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REPORT

PARAMETRIC STUDY
SOIL-STRUCTURE INTERACTION
BIG ROCK POINT NUCLEAR POWER PLANT
CHARLEVOIX, MICHIGAN

1.0 INTRODUCTION

D'Appolonia Consulting Engineerc, Inc. (D'Appolonia), is pleased to
submit this report to Consumers Power Company (Consumers Power) on para-
metric studies related to soil-structure interaction at the Big Rock
Point Nuclear Power Plant. The specific studies performed and described
in this report were performed in accordance with the request by the
United States Nuclear Regulatory Commission (USNRC) transmitted to

D'Appolonia by telephone on April 5, 1982,

1.1 BACKGROUND INFORMATION

1.1.1 "Spent Fuel Pool" Analytical Model

Since 1978, D'Appolonia has participated in two seismic evaluation
studies of the reactor building structure at the Big Rock Point Nuclear
Power Plant. The first study, performed in 1978, was confined primarily
to the evaluation of the floor responses at the spent fuel pool level.
The analytical model of the reactor building for this analysis (hence-
forth called the "spent fuel pool" model) consisted of a three-
dimensional stick model for the reinforced concrete reactor internal
structure and a single-mass representation of the steel containment
shell. The analytical model of the reactor building structure, shown in
Figure 1, incorporated the anticipated increased mass of the stored

spent fuel pool racks.

The structure is considered to interact with the subgrade through
stiffness and damping coefficients associated with the constitutive
properties and s'-ucification of the soil and rock which comprise the

subgrade. The subsurface material beneath the reactor building consists
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of approximately 20 feet of glacial till overlying a limestone forma-

tion. At the time the 1978 study was conducted, the available subsur-
face data consisted of material classification and penetration resis-
tance indicated on boring logs. No direct measurements of dynamic soil
or rock properties were available. The available information was com-
bined with results of published data and D'Appolonia's previous experi-
ence with similar subsurface materials to develop the three transla-
tional and three rotational springs and dampers. These soil-structure
interaction (8S1) parameters were termed "best estimate' parameters, and

their values are shown in Figure 1.

The 1978 evaluation of the reactor building was performed using an arti-
ficial earthquake time history (henceforth called the "R.G. 1.60 earth-
quake") which satisfies the basic requirements of the USNRC Regulatory
Guide 1.60 (1973) design spectrum requirements and has a zero-period
horizontal ground acceleration equal to 0.12g. The zero-period vertical
acceleration was taken as two-thirds of the horizontal, i.e., 0.08z.

The two spectra are shown in Figures 2 and 3. The floor time histories
were evaluated using a linear numerical time-history integration tech-
nique, the artificial earthquake being used as excitation to the analy-
tical model. The floor responses so evaluated were considered as the

"best estimate" responses of the reactor building.

Because no direct information regarding dyramic soil and rock properties
was available, effects of variation in SSI parameters were also evalu-
ated in the 1978 study. The soil spring constants used in the "best
estimate"” analysis were reduced by a factor of 0.5 for e lower bound
analysis and were also increased by a factor of 1.5 for an upper bound
analysis. Mode frequency analyses of these three models (best estimate,
lower bound, and upper bound) were performed. The results of the mode
frequency analyses, summarized in Table 1, indicated that the effects of
SS1 parameter variation on the natural frequencies of the analytical
mode]l are small. However, D'Appolonia recommended a procedure (D'Appol-
onia, 1978) that would envelop the anticipated responses of the reactor

building associated with variations in the SSI parameters.
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Following the evaluation of the floor response spectra, the results of a
geophysical cross-hole survey at the plant site became available. The
S51 parameters were then reevaluated and the revised parameters ("cross-
hole value") were compared with the best estimate values. In the deri-
vation of the SSI parameters, a reduced shear modulus, estimated at 90
percent of the small-strain shear (cross~hole test) modulus, was used to
account for possible strain softening in the glacial till. It may also
be mentioned that the SSI spring constants used in the analysis were
based on a continuum solution, which is generally considered to yield
lower values of stiffness than those based on a finite elemeit represen-
tation. The comparison indicated that the soil springs based on cross-
hole data are about 5 to 35 percent greater than the corresponding best
estimate values, depending on the displacement mode considered. The
damping values based on cross-hole data are approximately 5 to 20 per-
cent higher than the corresponding best estimate values (D'Appolonia,
1979).

Because these ranges of parameter variations are within the limitations
generally associated with dynamic analyses, and because the cross-hole
based estimates of springs and dampers were well within the ranges
considered in the floor response evaluation study, additional studies

were deemed unnecessary and thus were not recommended.

1.1.2 "Systematic Evaluation Program (SEP)" Model

Since the performance of the 1978 study, D'Appolonia has been partici-
pating in the seismic safety margin evaluation of the Big Rock Point
Nuclear Power Plant under the auspices of the Systematic Evaluation Pro-
gram (SEP). The analyses of the plant structures, including the reactor
building, were completed by D'Appolonia for the same earthquake (R.G.
1.60 earthquake) input used in the spent fuel pool evaluation study.

The scope of work in the SEP investigation included evaluation of struc-
tural safety and generation of floor response spectra at all significant
elevations of the reactor building. The analysis of the reactor build-
ing was similar to that used to model the response of the spent fuel

pool, with the following minor changes:
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e The spent fuel poo! model accounted for the pre-
sence of the Primary Coolant Loop (PCL) system by
including it as lumped massee. In the SEP analy-
sis, the PCL system was represented as detailed
substructures. The counnection between these sub-
structures and the reactor internal structures
was accomplished through a system of rigid links
extending from appropriate levels of the reactor
building;

e The best estimate SSI parameters were replaced by

cross-hole value SSI parameters; and

e To accommodate proper ccnnection between the PCL
and the reactor building, an additional node was
introduced in the SEP stick model of the reactor
internal structure at Elevation 608.5 feet. The
calculated lumped masses used in the spent fuel
pool analysis between Elevations 614.5 and 598.5,
therefore, had to be revised slightly. The rep-
resentation o: the reactor building so developed
for the SEP analysis is also shown in Figure 1.

In all other respects, the analytical methodologies used in the SEP
evaluation using the R.G. 1.60 earthquake are the same as those used in

the spent fuel pool analysis.

Having completed the above-cited investigation using the R.G. 1.60
earthquake, D'Appolonia is currently engaged in the generation of floor
response spectra using the site-specific spectra developed by the USNRC
for the Big Rock Point Nuclear Power Plant. The horizontal site-
specific spectra are anchored at 0.105g, and the vertical spectra are
anchored at two-thirds of the horizontal. The two spectra are shown in
Figures 2 and 3. As part of the current study, artificial earthquake
time histories matching the site-specific spectra have been developed
using procedures similar to those described in the previous reports or
the spent fuel pool and SEP investigations. Although this work is
currently underway, s.me of the -esults obtained using the site-specific
input have also been compared with those associated with the R.G. 1.60

earthquake input as part . the study described herein.
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1.2 OBJECTIVES OF THE PRESENT STUDY

The basic objectives of this study may be stated as follows:

e Demonstrate that the floor response spectra de-
veloped in the seismic safety margin evaluations
include adequate conservatism such that the use
of such floor response spectra in subsequent
analyses of subsystems (e.g., equipment) can be
properly justified within leveis of engineering
accuracy.

e Demonstrate that any differences in the analy-
tical results of the spent fuel pool evaluation
and the SEP evaluation are within the bounds of
acceptable engineering accuracy.

In the evaluation of the results of the present study, the recommenda-
tions of NUREG/CR-0098 by Newmark and Hall (1978) and the SSRT (Senior
Seismic Review Team) guidelines for SEP soil-structure interaction

review by Newmark, et al. (1980), may be considered.
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2.0 FORMULATION OF THE PRESENT STUDY

On the basis of the telephone conversation of April 5, 1982 with the
USNRC, studies dealing with parameter variations were formulated and may
be described in terms of three individual tasks:

® Task 1 - Evaluate Effects of SSI Parameter
Variation

e Task 2 - Evaluate Effects of Structural Damping
Variation

e Task 3 - Compare Floor Response Spectra Derived
Using the Spent Fuel Analytical Model with the
Corresponding Spectra Derived Using the SEP
Analytical Model

Subsequent paragraphs describe these tasks in detail along with relevant

conclusions,

-~

Z.1 TASK 1 - EVALUATE EFFECTS OF SSI1 PARAMETER VARIATION

With respect to the uncertainty in soil properties, the SSRT suggested

general guidelines are

"To account for uncertainty in soil properties, the
soil stiffnesses (horizontal, vertical, rocking, and
torsional) employed in analysis shall include a
range of soil shear moduli vounded by (a) 50 percent
of the modulus coresponding to the best estimate of
the large strain condition, and (b%) 90 percent of
the modulus corresponding to the best estimate of
the low strain condition. For purposes of struc-
tural analysis, thiee soil modulus conditions gen-
erally will suffice corresponding to (a) and (b),
above, and (c¢), a best estimated shear modulus."
(Nevmark, et al., 1980),

The subsurface conditions at the plant site consist of a relatively thin
layer of giacial till deposit underlain by limestone. The shear wave
veiocities in the till range from approximately 1,200 feet per second at
the top of the laver to about 2,700 feet per second at the interface of

the ti1ll and limestone. The shear wave velocity in limestone ranges
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from approximately 3,300 feet per second in broken zones to about 7,000
feet per secona in competent zones (D'Appolonia, 1979). These velocity
measurements have been obtained through geophysical cross-hole test mea-
surement procedures which can determine velocities within 25 percent of
the actual values (Woods, 1978). On the basis of shear wave velocity
measuremen, 8, therefore, the subsurface material is very competent.
Hence, for the low-level earthquake postulated for the Big Rock Point
site (ZPA < 0.12g), a large shear strain condition, generally consid-
ered to be greater than 10'3, will not occur. As an estimate, the sim-
plified procedure given by Seed and Idriss (1971) leads to the maximum
strain level being not more than 2.5 x 10-5. The reduced shear modulus
associated with such strain levels is no less than 90 percent of the
maximum shear modulus (cross-hole modulus). Note that the 10 percent
shear modulus reduction was initially incorporated in the SEP cross-hole

based SS1 parameters.

Therefore, because the large shear strain condition will not occur at
the Big Rock Point site, the variation of shear modulus should be no
greater than 20 percent of the cross-hole modulus, for conducting
parametric studies, after accounting for uncertainties in the cross-hole
measurements. The usually recommended 50 percent reduction in soil
modulus at a large strain level should therefore be considered as very
unrealistic for the Big Rock Point site. The effects of a 50 percent
reduction of the spring constants, evaluated on the basis of the cross-
hole value, were, nevertheless, determined. However, D'Appclonia con-
siders this to be an extreme lower bound condition. Similarly, an upper
bound analysis was formulated, whereby the SSI spring constants based on

the cross-hole value were increased by a factor of 1.5.

2.2 TASK 2 - EVALUATE EFFECTS OF STRUCTURAL DAMPING VARIATION

In the analysis of the reactor building, structural damping was repre-

sented through Rayleigh damping factors, @ and B given by

£ = alM] + B[K]
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e Case 2 - Assumed structural damping equal to 5
percent of critical in concrete and 2 percent of
critical in steel and the revised soil damping
values conforming to the SSRT recommendations.

e Case 3 - Assumed structural damping equal to 3
percent of critical in concrete and 2 percent of
critical in steel and the revised soil damping
values conforming to the SSRT recommendations.

It was further decided to conduct two sets of analyses for the above
three cases, whereby the seismic input in the first set consists of the
site-specific earthquake and in the second set the seismic input con-

sists of the R.G. 1.60 earthquake.

2.3 TASK 3 - COMPARE FLOOR RESPONSE SPECTRA DERIVED USING THE SPENT
FUEL ANALYTICAL MODEL WITH THE CORRESPONDING SPECTRA DERIVED USING
THE SEP ANALYTICAL MODEL

The floor response spectra presented in the report on the spent fuel
pool analysis consisted of plots which were not broadened nor smoothed.
Herein, these spectra are compared with the corresponding unbrcadened
floor response spectra derived using the SEP model. Additionally, a
mode-frequency analysis of the SEP stick model was performed to compare
the participation factors with those associated with the spent fuel pool
model. The differences between the two stick models are shown in

Figure 1.
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3.0 RESULTS OF ANALYSES

3.1 EFFECTS 0. SSI PARAMETER VARIATION

The results of analyses for Task ] are presented in Figures 4 through 6
for Node 650; Figures 7 through 9 for Node 652; and Figures 10 through
12 for Node 661. The recommended peak broadened and smoothed response
spectra for the original SEP analysis are compared with the unbroaden.d
spectra associated with the parametric analyses. For ease of review,
the spectra have been compared for only two damping values, 2 and 10

percent of the critical damping.

The results indicate that for the upper bound case (Case 3), the com-
puted floor response spectra are almost always enveloped by the recom-
mended spectra. In general, the peaks of the upper bound spectra are 10
to 15 percent below the corresponding ordinates of the recommended spec-
tra. The only exception occurs at Node 650 along the Y direction where,
at approximately 10 Hertz and for 2 percent damping, the recommended

spectral ordinate is exceeded by approximately 2 percent.

For the lower bound case, major portions f the generated spe-tra are
well within the bounds of the recommendes spectra. Although excursions
outside the bounds of the spectra occur for this case, they generally do
not exceed 10 to 15 percent of the recommended spectral ordinates; the
largest deviation of approximately 20 percent occurs near 6 Hertz for 10

percent damping at Node 66] along the X direction (Figure 10).

As the lower bound cace is, in D'Appolonia's opinion, an extreme and
unrealistic condition, the generally good envelopment of the unsmoothed
spectra by the recommended smooth spectra indicates an appropriately

conservative representation of the response of the structure.

3.2 EFFECTS OF STRUCTURAL DAMPING VARIATION

The results of analyses for Task 2 are presented for Node 650 (the high-

est point on the structure). Figures 13 through 15 show the effects of
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structural damping variation for the site-specific earthquake input, and
Figures 16 through 18 show the corresponding effects for the R.G. 1.60
earthquake input. For each input, the results are shown for three damp-
ing values: 0.5, 3, and 10 percent of critical for the site-specific
earthquake input and 0.5, 2, and 10 percent of critical for the R.G.
1.60 earthquake input.

The results indicate that for Case 2 (i.e., 5 percent of critical damp-
ing in concrete and 2 percent of critical for steel), the computed spec-
tra for the site-specific case are always enveloped by the recommended
spectra. The same statement applies for the R.G. 1.60 spectra with one
minor exception--the computed spectral ordinate along the X direction
exceeds the recommended value by approximately 10 percent near 6 Hertz

for damping equal to 0.5 percent of critical (Figure 16).

For Case 3, the computed maximum spectral ordinates for both earthquake
inputs exceed the recommended spectral value along the two horizontal
directions. The largest exceedance usually occurs at a single point at
damping equal to 0.5 percent of critical. For damping equal to 2 per-
cent or more, the exceedances are quite small and are rarely greater
than 5 percent; a maximum difference of about 15 percent occurs along
the X direction for the R.G. 1.60 case (Figure 16). All exceedances

occur for frequencies below 10 Hertz.

It mav be noted further that the computed spectra for all cases along
the vertical direction are always enveloped by the smoothed response

spectra.

On the basis of this evalvation, it is concluded that:

e The specification of the Rayleigh damping factor,
B, at a frequency of about 10 Hertz has a negli-
gible adverse effect on the high frequency
response of the structure;

IDPARPROINADNILA
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e For subsystem damping values equal to or greater
than 2 percent of critical, the effects of low-
ering the structural damping are small and are
well within the accuracy associated with engi-
neering computations; and

e For very low damping values, e.g., 0.5 percent of
critical, the peak of the recommended spectra
would be exceeded by approximately 15 percent if
concrete damping is assumed to be equal to 3
percent of critical. Furthermore, the floor re-
sponse spectra for damping equal to 0.5 percent
of critical would be well within the engineering
level of accuracy for concrete damping assumed at
5 percent of critical.

3.3 COMPARISON OF FLOOR RESPONSE SPECTRA FOR SPENT FUEL POOL AND SEP
ANALYSES

As part of Task 3, comparisons were made between floor response spectra
for the spent fuel pool and SEP analyses. Figures 19 through 27 include
comparisons of the two sets of floor response spectra for damping equal
to 2 and 7 percent of critical. Figures 19 through 21 show comparisons
for Node 650, the highest point on the structure, along the X, Y, and 2
directions (note that node numbers referred to here relate to the SEP
model and correspond to the node numbers for the spent fuel pool model
summarized in Figures !9 through 27). Figures 22 through 24 show the
corresponding spectra for Node 652 and Fipures 25 through 27 for Node
661. The comparisons indicate an excellent agreement between the two
models in all but one of the spectra presented. The only significant
discrepancy occurs at Node 66! along the X direction (Figure 25) where
the maximum ordinate of the spectra in the SEP model is obtained at a
different frequency than that obtained for the spent fuel pool model.
The deviation 1is associated with certain mass redistributions made at
the level of Node 661 in order to accommodate the PCL system in the SEP
analysis. Also, the reactor vessel mass, which originally was included
as a rigidly supported mass in the spent fuel pool model, was included
in the SEP model as a flexibly supported mass. This effect is further
evidenced by the higher ordinate of the floor response spectra obtained

from the spent fuel pool analysis.
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As summarized in Table 2, the natural frequencies for the two stick

models used in the spent fuel pool and SEP analyses are in excellent

agreement. Good agreement also exists between the two models as regards

the highest participation factors for each frequency.
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4.0 CONCLUSIONS

The results of this study indicate that:

e A variation of not more than $20 percent of the
cross-hole shear modulus should be considered in
determining soil springs. The attendant responses
would be within the bounds of the recommended
analytical results. However, even for an upper
bound 50 percent variation in SSI parameters, the
recommended spectra demonstrate adequate con-
servatism. For an extreme lower bound 50 percent
variation in SSI parameters, the response spectra
of the structure are in good agreement with the
recommended spectra. Minor deviations occur at a
few frequencies.

e For damping as low as 3 percent of critical for
concrete structures, the recommended floor re-
sponse spectra (derived using 7 percent damping)
demonstrate appropriate conservatism. Most ex-
ceedances occur at a few frequencies ror floor
response spectra at 0.5 percent damping. These
variations will not influence the design of
subsystems.

e The response spectra of the two analytical
models-~the spent fuel pool model and the SEP
model--are in close agreement. The variations
noticed are commensurate with the minor
differences that exist between the two models.
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5.0 SUMMARY

An extensive parametric study has been performed to evaluate the con-
servativeness of the reactor building analysis and to examiae the levels
of response variation between the spent fuel pool and the SEP models.
Variations in soil-structure interaction parameters and structural damp-
ing values have been examined, and the participation factors and the
floor response spectra of the two analytical models have been compared.
The results of the study indicate that for all variations considered,
the recommended floor response spectra are adequate for engineering
purposes. Also, the differences in the two analytical models used in
the spent fuel pool and in the SEP evaluations d- not lead to any

significant variations in the response of the structure.
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TABLE 1

EFFECTS OF SSI PARAMETER VARIATION

SPENT FUEL POOL MODEL

ANALYTICAL FREQUENCIES IN HERTZ

MODE ' Lower sounp‘!’ BEST ESTIMATE | UPPER BOUND'?’

NO.
1 4.03 4.08 4.10
2 6.07 6.77 6.95
3 6.19 6.87 7.04
4 8.36 9.27 9.89
5 8.47 9.50 10.22
6 14 .24 17.55 18.47
7 14 .84 18.25 19,31

(pest estimate soil springs were multiplied by 0.5 in
this analysis.

(Z)Best estimate soil springs were multiplied by 1.5 in
this analysis.

Note: For details, refer to D'Appolonia (1978).
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TABLE 2

COMPARISON OF PARTICIPATION FACTORS
SPENT FUEL POOL MODEL VERSUS SEP MODEL

SPENT FUEL POOL ANAL/{SIS SEP BVALUATION*
MODE r PARTICIPATION FACTORS PARTICIPATION FACTORS
| |mme [Ty [ e x [0 [
1 4 .04 35.0 130.0 0.13 4,04 16.8 124.1 0.16
2 6.76 599.0 44 .5 8.75 6.85 570.2 21.2 5.83
3 6.86 36.5 573.9 6.18 6.95 16.8 545 .2 3.41
4 9.30 631.3 109.8 31.5 9.49 659.9 74 .6 v i |
5 9.51 114.2 654 .3 5.56 9.72 79.3 682.8 0.14
6 17.6 382.0 99.5 385.9 18.1 319.7 65.5 399.6
7 18.3 205.9 1.2 414.1 18.5 278.9 40.4 249.8
8 18.7 0.7 425.8 20.9 19.4 64.5 419.4 1.47
9 22.2 42.7 36.7 792.9 22.5 2.47 19.2 14.0
10 24.5 17.8 44 .1 10.2 233 332 26.4 B821.4
11 25.2 35.8 74.1 17.2 26.1 35.8 87.0 55.0
12 28.4 164.7 12.0 93.0 28.5 175.6 6.96 120.9

The frequencies and participation factors shown correspond to the mode-
frequency analysis of the stick model alone. The complete SEP model

includes the Primary Coolant Loop system which was attached to the stick
model as substructures. For details, refer to D'Appolonia (1978, 1981).
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