving clay strengths varying considerably i the
upper 20 ft, (6 m) as shown in soil profiles A, B, and C in Fig. 5. Results
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The dynamic shear moduli and damping characteristics of the soils were
&Iﬂmwbywwmmmmuunmcohmkus“
cychc-inaxial tests on undisturbed samples reconsolidated under the :a-situ
confining pressures. These are shown i Fig. 4. It is pertinent 10 note that
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these dynamuc properties were determuned and filed with the Nuclear Regulatory
Commussion before the carthquake of June 7, 1975 At the ume the studies
were imhated (carly 1973) it was not considered necessary to make determinations
of hicld shear wave velociies since it was clear from preliminary studies that
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FIG 5 —Typicel Soil Profiles at Storage Building Used for Deconvolution Studies
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FIG 8 —Schematic Representation of Soil Structure Interaction Analysis Using Finite
Element Model

shear modub at moderate to large stramns, such as can be determined by
stramncontrolied cychic loading tnaxial 1ests, were required for the analys:s

Conr 78 Inremacion Anas vess Procsouns

The general procedure for making a complete interaction analysis (7) is shown
schematically m Fig. 6. Fust, n which the known ground surface motions
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developed in the free-field are analyzed by a deconvolution procedure for the
soil deposit alone 10 determine the motions which would have 10 be developed
al a consderable depth below the ground surface [e.g.. 150 f1-200 ft (46 m-61
m)] mn order 10 produce the actual ground surface motions by transmission
of body waves (vertical shear waves) through the soil depesit. This can be
accomplished through the use of a compuicr program such as SHAKE (6).
rhcwumhummmlknmdlo.ﬂyulhemndnlm
clement model of the soil-structure system and the results of this latter analysis
are checked by ensuning that the required freeficld motions are indeed developed
i the free field. The basic requirements of a suitable analysis and computer
program (10) are that st should be capable of considening: (1) The variation
of ground motions with depth; (2) the three-dimensional nature of the problem;
(3) the effects of adjacent structures on each other, if appropriate ; (4) the variation
of sonl charactenistics with depth; and (5) the nonlinear stress-strain and energy-
absorbing charactenstics of the soil.

Resun1e or Pre-Eanrvousse Anac yss

The pre-carthquake studies performed by Dames and Moore were made using
the computer programs SHAKE and LUSH (4). Analyses were carried out
for cross sections in the north-south and cast-west directions (Fig. 1) and for
vanous levels of peak ground surface acceleration.

The soil properties shown in Figs. 3a) and 4 together with the structure
charactenistics shown in Tables 1. 2. and 3 were assigned 10 the finite clement
model Dnmp-unhcso(ﬁndﬁmusedloﬂhcslmlotudym
conducied using peak ground surface accelerations of 0.25 g and 0.4 g, respec-
tively

From the results of the initial studies it was found that the effects of the
adjacent structures on the response of the bunied reactor caisson were relatively
minor. Thus, the adjacent structures were not included in the finite clement
maode! used for the later studies. Since transmitting boundaries are not included
n the computer program LUSH, it was necessary 1o use an extensive mesh
10 the horizontal direction to ensure that the computed response of the Reac
Caisson and Refuchng Building was not influenced by the Boundary conditions
of the analytical mode!. However. previous studies (2) have shown that it is
only necessary to consider the respoase of the soil deposit 10 a depth of about
onc-half the structure width below the base of the structure; consequently,
the base of the analytical model was taken at a depth of 150 ft {46 m) below
the ground surface.

Deconvolution Studies. — In performing a deconvolution analysis of a ground
surface motion to determine a corresponding base motion for use in a soil-structure
inicraction analysis, ot s often necessary 10 filter out the high frequency
components of the ground surface motion in order to obtan meaningful results.
There are two reasons for this requirement .

1. The specified ground surface motion may contan high frequency compo-
nents which would not. in reality, be developed for the site conditions under
consideration. This is particularly true for sites consisticg of deep [ 250-f1 (76-m)
bodies of soil or including layers of soft 1o medum-stff clay and sand (7).
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? Deconvolution by a wave propagation analysis using equivalent-lincar

propertics to represent the nonhincar stress-stran characle «stics of the soul

TABLE 1 —Structural Properties of Reactor Caisson

-

Depth
below ground pounds per square | Density. in pounds
surface, in feet foot x 10* per cabic foot Poisson’s ratio
i ) - 3) 4) E
015 me 0 02
-3 8 0 02
-4 80 0 02
“-T 7% 0 02
Ti-7 L 3] 0 02
%-87 | 4160 158 02
Note: 11t =0305m. 1 psf = 479 N/m?; 1 pcf = 160 kg/m’.

TABLE 2 —Masses Lumped st Center Line of Resctor Calsson

Depth below ground surface, in Weight of mass. in kips
m 2
0 82
15 82
25 76
L3 4
s 49
57 47
n 4
y Sa— e —————————

Note 1ft =0305m. 1 kup = 4516 kg

TABLE 3 —Structural ®roperties of Refueling Buillding

= == == ?"_.f‘;;: r—

above ground pounds per square | Density. in pounds
surface. in fest foot = 10* per cubic foot Poisson’s ratio
()] 7(2) N (3{ Sy B (4)
0175 s F o a2
17.5-3% s 10 ; 3 Voz

Note 1 ft = 0305 m. | psf = 479 N/m?. | pcf = 16.0 kg/m’

nevitably leads to an excessive amplification, with depth, of high frequency
motions.

In the pre-carthguake deconvolution analyses, the acceleration time history
shown at the top of Fig 7 was used as the free-ficld ground surface motion.
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The spectra for this time history closely match the Nuclear Regulatory i
(NRC) design spectra stipulated in Regulatory Guide | 60. In these studhes,
it was necessary (o use a cuioff frequency of 15 Hz-20 Hz in order to ensure
that the accelerations at depth did not become excessive.

Acceleration ime histonies computed at various depths within the free-field
soil profile are also shown in Fig. 7. It may be seen that there is both a decrease

N

-~ CLEVATION - 88

oo

FIG. 7. —Horizontal Accelerstion Histories Computed by Deconvolution of Surface
Motions for Free Fleld Conditions (o, -wdh'n:-ﬁ..ohndn‘.

ou(he.mdthemwmminIbelwm.m
an increase in depth within the profile.
s‘mmm—uwmmmwu.
depth of 150 ft (46 m) in the deconvolution siudies, analyses were then made
using the program LUSH and = suitably fine but extensive mesh, locompu(e.
the response of the soil-structure system. Computations were made for a vanety
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of soil propertics. and envelope spectra for motions al vanous levels within
the structures were linally selected for design, based on the range of computed
results supplemented by enginecening jadgment.

TABLE 4 —Comparison of Recorded and Computed Accelerations

Maximum
accelerations
Maximum Accelerstions for Recorded Motions i a tod
Location Elevation Transverse Longitudinal motions
m 2) 3) @) 5)
ficld (St
":lu~) . 12 0¥ g 026 g 04 g 025g
uchng buikding 12 025g 020y 023g 015
- " 01 02g 013 g
Reacton cansson oh Olfg F ~’ L & ¥
N
L
r
l b T ra— gy
e l
I e G 40
l -+ — 4 1» ——A
11 " S— -
i ) i = — 3 — e
—+—4+ 1+t - —
ra— N - - NI | U=
L b —4— <4 }-——- {e0
.[— -4+ 4+ 4+ 414
L i L !
2
r
r
- 11 : G
! I
L
!
o =
b

RG. 8. —Finite Element Mesh Usad for Analysis (1 ft - 0.305 m)

In the course of these s*udies, analyses were made for ground surface motions
having peak accelerations of 0.4 g and 0.25 g Since these are in the range
of peak accelerations developed in the transverse and longitudinal directions
duning the Junc 7 carthquake, i 1s of interest to compare the values of computed
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and recorded peak accelerations at mnstrument locations in the structure. Such
& companson s shown in Table 4 hmybemlhulhev-lunsbown
remarkably high degree of agreement although there i1s some indicaiion that
the actual suffness of the structure was somcwhat less than that used in the

s e
v 4 -
¢ o o:io' o

--.
U

AG. ﬂ.—!ﬁudldﬁ*uvwd(*m*m
memaouwmmn...xd

analysis Nevertheless, the good agreement in these values is an encouraging
aspect of the analytical procedure used in the studies.

MNUMMV-U-M-&-

Post-earthquake studies of soil-structure interaction effects were performed
following the same basic procedure as that described in the alorementioned,
but using the computer programs SHAKE and FLUSH (4), since the latter
provides a more versatile capability than LUSH and is also more economucal
Advantage was Mndlknwﬁsoﬂmndmlkurhvum.uﬂlhe
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effects of the adjacent structures were therefore neglected in the analyses
Because the program FILUSH uses transmutting boundarics, it was only necessary
10 use the finite clement mesh shown in Fig. 8 for the soil-structure interaction
analyses.

Deconvelution Studies.—As stated previously, there are valid reasons why
some fikering of a given ground surface motion is required in performing &
deconvolution analysis to determine motions at vanous depths. To determine
the sigmiicance of such effects for the recorded motions at the Humboldt Nay
site. deconvolution analyses were made for Sail Profile A in Fig. S at the Storage
Building site and for the recorded surface motrons, using filtering or cut-off
frequencies of 20 Hz, 15 Hz, and 12.5 Hz. The results of these studies, in
terms of the compuied vanation of maximum acceleration with depth in the
soil profile, are shown in Fig. 9. It may be scen that the cut-off frequency,

e — v

!

AG 11 —Comparison of Recorded and Computed Spectra in Refusling Buliding —
Humbokdt Bay Power Plant

within the range investigated, had littic influence on the results of the analysis,
all of the studies for both the iongitudinal and transverse recorded motions
showing & marked decrease in magrituos of the peak acceleration from the
pround surface 1o a depth of approx 30 ft (9 m) and below. in fact, the peak
accelerations computed to develop in the free-field at the level of the base
of the Refuching Building [approx 85 ft (26 m)) it in the range of 0.10 g-0.14
8. or less than 60% of the maximum acceleration at the ground surface.

It may also be seen, from Fig. 10, that genen Py similar results are obtased
whether Soil Profile A or B is used for the analysis. Although they are not
shown, results for Soil Profile C fell within the ~~age shown for Soil Profiles
A and B. Thus, it would seem reasonable to conclude from these results that:

I. The recorded ground surface motions have no significant content of very

GTwo SEISMIC EFFECTS 1SS
high frequencies as might be expected for a deep soil condition such as that
at the Humboldt Bay Plamt sste.

2. The results of sonl-structure interaction analyses made with a cut-off
frequency of 12.5 Hz wili be comparable 10 those made using higher cut-off
frequencies. Since there is a marked reduction in computer costs associated
with the use of a lower cut-off frequency, the soil-structure interaction studies
descrnibed in the following section were made for these conditions.

Soll-Structure Interaction Studies. —Having determined the base motions re-
quired in the soil profile at a depth of 150 ft (46 m) 1o produce the recorded
motions at the ground surface under free-ficld conditions, the same motions

FIG 12 —Summary of Spectra for Computed Motions in Free-Fleld and st Base
of Structure—Maximum Groun | Surface Acceleration = 0.3 g (1 ft = 0.306 m)

were used as excitation at the base of the soil-structure model shown in Fig.
3 to compute the motions developed: (1) At the base of the structure; and
(2) n the structure at the level of the ground surface, where motions were
recorded duning the cwthquake of Jund 7. Scparate anslyses were made for
the longitudinal and transverse records of free-field motion and for the various
soil profiles. The ranges of analytical results are shown in Fig. 11 in the form
of response spectra, and arc also compared with the spectra for the recorded
motions.

It mey be seen that for both lungstudinal and transverse motions, the recordea
motions at the base of the structur - are in reasonably good agreement with
those computed using the finite element procedure for implementation of an
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of motion, the

“wdealized’” complete interaction unlym_. For both compouents
ﬂymﬁu““ﬂn-wwmwnmm:‘:lmmy
of approx 3 Hz than actually developed. but consadered ovcnll‘ b “wmm
Mmcmﬂdndmauwmqecmnmhuﬂ ying
m;o:-hdy -tht recorded motions in the structure at ground level fall essentially
withsn the t;n'con’ud by the intcraction analysis procedure, providing luﬂh::
cdmdlh.h&tyo(uco-ﬂlﬂcmmn'dyuswcmt
umwdwwuhudewﬂcﬁwdumynhcm_.' re

hum“.dcm.lﬂmudwdmwy ary
mmmswmmh provide proof that it will always lead

. :

good evaiustions of fizid performance. Nevertheless, in the cwl_'emm:
:WMWywcmﬂ;vmdeIGMtcwu
*m“ﬁndmmnm.hnﬂsm,m’mw 4 thas
ﬁ*mmﬁnmwcdmu.memhheudtu

analytical tools at their disposal.

Assucasusty cr NRC Dur w Procsoune

l-d&mlemmu.cmldlhmydm\cha
analyzing soil-structure interaction, the records obtaned at the Huahok:lk&y
NmMn“uMﬂaaM@nl&MydM sign
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practice. At the present ime, reguelatory requirements for determining soil-struc-
ture interaction effects for embedded structures such as the Refueling Building
require the specification of a design or control motion at the ground surface
having a designated maximum acceleration and a time history whose spectrum
closely matches a standard design spectrum shape specified by the NRC. Since
the average peak acceleration recorded in the free-ficld at the Homboldt Bay
plant was 0.3 g, #t would scem reasonable to compare the motions recorded
at the base of the Refueling Building with those computed following an approved
design procedure consistent with a peak free field ground surface acceleration
of 0.3 g and the standard design spectrum shape. This is, in fact, the motion
whose spectral shape is shown in the upper left corner of Fig. 12. An acceleration

Powmuanay

FIG. 14.--Summary of Spectrs for Computed Motions in Free-Field and st Rase
of Structure Using NRC Design Procedurse (1 it - 9.308 m)

time history having thus spectrum and having a duration of approx 16 sec was
used in the following analyses.

Regulatory practice permits the decoavolution of this motion and the analysis
of sorl-structure interaction effects using finite clement methods as previously
described but it also requires that: (1) Analyses be made for the most likely
values of soil moduli and for values of soil moduli which are increased and
reduced by a factor of 1.5 10 allow for possible uncertainties in soil property
determinations; (2) the eavelope of the resulting spectra for motions computed
for a pont in the free-ficld at the level of the base of the structure be noi
less than 60% of the spectral accelerations for the ground surface control motion;
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and (1) the structural response be evaluated for motions having a speciral shape
enveloping those computed at the base of the structure for free-field motions
meeting the requirements of (1) and (2).

A typical set of calculations for the same ground surface control motion,
but for the three different values of soil moduli, are shown n Fig. 12 In
thas fligure, the control motion is shown in the upper lefi-hand corner, ine spectra
for the computed motions in the frec-fick! at the level of the base of the structure
are shown in the lower left-hand corner and the spectra for the computed motions
at the base of the structurc are shown on the lower nght-hand corner. For
the anslysis conducted with the most likely values of soil moduli and the reduced

MGA—M.!M&D*QIWH‘““M‘C
Structure (1 1t =~ 0.306 m)

soil moduli, the control moiion was filtered at 10 Hz, while for the analysis
with increased soil moduli, the control motion was filtered at 20 Hz. The envelope
dthcwﬂdwmlalk-umulmmdthmuwnd
with the motions recorded at the base of the structure in Fig. 13

It may be seea that althcugh the free-field motions fml 1o meet the NRC
design spectral acceleration requirements in the frequency range from approx
2 Hz-5 Hz. the envelope spectrum for the computed motions at *he base of
the structure is nevertheless higher than the spectra for the recorded base motions
at all frequencies. In fact, only at frequencies of about 4.5 Hz-5.5 Hz does
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the spectrum for the recorded motions come close 10 that for the computed
base motion envelope spectrum.

One means of increasing the free-field spectra 1o meet the 60% of surface
control motion requirement 15 1o increase the ground surface acceleration for
the control motion for one or more of the analyses, so that after deconvolution
it meets the free-field requirements. In the present case, this could be achweved
by increasing the coatrol motion for the analysis performed using values of
soil odub reduced by 30%. With a satisfaciory degree of accuracy, this leads
10 corresponding increases of 30% in both the free-field spectrum at a depth
of 85 ft (26 m) and the spectrum for motions at the base of the structure.

The superimposed spectra for the three analyses with thus modification are
shown in Fig. 14, and the envelope of the spectra for computed motions at
the base of the structuie 1s compared with the spectra for the motions recorded
at the base of the structure in Fig. iS It may be scen from Fig. 14 that the
envziope of free-field spectra now comes very close to meeting the design
spectral requrements at this location; thus the envelope of spectra for motions
developed i the base of the structure as shown in Fig. 15 would be essentially
acceptable for design purposes. This envelope provides a comfortable margin
of safety above the spectra for the recorded base motions and would seem
1o indicate that, at least for these strong motion records, the current design
r=guirements provide an adequate but not excessively conservative margin of
safety for analyses conducted in the manner described in the aforementioned.

Simular studies for other methods of eveluating soil-structure interaction effects
would presumably throw some hight on the degree of conservatism they introduce
mnto the design procedure.

ComcLumons

The preceding pages present the results of & study of the distnbution of
ground motions and structural icsponse in the Humboldt Bay Nuclear Power
Plant dunng the Ferndale carthquake of June 7, 1975. Base¢ on a knowledge
of the motions recorded 2t e ground surface in the free-ficld, computations
are made using an idealized complete interaction procedure based on fimite
clement analysis, 1o determune the charactenstics of the motions likely to develop
at the base of the buned reactor cassson at a dept’ of 85 ft (26 m) below
the ground surface and withun the Refuching Building at the ground surface
level. The computed motions are shown 10 be in reasonably good agre=ment
with those recorded at these locations dunng the same carthquake. In adlition,
the recorded motions are compared with those computed by an analyss procedure
which generally meets existing regulatory requirements, and it 1s shown that
the regulatory requ-rements lead to an adequate but not excessively conservative
margmn of safety based on the motions recorded in this event.

It 1s of interest to note that Lambe has recently made a study of the accuracy
of engineering predictions of soil behavior under static-loading conditions (3).
For this purpose he classified predictions into five groups as follows:

1. Type A: Prediction made before the event.

2. Type B: Predicion made dunng the event but before the results are known.

3. Type Bl: Predicion made during the cvent but with results krown at
the time.
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4 Type C Prediction made after the event but before the results are known.
S Type Ci: Prediction made after the cvent but wath results known at the
ume

He concluded that ““Type C predictions are autopsies. Our professional hiterature
contans the results of more Type C1 predictions than any other type. Autopsies
can of course be very halpful in contributing to our knowledge. However, one
must be suspicious when an suthor uses a Type C1 prediction to prove that
any prediction * schnique 1s correct””. Lambe also concluded that predicted results
within a factor of two of observed ficld performance coastitute very good
predictions. It would scem optimistic to expect any better success in predicting
dynamic behavior of sosl or soil-structure systems.

However, the prediction of the base motion peak accelerations shown in
Table 4, based on the assumption that the ground surface motions with peak
sccelerations of 0.25 g and 0.40 g in the free ficld was clearly a Class A prediction
using Lambe s terminology in that the study descrnibing these results was carmed
out before the event of June 7, 1975 had occurred; nevertheless, the degree
of similarity between peak acceleration values assumed and developed in the
free field and those predicted and developed at the base of the Reactor Caisson
would seem 1o show that the prediction was highly satsfactory.

Sinularly , although the more detaiied analyses descnibed in the preceding pages
using the same general procedure were made after the event, it maght reasonably
be clamed that they represent a Class A prediction snce they permusted virtually
no latitude for manipulation of the results, in that they were based on:

1. A mwihad of analysis developed pnon 10 the event.

~  Sonl pregsrues established and filed with the Nuclear Regulatery Commission
pror 1o the cvent.

3. Fixed mssfe-e moi-ons established by the event.

Nevertheless, the . ri2ers would be the first 10 agree that the good agreement
n this one case betwess predicied and developed motions at the base of the
structure does not necessarily prove the adequacy. for all cases, of the method
of analysis used. Clearly, compensating errors mught be involved whose effects
have not been fully appreciated. On the other hand, it is an encesr ag:ng start
and the results obtained obviously give sume degree of jusivfi_<uon for the
method used. They might also, in due course, given an equal degree of justification
for other methods which mught be used for amalyzing sodl-structure interaction
effects. These are significant facts in a fickd in which no othe: data eusis
by which the adequacy of analytical procedures can be checked At the same
tme, it is clear that any method of analyss wihich provides ¢ poor arediction
of the results obtained . based on the known values of sosl and structural properties
and the motions recorded at the ground surface, mu-t be considered of dubrous
vahdity for future predicions of probable building i2sponse
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