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INTRODUCTION

Lotung SSI research project was inftiated by the Electric Power Research Institute
(EPRI), the US Nuclear Regulatory Commission (NRC) and the Taiwan Power Company
(TPC). Based on the technical exchange agreement between EPR! and the Tokyo
Electric Power Company (TEPZ0), TEPCO sponsored the analytical investigation of the
Lotung experiment in Japan. Ohsak{ Research Institute (ORI) participated in this
project as one of the contractors of TEPCO and conducted the prediction amalysis
and correlation assessment whose flow chart 1s shown in Fig, 1. This workshop
paper presents research results and findings obtained through the analysis using
the computer code AXERA (Axisymmetric farthquake Response Analysis). Note that ORI
also employed another analysis method using the computer code HYBAX. The detailed
flow charts of the prediction and correlation studies for the forced vibration test
(FVT) and the actua) earthquake records (May 20, 1986 and November 14, 196€) are
shown 1n Figs. 2 and 3, respectively, A schematic view of the analysis method used
in this paper 1s depicted in Fig. 4. AXERA based on an axisymmetric finite element
method can deal with both substructure and direct approaches. In the present
study, the direct approach 1s chosen. AXERA {s similar to ALUSH except that AXERA
allows an introduction of viscous boundaries (dashpots) on the bottom surface.

The analysis matrix of the current work is shown in Table 1 in which only the
properties of the upper portion of the layered soil mode! and the backfill are
depicted since the lower portion was not changed throughout the analysis. Based on
the soil data packages, mode) B has been constructed for FVT blind prediction,
Since the elastic wave velocities of the backfill are not given, they were assumed
fn t*2 modeling. Through the comparison between the prediction and FVT
measurement, model C has been constructed. These models B and C have been used for
the blind prediction of responses subjected to May 20, 1986 earthquake. In the
earthquake response analysis, the computer code SHAKE (1) was utilized to obtain
the free-field in-ground motion and to construct equivalent linear sof) models.
Model C' has further constructey through the comparison between the earthquake
response prediction and recorded motions. The response prediction for November 14.’
1986 earthquake has been finally carried out using the mode) (',
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MODEL DEVELOPMENT AND DESCRIPTION
A 14

Soil properties of Lotung SSI experiment site were summarized out of the geological
exploration and soil testing reports (Data Packages a, ¢ and f). The soi) modeling
(Tadble 2) was determined primarily based on the result of cross-hole shootings (set
of L2, LS, L6 and L7 holet). Since there are no measured data for the backfill,
the S-wave velocity V, and the P-wave velocity V, were assumed for the blind
predictizn of FVT, The saturated unit weight is employed for a1 the sof) layers
(excezt for the backfill in mode) B) because the water table is considered to be
high (W...= GL£0).

A nonlinear sci) model was constructed based on the soil testing report (Data
Package h) which contains results of resonant column tests and cyclic triaxia)
tests for undisturbed and remolded soi) specimens. These test data were plotted in
the equivalent 'inear representation (shear modulus reduction ratio G/Gy vs. shear
strain y, and damping ratio A vs. shear strain y) for five confining pressures,
0+0.3%, 0.5, 1.0, 2.0, 3.5 kg/cnz. Then the foilowing hyp= dolic relationship
between G/G, and y was introduced:

in which y, 1s the reference strain when G/Gy=0.5. It 1s well-known that the
reference strain becomes large as the confining pressure increases. Thus three
values of y were used in the modeling according to the confining pressure as shown
in Fig. 5. The damping ratio A was madeled as

X
Y, e (2)
A = h..(l-—)¢h° = h-. -—-—-¢h°
Y,

in which a__. 1s the damping ratic at infinitely large strain and hg 18 the initial
damping ratio added to the 1inear relationship in order to avoid infinitesima)l
value of A, In this study, these parameters for the damping ratio were determined
as A_,,=0.3 and Ay=0.015 for al) the soils based on the laboratory test results.
The soil region below GL-BOm was assumed to be a linear elastic haif-space.
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Table 4

Comparison of System Frequency and Damp'ng

System Freguency Damping Coefficient
fo (H2) h (%)
FVT (radial) 3.80 9.5
(tangential) 3.81 11.0
“1ind Prediction (model B) 4,25 11.6
Correlation Analysis (model C) 3.98 14,0

Vibration Mocas

The vibration modes at the system rrequency of the first rockirg mocdas for the
radfal and tangential excitation tests have been identified and they are presented
in Fig. 11 using a vector representation, which includes both the amplitude and
phase informatfon. The rocking components due to the rotation of the base were
obtained from the vertical response values recorded at the edge of the base
assuming 1t to be rigid.

Comparing these mode shapes, it has been confirmed that the vibration modes
predicted by the Phase | analysis agree well with those identified from the FVT
=ecuits and that at the system frequency of the first rocking mode, the containment
structure a “27 vibrates almost 1ike a rigid body.

Refined Model C

Comparing the blind prediction and vibration test results, 1t was found that the
mode! B gave slightly higher system frequency for the first rocking mode.
Inspection of the vibration modes and response amplitudes indicate! thati .ne
containment model might need no modification. Therefore the possible modifications
were restricted to the soi) properiies.

The elastic wave velocities of the sofl layers of the mode) B were determined from
the results of tha cross-hole shootings as described before However, for the top
sofl layer which extends GLtOm to GL-5m and the backfill, 1t {s expected that their
surface portions .re softer than te assumed sofl profile. In addition, since
there are nu data available to determine the elastic wave velocities of the
backfill, the assumed values for the backfi1l in the blind prediction (Phase I)
analysis can be modified. Considering all these, it has been decided to modify
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v; was used instead of V,. A1l the other conditions of the analysis are the same
as those for the N-S and E-W components. The equivalent linear soil properties for
the N-S and E-W components obtained by the deconvolution analyses are shown in Fig,
13. In Fig. 14, in-ground distribution of the maximum accelerations to the May 20,
1986 earthquake 1s depicted. Acceleration response spectra with A=5% at DHB6 and
DHB47 are calculated and shown in Figs. 15 and 16, respectively.

Equivalent Linear Soil Models for AXERA

The computer code AXERA is based on a frequency domain analysis and does not dea)
with nonlinear problems. Hence, equivalent 1inear soil models were constructed
from the analysis results by SHAKE ton contider the soil nonlinearity during the
earthquake. In the SHAKE analysis two sets of G'G, and h values for both N-S and
E-W components were obtained. For making the equivalent linear soil models, they
were averaged in each soil layer and the resulting models are explained in Table 5§
for the models B and C and Table 6 for the mcde)l C'. In the above process, the P-
wave velocities were kept unchanged over all layers. Though the damping ratios for
vertical motion are different from those for the horizonta) motion, the damping
values for the horizontal motion were employed for the models B and C. The GG,
value of the backfill was determined by assuming that the shear stress of the
backfill 1s equal to that of the top soil layer, Therefore the strain of the
backfill y, was determined by the following equation:

G
GEEE S e e (3)

Cp
where y,, Gyg and G, represent the strain of the top sofl layer, the inftial shear
modulus of the backfi)] and that of the top soil layer, respectively, Substituting
this yg fnto Eqs. 1 and 2, G/G, and A for the backfill were obtained.

Response Analysis Using AXERA

Using the equivalent 1inear soil models, the frequency response analysis was
performad to obtain transfer functions with respect to the control point (FAl-5),
The sefsmic excitations were chosen to be vertically incident plane S-waves for the
horizonta) excitations and a vertically incident plane P-wave for tne vertical
excitation. The transfer functions were obtained for the N-S (vertically incident
plane S-wave with N-S particle motion), E-W (vertically incident plane S-wave with
E-W particle motion) and U-0 (vertically incident plane P-wave) excitations.

Time Histories and Acceleration Response Spectra

By use of the transfer functions, the time histories of the response to the May 20,
1986 earthquake were calculated through the FFT algorithm. Since the steam
generator was not modeled, the response values at F45U and F4GL were not obtained.

The 5% acceleration response spectra for the calculated motions and the recorded



Layer Depth Sublayer | Location of Vs
No. G.L. (m) Accelerometers (m/sec)
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1 v -50 120/85*
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3 v -13.0 GL-1 it
GL-17
4 220
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5 vV -34.0 280
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v -60.0
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777777777772
9 Elastic 480
Halfspace
vV =

Vv, values of sublayers in Layer 1 (and 2) are assumed to
fncrease according to depth (See detail in Table 1),

Figure 12. Analysis Model For SHAKE
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Table 6
Equivalent Linear Soil Model for May 20, 1986 Earthquake (Model C')

Layer | Depth | Reduction v, vp Unit Weight | Shear Modulus | Poisson's | Damping
No. G6.L. (m) |Ratio GiGg (m/s) (m/s) y, (t/m3) G (t/m2) Ratio v B 2o
0.0
v -so| 0.5 60 262 1.87 690 0.472 0.105
2 v 80| 0.5 99 810 1.87 1870 0.492 0.105
3 v -13.0| o0.75 165 1270 1.87 5160 0.491 0.070
a 0.70 184 1330 1.87 6460 0.490 0.080
v_-31.0
5 v -3a0| 0.9 266 1330 1.90 13670 0.479 0.050
- 0.85 230 1250 1.90 10290 0.483 0.055
v_-48.0
7 0.85 249 1220 1.90 12000 0.478 0.055
v ~ao
Backf 111 0.0
. 60 323
Gmer) | ¥ 50| 03 2.24 822 0.482 0.115
Backf 111 0.0
0.65 85 323 ; , :
e R 2.24 1640 0.463 0.085
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RESPONSE PREDICTION AND RESULT COMPARISON FOR NOV. 14, 1986 EARTHQUAKE

The blind earthquake response analysis has also been carried out for the November
14, 1986 earthquake following the same procedure as for the May 20, 1986
earthquake. The refined model C' was utilized in this prediction. The maximum
ground response and equivalent 1inear soil mode) obtained by SHAKE are shown in
Fig. 29 and Table 8, respectively. The recorded maximum ground acceleration is
also depicted in Fig. 29. A good agreement is seen between the predicted and
recorded maximum ground acceleration.

Acceleration response spectra at DHBS obtained by SHAKE and those at FaUS, F4LS and
FAl-1 obtained by AXERA are plotted 1n Fig. 30 to 33. Aczeleration response
spectra at DHB47 are not shown here since no record was available at this point.
In these response spectra, & very good agreement 1s observed in the wide range of
frequency. The transfer functions between the points, F4US and FA1-5, are plotted
fn Fig. 34 in the similar manner as for Fig. 20. The predicted transfer functions
by the mocel C' excellent)y match those obtained from the actual records of
November 14 earthquake., It 1s also observed that the system frequency by this
November 14 event {5 almost the same as that by the May 20 event: f=1.8 to 2.5 Hz.
Finally, acceleration time histories at F4US and FAl-1 are shown in Fig. 35 to 40,
the pressure time histories at P4WS and P4SW are shown in Figs. 41 and 42, and the
maximum acceleration and pressure values at the selected points are summarized in
Table 9. In these figures and table, a good agreement between the prediction and
observation is again confirmed except for the interface pressure. Hence the SSI
model construction and modification procedure developed for May 20 earthquake may
be valid for the other earthquakes of similar intensity.

From the comparison between the earthquake response analysis and recorded responses
for the May 20 and the November 14 earthquakes, it may e concluded that the
correlated mode! C' explain the response to the November 14 earthquake better than
that to the May 20 earthquake. This is probably due to the fact that the recorded
ground motions for the May 20 earthquake contain surface wave components, which are
net considered in the current analysis, more than those for the November earthquake
does.




Table 8

Equivalent Linear So11 Model for Nov. 14, 1986 Earthquake (Model C')

Layer Depth Reduction V, Vp Unit Weight | Shear Modulus Poisson's Damp ing
No. G.L. (m) |Ratio G/G, (m/s) (m/s) Y, (t/m3) G (t/m?) Ratio v Rat1o A
0.0
1 v -5.0 0.55 63 262 1.87 760 0.469 0.100
2 v -8.0 0.55 104 810 1.87 2060 0.492 0.100
3 v -13.0 0.80 170 1270 1.87 5510 0.491 0.065
4 0.75 191 1330 1.87 6960 0.489 0.070
v -31.0
5 v -34.0 0.90 266 1332 1.90 13670 0.479 0.050
6 0.85 230 1250 1.90 10290 0.483 0.055
v -48.0
7 0.85 249 1220 1.90 12000 0.478 0.055
' -0
Backfi1l 0.0
(inner) | v -5.0 0.35 62 323 2.24 878 0.481 0.105
Backfill 0.0 0.70 g8 323 7 0.460
(wt") v -5.0 . 2.24 1770 . 0.080
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METHOD EVALUATION AND CONCLUSION
Forced Vibration Test (FVT)

The blind prediction analysis based on the data packages gave a good estimation for
the system frequency and damping, and the mode shape of the response of the
containment model to the forced vibration excitations. Hence the modeling of the
soil and structure employed in this stage may be fairly close to the actual system.
Although the elastic wave velocities of the backfill sti11 remain unknown, the
backfill might be harder than the top soil layer from the comparison between the
analysis and measured results.

The realistic modeling capability of AXERA, 1.e., viscoelastic layers with viscous
dashpots on the bottom surface and the inhomgeneous soi) region near the
foundation, has also contributed to give the accurate estimates. The code AXERA is
therefore considered to be able to simulate the soil-structure interaction system
accurately when the soils are considered to be elastic media.

farthouake Response

The equivalent 1inearization algorithm was employed in the deconvolution analysis
for both May 20, 1986 and Nov. 14, 1986 earthquakes. The conventional value of
effective strain factor a, 0.65 or 0.7, did not give convergence in the process to
find strain compatible soil parameters. The shear strain induced in the upper soil
Tayers during the earthquakes is considered to be large enough to exhibit tie
strong nonlinearity. When such large strain occurs, the daconvolution analysis
based on the equivalent linearization algorithm may not be appropriate. It is also
pointed out that frequency-independent complex damping ratios for soils may cause
unrealistic increase of high frequency contents in ground responses when it is
employed in deconvolution analyses of strong earthquakes.

A correlation analysis has been performed for the recorded ground motions of the
May 20, 1986 and the November 14, 1986 earthquakes at FAl1-5, FA2-5 and FA3-5. It
showed that the horizontal phase velocity is very large, so that the assumption of
the vertical incidence of the plane elastic waves may be reasonable. The estimated
angle of incidence is less than 5° from the vertical axis at the top so!l layer for
the May 20 and the November 14 earthquakes.

In the equivalent 1inear algorithm, a careful attention should be paid for
determining the equivalent damping ratio of soil. Although the conventional soil-
structure analysis codes usually assume that the damping ratio associated with P-
wave propagation is the same with that associated with S-wave propagation, it has
been shown that such an assumption may reduce especially the vertical component of
the response, Therefore it {s suggested that the computer codes should be capable
of defining different damping ratios for S- and P-waves, respectively.

The maximum pressures at P4AWS and PASW calculated using the mode) C' are somewhat
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PART 3: FLUSH METHOD
CENERAL DESCRIPTION OF THE FLUSH METHOD

Methodology and Computer Prograa

The FLUSH SSI analysis method is 4 two-dimensional (2-D) finite element
sofl-structure interaction analysis method using the frequency domain solution
procedure. The computer program FLUSH was developed at the University of
California, Berkeley (Ref. 3-1). The program has been widely applied in the U.S.
nuclear fndustry for sefsmic SSI analysis of embedded structures. The version of
FLUSH applied for this project {s the public domain version which {s available
commercially at the COC computer service bureau. This version of FLUSH has
capabilities and 1imitatfons as summarized below:

0 The sof]l medfum of the SSI system must be horizontally layered
soil strata overlaying a rigid base rock. No wave transmitting
boundary fs used at the rigid base boundary.

0 The seismic input motion is assumed to be vertically propagating
plane seismic S and P waves. The motfon can be prescribed at any
elevation within the free-field soi! medium. The program can
perform free-field deconvolution analysis of the input motion to
generate the base boundary motfon for the interaction analysis.

) The sofl material is assumed to be 1inear viscoelastic material
characterized by the complex moduli with cnstant hysteresis
damping. The sofl shear modulus and damping ratio can be
specififed as functions of shear strain. The strain-dependent
soil properties can be specified differently for every soil
element in the SSI model.

0 The DPO?PCI is a Tinear analysis program. However, 1t has the
capability of automatically or manually performing a serfes
of iterative, equivalent linear analyses to ensure strain
compatibility of strain-dependent soil properties.

0 The program has the options of specifying the horizontal wave
transmitting boundary along either one or both side boundaries
of the sofl model and the viscous wave transmitting boundary at
any point in the plane of the sofl model to simulate 3-D wave
radfation effect.

0 The 2-D soil model 1s modelled with plane strain finite elements
and che 2-D structural model can be modelled with 2<D beam
elements., Special void eleme~is can be used to simulate the
basement void space of zaoedded structures.



Since the internal structures are located off the NS and EW axes of the
containment, the structural model for the internal structures cannot be directly
included in the 2-D FLUSH model. Thus it was decoupled from the containment
mode] and not explicitly included in the 2-D FLUSH model. This decoupling f1s
reasonable because of the relatively 1ight internal structures. For determining
the response of the internal structures, the containment base response motfons at
the internal structure support location were obtained from the 2-D FLUSH SSI
analyses. These motions were properly combined to give the 3-component base
motions which were then, applied as the base input motions for 3-D fixed-base
respense analyses for the internal structures. For these decoupled analyses, the
3-D lumped-mass stick models of Model B and Model C for the internal structures
described in Part 1 were directly used. Thus, the difference between Model B and
Model C for FLUSH analyses was only in the fnternal structure models.

FLUSK Mode!

The configuration of the FLUSH SSI model developed 1s shown in Fig., 3-2. The
model 1s a half mode] with anti-symmetric boundary condition at the certerline
for the horizontal NS and EW analyses, and with symmetric boundary condition for
the vertical analyses. The model consisis of 2-D lumped-mass beam stick mode)
for the containment and 2-D plane strain finite elements for the sofl medium.
The depth of sofl medium included in the FLUSH model above rigid base was chosen
from the result of a sensitivity study in which the depth of the soi] model was
varied and the sensitivity of the containment response was evaluated.

The finfite element mesh of the FLUSH model was sized to pass seismic S and P
waves up to a maximum frequency of 10 cps. The horizontal wave transmitting
boundary was used for the right-hand side boundary of the model. The viscous
wave transmitting boundary was applied to every sofl node in the model.

Since the 2-D containment stick model 1s the same for the NS and EW directions,
the FLUSH model shown in Fig. 3-2 {s applicable for both the hor{zontal NS and EW
analyses. The initial low-strain soil profile used for the FLUSH mode] was the
best-estimate low-strain sofl properties as given in Tables 1-1 and 1-2 of Part 1.

EARTHQUAKE RESPONSE PREDICTIONS AND RESULT COMPARISONS

Earthquake respcnse predictions have been made using the FLUSH computer program
for both earthquake events, LSSTO7 dated 5/20/86 and LSST16 dated 11/14/86. The
respcnse predictions for the internal structures have veen made for both
earthquake events using both Model B and Model C internal structure models.

The input motions to the FLUSK analyses were the free-field surface recorded
motfons at the recording station FA1-5. These motions were assumed to be
prescribed at the surface of the FLUSH sofl model. FLUSH free-field
deconvolutfon analyses were performed to obtain the strain-compatible sof)
properties and the free-field sofl response motions at the free-field downhole
recording statfon DHBE which 1s located at 6 m below grade. The free-field soil
response motions at DHB47, located 47 m below grade, were not calculated since
the FLUSH model did not exteid to this depth. The strain-compatible sof!
properties as obtained were very similar to those obtained from SHAXE analyses
presenced in Figs. 1-15 of Part 1,



response amplitudes agree well with the corresponding recorded
amplitudes. The cecoupled internal structure response provides
acceptable resu’is due to fts relative smal] mass.

From the result of thi: study, 1t may be concluded that the FLUSH method of SSI
analysis with the associated mode] parameters applied in this project, in
particular the node11n$ of the equivalent strip, {s adequate but slightly on the
unconservative side. This may be caused partly by the criteria for developing
the equivalent strip and partly by the viscous dampers used for simulation of 3-0
wave radfatfon which may have over estimated the damping for the FLUSH sofl model.
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ENCLOSURE 3

COMPUTATIONAL PARAMETERS AND THEIR LIMITATIONS

Introduction

The following paragraphs describe the enveloping, bdroadening, and smoothing
procedures that have been followed to obtain final floor respons¢ spectra
(FRS) for Oyster Creek project. This is in response to item 3 of NRC memo
(Ref., Memo from Mr. A. Dromerick (NRC) to Mr, P, B, Fiedler (GPU), dated
December 16, 1987),

Enveloping Procedure

Seismic responses for the Oyster Creek reactor building were obtained by
three soil-structure interaction (SSI) analysss assuming three different
soil profiles = best estimate, upper bound, .nd lower bound. Raw floor
acceleration response spectra were computed from each of the three
analyses, The three raw spectra at each selected location were then
enveloped to obtain the final raw spectra. Figure | shows the three raw
horizontal spectrs at the basemat level (elevation =19'-6") i{n the reactor
building. Figure 2 presents the enveloped raw spectra.

lrondoninl/Snoothin‘ Procedure

The spectral peaks of the enveloped raw spectra were broadened #£15% at
fixed-base structural frequencies following USNRC Reg Cuide 1.122. This
broadening was done to account for any variations {n structural frequencies
due to any possible uncertainties in building structural properties. The
soil-structure peaks wvere enveloped and not broadened, since variations in
soil properties were accounted for in the analysis by considering the best
estimate, upper bound, and lower bound soil shear modulus cases. Figure )}
presents the broadened/smooth horizontal spectra at basemat elevation.

For the purposes of peak brosdening, the fixed base structural frequencies
wvere obtained from the eigenvalue analysis of the model. Table | presents
the frequencies for the reactor building model. The lowest horizontal fre-
quency, for example, i{s 5.4 Hz (0.184 aec). 1In our broadening procedure,
all the structural peaks ar this frequency or at higher frequencies were

TS T Blume



broadened $15%, Peaks at lower frequencies are primarily due to soil
effects and vere enveloped frow the three soil profile cases.

Figures &4, 5, and 6 present {ndividual raw, enveloped raw, and smooth/
broadened final wvertical spectra at a typical sladb location (eleva-
tion 51'=3") {n the reactor bduilding.

Conclusion

The enveloping, peak broadening, and smoothing procedures, adopted for
obtaining the final floor response spectra (FRS) for Oyster Creek reactor
building, have rigorously accounted for any peak variations i{n the FRS that
may occur due to possible variations in the soil and structure properties
used in the analyses. Soil property variations are considered by envelop-
ing results from three sets of soil properties. Structural property varia-
tions are accounted for by broadening structural peaks by #15%,




TABLE 1

FREQUENCIES AND MODAL PARTICIPATION FACTORS

FOR THE FIXED-S8ASE REACTOR BUILDING MODEL

Mode Freq. Period
No. (CPS) (Sec)
1 5.42 0.184
2 5.45 0.183
3 6.22 0.161
4 6.27 0.158%
b 7.32 0.136
6 8.05 0.124
7 8.11 C.123
8 9.47 0.106
9 12,52 0.080
10 14,39 0.069
11 14,40 0.069
12 14,82 0.067
13 15,41 0.065
14 15.58 0.064
15 18,46 0.054
16 18.64 0,054
17 18,71 0.0%3
18 19.90 0.050
19 20,63 0.048
20 23.06 0.043
21 23,06 0.043
22 25.51 0.039
23 28,82 0.035%
24 28,97 0.035%
25 29.66 0.034
26 29.67 0.034
27 31.12 0.032
28 31.23 0.032
29 32.09 0.031
30 36.90 0.027

X = North=-south direction
Z = East-west direction
Y = Vertical dirmction

Modal Partic. Factors

X=Dir. Y=Dir. Z-Dir.
3306 -0.4 °2.0
0.0 =0.5 31.8
2701 =0.5 -8.1
-8.4 0.9 =-27.9
=040 0.0 0.0
17.6 0.2 0.8
0.1 003 °l7.9
'Jol =0.1 8.2
0.0 0.4 0.0
'2.8 1.7 -6.4
-6.2 -l.l 207
0.2 -0.0 0.8
-0.0 =0,0 =0.0
2.9 48,7 2.2
1.8 ‘6-. 1.6
1 =0.7 =0.0
=0.1 =0.6 6.1
.000 -3.1 2201
-21.8 5.7 0.!
1.3 =-0,5 =-0.0
0‘0 .002 l.s
"3.5 -0.6 -0.9
-1500 1.2 303
3.2 1.8 13,7
=1.2 -0.1 =0.0
0.4 0.0 0.2
8.3 003 'I.Z
1.6 2.3 7.8
0.6 7.3 '20.
0.3 7.5 =0,2
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FIGURE 1  RAW HORIZONTAL SSE SPECTRA AT BASEMAT LEVEL OF THE REACTOR BUILDING
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FIGURE 6  SMOOTH/BROADENED VERTICAL SSE SPECTRUM FOR SLAB PANEL BETWEEN COLUMN LINES RA/RB
AND R3/R4, EL. 51'-3" OF THE REACTOR BUILDING
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ENCLOSURE §

EFFECT OF SATURATED SOIL ON OYSTER CREEK SSI ANALYSIS

In:roduction

The following paragraphs describe the soil saturation condition at the
Oyster Creek reactor building area and how the saturation effects were con-
sidered by URS/Blume in the reactor building SSI analyses.

Conditior at Oyster Creek Site

Oyster Creek reactor *ailding is embedded to elevation =29 ft 6 in. The
ground surface is ot elevation +23 ft 6 in. The water tadble varies between
elevation +3 ft 6 {n. to +10 ft as monitored in the well network at the
site since 1984 (GPU Memo, 1987)., Figure | presents the SE1 model of the
reactor building indicating water table elevations.

ffects

We have adopted the foll¢.ing procedures to account for soil saturation in
SS1 analyses for the Uy: er Creek plant. We have used field-measured soil
properties at the Oyster Creek site, which include effects of soil satura-
tion as manifested in higher P-wave velocities and Poisson's ratio for
layers under the water tabdle (Figure 2). In addition, we have monitored
P-vave velascities in soil layers in the saturated soil zone of our soil-
structure model (Figure 1) during SSI analysis and imposed the conditior
that the P-wave velocities in these layers will not be less than the P-wave
velocity of water. This has bdeen {mplemented by aidjusting the soil
Poisson's ratio of thase layers using the following equation:

[1=2(V /v )2)
e P

2[{1=(v /v )2]
s 9

where

u = Poisson's ratio to be used for the soil layer in
saturated zone

V. = Soil layer shear wave velocity
= P-yave velocity in water




This satisfies the measured field data which {ndicates P-wave velocity of
saturated soil to be close to water P-wave velocity. It {s also consistent
with theoretical studies of wave propagation {n saturated soil medium.
Finally, this orocedure has bdeen used i{n SSI analyses of a l/é-scale con-
tainsent model embedded in saturated soil and produces good correlation
with responser seasured in actual earthquakes. These items are discussed
in more detai. 1. subsequent sections.

Field Data on Saturated Soil Properties

A large set of in-situ measurements of saturated soil properties using
down-hole and cross-hole techniques have been accumulated by Japanese in-
vestigators Yokota (1982), Ishihara (.971), Imai (1970), and others. It
has been observed in the field surveys that in relatively loose saturated
soils, the observed P-wave velocity is close to or slightly higher than the
P-wave velocity in water (4,700 fps). In stiffer saturated soils, the
P-vave velocity seems to be controlled by the stiffness of the soil frame;
{.e., the P-wave travels mainly in the rolid phase of the medium at veloc~
ities higher than 4,700 fps. It can be inferred from these data that water
is the dominant P-vave-transmitting medium irn relatively loose saturated
solls (i.e., when solid phase P-wave velocity is less than water P-vave
velocity). On the other hand, the solid phas: (soil frame) becomes the
dominant P-vave-transmitting medium in etiff saturated soils.

Similar trends are observed in the field measurements of soll properties
reported for the Oyster Creek site (Figure 2). It shows that the P-vave
velocity changes from 1,400 fps for the top unsaturated or partially sat~-
urated layer to 5,200 fps for the lower fully saturated layer. The
Polsson's ratio of the top layer is derived to be 0,39, while that for the
second layer is 0,48, reflecting soil saturation effect on P-wave velocity.

Results from Theoretical Studies

The basic theoretical research on wave propagation in a saturated medium
wvas conducted by Biot (1956 and 1962), It was assuned that the saturated
soil may be represented by a two-phase syster consisting of a&n elastic
skeleton uniformly distribute) in space and compressive fluid filling the
pores of the skeleton. Soil permeadility effects couple the two phases

-2- - /Blume

i



together., Biot showed that three body waves can propagate in such a mediunm
== two P-vaves and an S-wave. The P-wave of the first kind is {dentified
to be a pure compressional wave, The second kind decays rapidly due to a
diffusicn=type process.

Studies by Biot and others have concluded that S-waves are hardly influ-
enced by saturation. The P-wvaves are affected {n loose saturated soils,
which {s consistent with fi{eld observations.

Validation of Procedure in Actual SSI Experiments

Electric Power Research Institute (EPRI) {s conducting a research program
to measure SSI effects in a l/é-scale model of a reactor containment build-
ing subjected to actual earthquakes (Tang, 1987). This 1/4=-scale model s
set up at Lotung in Taiwan, i{n an area of high seismicity. To date,
18 earthquakes with Richter magnitudes from 4.5 to 7.0 have been recorded
since the seismic instrumentation was put into operation. Twn of these
earthquakes of magnitudes 6.5 and 7.0, with peak ground acceleration of
0.20g at free field at the site, were used for extensive analyses using
various SSI codes.

Lotung site has a deep sandy soil deposit with shear vave velocity varying
from 300 fps to 1,000 fps in the top 200-ft soil deposit. The site has
saturatad soils, as groundwater level is measured at 3-ft depth. The com~
pression wave velocity measurements reflect the saturation effect with
almost constant P-wave velocity of 4,500 ft/sec from 20 ft down, with a
transition zone near the surface. The effect of soil saturation is re-
flected in Poisson's ratios which are calculated to e in the 0.45 to 0,49

range.

Several studies were conducted to pradict the structural responses of the
containment model due to the two earthquakes, using state-of-the-art SS5I
methodologies including the FLUSH group of programe. In one of the the
studies (Tseng, 1987) wirh the FLUSH program, the Poisson's ratio was ad-
justed, similar to what is done by URS/Blume for Oyster Creek analyses, to
keep the P-wave velocity to a minimum of 4,790 ft/sec. The analyses




results show very good correlation with measured data as presented in Fig=-

ures 3 and 4.

Another study (Berger, 1987) reported using ALUSH, an axisymmetric version
of FLUSH, for the SSI analysis. In this study also, Poisson's ratio was
adjusted to maintain P-wave velrcity in soil equal to that of water. The
correlation with measured data {s again very good, as shown in Figures 5§
and 6,

Conclusions

Based on the above discussions, the followiag conclusions may be drawn for
Oyster Creek SSI analyses:

® The soil saturation issue has been addressed in the
state-of~the-art SSI method for Oyster Creek reactor
building SSI analyses.

® The applied methodology i{s consistent with observed
P-wave velocity data from field measurements.

® Application of the same methodology in the EPRI-
sponsored Lotung project has yielded analytical re~-
sults showing good correlation with measured re-
sponses in a l/4-scale reactor containment model
situated in a saturated soil site subject to actual
earthquakes.
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ENCLOSURE 6

TORSIONAL EFFECTS ON STRUCTURE

Introduction

The following paragraphs describe the study done by URS/Blume to assess the
torsional effects of Oyster Creek reactor building mathematical model on
the computed horizontal floor response spectra (FRS),

Blck‘round

A lumped-mass stick model (Figure 1) was developed to compute seismic FRS
for Oyster Creek reactor building. The masses of a floor and of the top
and bottom walls tributary to the floor are lumped at that floor. The ver-
tical beams between the floors represent the lateral stiffness of the walls
between the floors. Mass and stiffness calculations for the reactor build-
ing has shown that the centers of mass at each floor and the centers of
r’gldity betwveen the floors do not coincid.. This is due to some asymmetry
in mass and stiffness distribution in the reactor building.

However, the eccentricities between the centers of masses and rigidities in
the Oyster Creek reactor building are small, and frequency calculations
showed that the mass participation in torsional modes are insignificant
compared to the horizontal modes. In addition, the building dynamic prop~
erties in the east-west and north-south directions are very similar. The
computed FRS in the cast-west and north-south directions from the mathemat-
ical model of Figure | were very close. As a result, it was detearmined
that a 2-dimensional representation of the reactor building model will be
able to capture accurately the seismic responses. Such a model was used
for SSI calculations and FRS generation. Horizontal FRS computed from such
a model does not include the horizontal component that may occur due to
torsion of the floor mass about the center of the rigidity due to eccen-
tricities between the centers of mces and rigidity. The NRC staff re-
quested a study to demonstrate that the horizontal FRS component due to
torsion is insignificant as assumed in the Oyster Creek reactor building

FRS generation.



Parametric Stud

To study the effects of the torsional component on horizontal FRS, two com-

puter runs were made with the lumped-mass mathematical model of the reactor
builiing (Figure 1). The first computer run computed the total horizontal
FRS at an extreme corner point on the operating floor slad (El. 119 f¢
3 in.) from the slab center line (70 ft in west and 70 ft {n south direc~-
tion) consi{dering both translation and torsicn of the structure. This is
the worst case sladb location for torsion. The second run did not conslder
any contribution to the horizontal FRS due to torsion of the structure.
The resultant FRS for 51 damping are presented in Figure 2. It shows
insignificant (5% or less) contribution of torsion on the horizontal FRS of
Oyster Creek reactor building.

Conclusion

The torsional effects, due to mass and stiffness asyumetry of Oyster Creek
reactor building, have insignifi:ant {mpact on total horizontal FRS gener~
ated for the bduilding.




Center of mass at El, 119" .3
Center of rigidity between El, +95'.3v
and El. «119'.3v

¢ Center of rigidity between EI. *119' .3
and E1. +138'.0"
Extreme corner of the operating floor
slab, 70' to the west and 70' to the
south of slab center line

x {N/s)
e(e/w)

Figure 1 3-D Lumped-mass Model of Reactor Building
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