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ABSTRACT

This report is the third volume of a four volume set describing the work performed in
evaluating the results obtained from the Hualien quarter scale model seismic experiments. The
results discussed in this volume are the response of the structure to the forced vibration tests.

Five forced vibration tests were performed in this series. The shaker was placed on the roof
for the first two tests and the excitation was in the two horizontal directions. The shaker was placed
on the basemat for the last three tests and the excitation was in the two horizontal and vertical
directions. Two sets of tests were performed; one before placement of the backfill and a second
after placement of the backfill. Responses were measured throughout the structure and in the free
field for input force frequencies ranging from 2 - 25 cps.

The measured data were studied to evaluate the structural system characteristics and the
measured data were compared with predicted values using the CARES computer code.

The volumes contained in this report (“Evaluation of the Hualien Quarter Scale Model
Seismic Experiment” are:

Vol. 1 Description of Experiment and Summary of Results
Vol. 2 Geotechnical Site Characterization Review

Vol. 3 Results of the Forced Vibration Tests

Vol. 4 Response of the Model to Seismic Events
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1.0 Introduction

This report is submitted on Contract No. NRC-04-92-049, “Hualien SSI Experiment.” It
covers a portion of the work performed on a review of the results obtained from the forced
vibration tests conducted both before and after backfill was placed. The work was performed from
November 1992 through April 1994. This is the third volume of four volumes comprising the final
report on the program. A listing of the title for each of the volumes is given in the Abstract.

A soil structure interaction (SSI) experiment is being conducted in Hualien, Taiwan. A
quarter scale model reactor containment building model has been constructed at a seismically active
site in Hualien. The structure and free field are instrumented so that response data within the
structure and in the free field can be obtained for seismic events occurring at the site. Forced
vibration tests have been performed to evaluate vibration characteristics of the combined soil-
structure system. Two such tests were performed, one before the backfill was placed and the
second after the backfill was placed. This experiment is similar to the recently completed
experiment at Lotung (Ref. 1). The soil at the Lotung site was rather soft (having a shear wave
velocity of about 350 fps) while the Hualien soil is relatively stiff (having a shear wave velocity of
about 1000 fps). The objective of the City College of New York (CCNY) contract is to provide
support to NRC in planning the experiment and in evaluating the results. Applied Research
Associates (ARA) is a subcontractor to CCNY on the project.

The objective of the work reported in this volume is to review the results obtained from the
forced vibration tests performed during October and November 1992 before the backfill was placed
(FVT-1) and during February 1993 after backfill was placed (FVT-2). These reviews include two
tasks. The first task is to interpret the likely characteristics of the soil/structure system from the
measured response data. The second task is to correlate the measured data with predicted responses
using standard soil-structure-interaction methodologies.

Predictions of response were made for FVT-1 (Ref. 2) before the measured data became
available, and these were presented at a meeting in Taiwan on April 22, 1993. The measured FVT-
1 data was made available at this meeting in Taiwan. Correlation studies were then performed
using the measured data. The FVT-2 predictions (Ref. 3) were made prior to receiving the
measured results which were obtained during a meeting in Korea on November 2-3 1993.

A general description of the tests are given in Section 2. The FVT-1 and FVT-2 results are
discussed in Section 3 and 4 respectively. Correlation studies for both tests are presented in
Section 5 and the work is summarized in Section 6. The FVT-1 and FVT-2 measured results are
shown in Appendices A and B respectively.

1 NUREG/CR - 6584



2.0 Description of FVT Tests

The characteristics of the site and structure, and the parameters of the FVT tests are discussed
in this section of the report. A complete description of the site properties are discussed in Volume
2 Structural data and instrumentation characteristics are discussed in Volume 1. These data are
summarized here for convenience. The parameters of the FVT-1 and FVT-2 tests are taken from
Ref. 4 and 5 respectively.

2.1 Site Description

A sketch of the site configuration at the time of the FVT tests is shown on Fig. 2.1. The two
dark shaded areas against the wall of the model are backfill areas which were not in place during
the FVT-1 tests. The differences in soil properties between the two tests are largely due to the
change in overburden pressure when the backfill was place. CRIEPI provided a “Unified Model of
the Ground for the FVT-1 Analysis” (January 1993), and a “Unified Model of the Ground for the
FVT-2 Analysis” (July 1993). The recommended soil property data (shear wave velocity - Vs;

density - y; Poisson’s ratio - w; and soil hysteretic damping - B) are shown on the figure. Soils data

are not available below a depth of 65.6 feet. The water table was located immediately beneath the
bottom of the basemat during the FVT-1 tests and at 8.2 feet below the ground surface for the
FVT-2 tests.

2.2 Structural Model

The structural model used for the test is also shown on Fig. 2.1. The cylindrical shell walls
are about 1 foot thick and both the roof and basemat are relatively thick (4.92 feet and 9.84 feet
thick respectively). Brackets are placed on the inside of the shell and around the circumference at
midheight ( 22.37 feet above the top of the basemat) to support accelerometers. The concrete has a
Young’s Modulus of 4093 ksi, density of 150 pef, and Poisson’s ratio of 0.2 (Ref. 6). The cross
sectional properties of the cylindrical shell are:

Cross Sectional Area = 105.2 square feet
Shear Area = 52.6 square feet

Moment of Inertia =14,764 feetd

The reinforcing steel characteristics are not used in the model since the concrete is not cracked.
These properties result in a fixed base cantilever frequency of about 10.7 cps for the structure.

The structural model used for the analyses is shown on Fig. 2.2. A shear beam is used to

3 NUREG/CR - 6584



model the cylindrical shell portion of the structure and it spans from nodes 2 through 7. Rigid links
connecting nodes 7-8 and 1-2 are used to model the roof and basemat slabs both of which are
considered to be rigid. Nodes 9 and 10 are included in the model to represent the cg of the shaker
on the roof and first floor respectively. These nodes are connected with rigid links to nodes 8 and
2. The remaining nodes (11 through 30) are used to replicate accelerometer locations in the
structure. All of these nodes are connected with rigid links to the nodes 2 through 8 on the
structural model. Accelerometers are also placed at nodes 2 and 8. The “north” arrow on Fig. 2.2

corresponds to the “north” definition used in the test. This is about 41.25° west of magnetic north

at the site. Table 2.1 lists all of the nodal coordinates. The origin is located at the center of the
bottom of the basemat, the x-axis points east, the y-axis points north, and the z-axis points up. All
dimensions are in feet.

2.3 Test Parameters

References 4 and 5 contain descriptions of the FVT-1 and FVT-2 tests respectively. Five
forced vibration tests were run for each FVT. Two had the shaker placed at the roof (node 9) with
the excitation in the E-W and N-S directions. Three had the shaker placed at the first floor (node
10) with the excitation in the E-W, N-S, and U-D (up down) directions. Measurements were taken
from 2 - 20 cps for the horizontal tests and from 2 - 25 cps for the vertical tests. The frequency
increment was 0.2 cps except around the fundamental system frequency where the increment was
reduced to 0.1 cps. The exciting force varied depending on the frequency of the excitation but all of
the data was normalized to 1 metric ton. At the fundamental horizontal frequencies the applied force
was about 400 kg (882 pounds). The shaker weighed 2.5 metric tons (5.51 k) for the vertical tests
and 3.7 metric tons (8.16 k) for the horizontal tests.

The location at which structural response measurements were taken for each of the tests is
shown on Table 2.2 keyed to the nodal locations shown on Fig. 2.2. There are some differences
between the FVT-1 and FVT-2 locations. These are marked with an asterisk on the table with the
FVT-2 locations shown in ( ). No measurements were made at the locations of nodes 11, 15, 23,
and 28 for the FVT tests.

The free field accelerometers were located along two lines, one running north from the center
of the structure and the other running east from the center. Three stations were established along
each line as shown on Fig. 2.1. The gages for FVT-1 were located on the steps of the excavation
while the gages for FVT-2 were located on the surface. The gages closest to the model wall
(designated BS) were located 4.92 feet from the wall of the structure, the MS gages were located
19.68 feet from the wall, and the TS gages were located 31.17 feet from the wall. Table 2.3 lists
the measurements that were made in the soil for each of the five FVT-1 tests. Once again there are

NUREG/CR - 6584 4



small differences between the FVT-1 and FVT-2 placement of these gages. These are marked with
an asterisk with the FVT-2 location shown in ( ).

Pressure gages were also placed at the structure/soil interface. The responses of these gages

was not of sufficient amplitude, however, to obtain any useful information and are therefore not
discussed in this report.

5 NUREG/CR - 6584



Table 2.1

Definition of Nodal Coordinates (feet)

Node # X-Coord Y-Coord Z-Coord
1 0. 0. 0.
2 0. 0. .84
3 0. 0. 16.40
4 0. 0. 22.66
5 0. 0. 32.21
6 0. 0. 39.36
7 0. 0. 47.80
8 0. 0. 52.92
9 0. 0. 55.14
10 0. 0. 12.06
11 0. 4.74 52.92
12 0. 15.76 52.92
13 0. -15.76 52.92
14 1581 0 52.92
15 -4.64 0 52.92
16 -15.81 0. 52.92
17 4.21 15.23 32.21
18 421 15.23 32.21
19 -15.23 -4.21 32.21
20 -15.23 4.21 32.21
21 0. 15.58 9.84
22 0. 8.14 9.84
23 0. 2.62 9.84
24 0. 2.62 90.84
25 0. -15.52 o.84
26 15.58 0 9.84
27 8.14 0) 9.84
28 2.62 0 9.84
29 -8.14 0) 9.84
30 -15.58 0 o.84

NUREG/CR - 6584 6



Table 2.2

Locations / Directions of In-Structure Measurements

Test
Node Roof N-S Roof EEW  1StFIrN-S 1StFrE-W  18tFr U-D

2 UD IJD .[JD ‘.:L‘.ii;:, — UD @il L\.[JD
8 NS, UD EW.,UD UD
12 EW, UD EW, UD EW, UD EW.UD EW, UD
13 EW, UD EW,UD EW,UD EW, UD EW, UD
14 NS,UD NS, UD NS, UD NS, UD NS, UD
16 NS, UD NS, UD NS, UD NS, UD NS, UD

17 NS NS NS EW

18 UD EW UD *(NS) UD*()
19 EW EW EW EW, UD *(UD)
20 NS UD NS NS*()

21 EW, UD EW, UD EW, UD EW, UD EW, UD
22 UD UD

24 UD UD

25 EW, UD EW,UD  EW,UD EW, UD EW, UD
26 NS, UD NS, UD NS, UD NS, UD UD*(NS,UD)
27 UD

29 UD *(UD)

30 NS, UD NS, UD NS, UD NS, UD NS, UD

* FVT-1 and 2 locations are different. FVT-1 location given before asterisk and FVT-2
location is given after asterisk in brackets.
#x No measurements were taken for either FVT-1 or FVT-2 for those locations that are
blank.

7 NUREG/CR - 6584



Table 2.3

Locations / Directions of Soil Measurements

Test
Node Roof N-S Roof E-W IStFIr N-S  IStFIrE-W IStAr U-D
N-BS NS, EW, UD EW, UD EW*()
N-MS NS,EW,UD NS,EW NS,EW,UD NS,EW NS, UD*(add EW)
N-TS NS *(NS)
E-BS NS, EW, UD NS*() NS,EW,UD NS, UD*(add EW)
E-MS NS,EW NS,EW,UD NS,EW NS,EW,UD NS, EW, UD*()
E-TS Ew NS*() EwW

* FVT-1 and 2 locations are different. FVT-1 location given before asterisk and FVT-2
location is given after asterisk in brackets.

** No measurements were taken for either FVT-1 or FVT-2 for those locations that are
blank.

NUREG/CR - 6584 8
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3.0 FVT-1 Tests

The characteristics of the measured data are first discussed. This is followed with
comparisons between the measured and predicted results.

3.1 Evaluation of FVT-1 Measured Data

The response of the structure to each of the five FVT-1 tests is discussed in this Section
based upon a review of the measured data. The measured data is plotted in Appendix A for all of
the structural and soil gages. The structural data is plotted so that all of the measurements in one

direction (NS, EW, or UD) on one elevation (roof, midheight, or 15t floor) for one of the five

tests are plotted on the same figure. The gage location is keyed to the node numbers defined in Fig.
5.2 with the nodal coordinates given in Table 2.1. The soil data is plotted so that all of the
measurements in one direction for one of the five tests are plotted on the same figure. The soil gage
locations are keyed to elevation (bottom of basemat - BS, step in excavation - MS, and surface of
soil - TS) and gage line (north from structure - N, and east from structure - E). An index of the
data contained in Appendix A is shown on the cover page to the Appendix.

The structural measurements are first discussed followed with a discussion of the soil
measurements.

3.1.1 Structural Measurements

The measured results for the first FVT-1 test (shaker mounted on the roof with the excitation

acting in the N-S direction) are shown on pages A.1, A.2, and A.3 for the roof, midheight, and 1st
floor elevations respectively.

The major N-S response can be seen to occur at 4.1 cps and the roof, midheight, and 18t
floor displacements are 213 pm/t, 145 pm/t, and 48 pm/t respectively. The basemat rotation can be

determined from the vertical deformations of the base measured at opposite ends of a N-S diameter
(about 40 um/t at each end of the basemat with the measurements separated by 9.48 m) to be:

8 = 2* 40 / Diameter = 80 um/t / 9.48 =844 urad / t

The N-S motion at the base of the basemat (Ap) is therefofe:

11 NUREG/CR - 6584



Ap=48-844 %3 =227 um/t
The displacement (Ar) at the elevation of the roof gages (16.63 m above bottom of basemat) is:
Ar=8.44 * 16.63 = 140.4 pm/t

Therefore the roof displacement of 213 um/t is divided into 11% rigid body translation (22.7/213),

66 % rigid body rotation (140.4/213) and 23 % flexure (100-11-66). It may also be seen (Fig.
A.1, A4, and A.5) that the N-S displacements are the same at diametrically opposite ends of each
of the floors. This indicates that there is no rotation of the floor about a vertical axis. A second
peak in the N-S response occurs at about 4.6 cps (the primary frequency for the E-W excitation)

and has a magnitude of about 136 umi/t.

Examination of the vertical displacements indicate that the only vertical displacement are due
to rigid body rotations of the floor. The vertical displacement at diametrically opposite points are

equal to each other and 180° out of phase. Vertical displacements at the center of the roof and 15t
floor are also equal to zero.

The surprising result is that the N-S excitation causes a significant E-W response, which is
not expected in a symmetric structure. This response occurs at a frequency of 4.6 cps which is
equal to the primary frequency resulting from E-W shaking. This out-of plane response is
discussed in the following section of the report.

The measured results for the second FVT-1 test (shaker mounted on the roof with the
excitation acting in the E-W direction) are shown on pages A.4, A.5, and A.6 for the roof,

midheight, and 15t floor elevations respectively. The response characteristics are very similar to
that of the first shaker test. The peak in-plane (E-W) response occurs at about 4.6 cps and has
amplitudes of 175 pm/t, 107 um/t, and 42 pm/t at the roof, midheight, and 15t floor respectively.

There is no rotation of the structure about a vertical axis or vertical deformation other than that
caused by the rotation of a floor about a horizontal axis. The base rotation about the N-S axis can

be determined as above to be 7.25 p rad / t , and this results in 12 % of the roof deformation

caused by rigid body translation of the base, 69 % caused by rigid body rocking, and the
remaining 19 % caused by flexural deformations.

NUREG/CR - 6584 12



The same out-of-plane effects are observed with this test as with the first test. The E-W roof
response has a second peak at the N-S primary frequency of 4.1 cps and an amplitude of about 130

um/t. The E-W excitation also causes a N-S deformation at the roof elevation with an amplitude of

52 pm/t at a frequency of 4.1 cps. These non symmetric effects are most likely caused by non

isotropic characteristics in the underlying soil since any nonsymmetry in the structure would result
in a torsional response of the structure. The data clearly indicates that no such torsional response
occurs because the measured horizontal response on opposite sides of a diameter are identical (see
for example Fig. A.1 where the response of nodes 14 and 16 are identical, and Fig. A.2 where the
measured horizontal response at nodes 12 and 13 are identical).

Heavy rains during construction of the facility caused a partial collapse of the embankment in
the northeast quadrant. There was some discussion that this may have caused the “softer” response
in the N-S direction than in the E-W direction. If this were the case however one would have
expected that the horizontal excitation would cause some vertical rigid body response. This is not
seen in the data.

The measured results for the third FVT-1 test (shaker mounted on the first floor with the
excitation acting in the N-S direction) are shown on pages A.7, A8, and A.9 for the roof,

midheight, and 15t floor elevations respectively. The peak in-plane (N-S) response occurs at about
4.1 cps (the same as the first test with the shaker placed at the roof and the excitation applied in the
N-S direction) and has amplitudes of 60 um/t, 37 pm/t, and 16 um/t at the roof, midheight, and 1st

floor respectively. There is no rotation of the structure about a vertical axis or vertical deformation
other than that caused by the rotation of a floor about a horizontal axis. The base rotation about the

E-W axis can be determined as above to be 2.17 p rad / t , and this results in 13 % of the roof

deformation caused by rigid body translation of the base, 60 % caused by rigid body rocking, and
the 27 % caused by flexural deformations.

The same out-of-plane effects are observed with this test as with the first test. The N-S roof
response has a second peak at the E-W primary frequency of 4.6 cps and an amplitude of about 32

um/t. The N-S excitation also causes an E-W response at the roof elevation with an amplitude of

34 um/t at a frequency of 4.1 cps.
The measured results for the fourth FVT-1 test (shaker mounted on the first floor with the

excitation acting in the E-W direction) are shown on pages A.10, A.11, and A.12 for the roof,
midheight, and 15t floor elevations respectively. The peak in-plane (E-W) response occurs at about
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4.6 cps (the same as the second test with the shaker placed at the roof and the excitation applied in
the E-W direction) and has amplitudes of 47.5 pum/t, 29.4 um/t, and 10.8 um/t at the roof,
midheight, and 15t floor respectively. There is no rotation of the structure about a vertical axis or
vertical deformation other than that caused by the rotation of a floor about a horizontal axis. The
base rotation about the N-S axis can be determined as above to be 1.81 p rad / t , and this results in

11 % of the roof deformation caused by rigid body translation of the base, 63 % caused by rigid
body rocking, and the 26 % caused by flexural deformations.

The same out-of-plane effects are observed with this test as with the first test. The E-W roof
response has a second peak at the N-S primary frequency of 4.1 cps and an amplitude of about 35

um/t. The E-W excitation also causes a N-S response at the roof elevation with an amplitude of 36

um/t at a frequency of 4.6 cps.

The measured vertical deformation results for the fifth FVT-1 test (shaker mounted on the
first floor with the excitation acting in the U-D direction) are shown on page A.13. There was no
significant horizontal deformation measured for this test. This result also supports the interpretation
that there was not a soft spot in the soil under one quadrant of the structure which would be
expected to introduce some rocking response thereby giving rise to horizontal deformations. The

peak vertical displacements at the roof, midheight, and 15t floor are 1.45 um/t, 1.33 um/t, and

1.27 pum/t for the roof, midheight, and roof elevations respectively. This indicates that 88 % of the

deformation results from the rigid body vertical deformation and 12 % from the axial shortening of
the cylindrical portion of the structure. Amplification curves for all points on the roof (see Fig.
A37) are identical indicating that the roof deforms as a rigid body. However, the amplification
curves shown on Fig. A.39 indicate that the vertical deformation near the center of the basemat

(Node 2) is somewhat larger (1.33 um/t at the center as compared with 1.27 at the periphery of the

mat) than that recorded for other nodes on the basemat. Therefore the basemat does not quite
behave as a rigid mat.

It is also interesting to note that the deformation of the lower half of the the structure is (1.33
- 1.27 = 0.06 um/t) while the deformation over the upper half of the cylinder is (1.45 - 1.33 =

0.12 pm/t). This indicates that the upper portion of the cylinder is more flexible than the lower

half. There is some evidence that the construction procedure resulted in this characteristic. Holes
were cut in the upper portion of the cylinder to support the formwork for the roof construction.
These holes were then grouted, but there is evidence that the grouting was not of the quality
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required to restore the stiffness of the upper portion of the structure. Consideration should be given
to reducing the stiffness (by changing the concrete’s elastic modulus) of the upper half of the
cylinder.

The frequencies at which the maximum amplification occurs range from 9.5 cps to 11 cps,
and the amplification curves generally contain a double peak. The fundamental frequency defined at
the 90° phase angle is 11 cps.

3.1.2 Soil Measurements

The soil measurements are shown on pages A.14 through A.18 with the results for each of
the tests contained on one page. These results are consistent with the in-structure results. For

example, the N-S excitation at the roof results in a N-S response of 14.6 um/t at the BS N
location, 5.3 um/t at the MS N location, and 4.0 um/t at the TS N location. The deformation at the

bottom of the basemat is 22.7 pm/t. These measurements were taken at 691 m, 11.41 m, and

14.91 m respectively from the center of the basemat, and indicate that the peak amplitude attenuates
as 1/radius as anticipated (the product of amplification times radius represents the slope of an
amplification vs. 1/radius curve). These peaks occur at the same frequency (4.1 cps) as that found
for the in-structure measurements.

Non symmetric results are also found for the soil data. A symmetric response for the N-S
excitation would result in zero E-W response along a N-S line. However, Fig. A.41 indicates a
significant E-W response. The vertical excitation would only result in radial horizontal
displacements in the soil. The data shown on Figs. A.53 and A.54 indicate significant tangential
responses.

3.2 Comparison of Measured Data with Predictions

The pre test predictions and post test correlations with the experimental data are discussed in
this section. In all cases the work is performed using the CARES computer code (Ref. 7). The
CARES code and the data used for the prediction and correlation models are first discussed. The
results obtained for each are then discussed.

3.2.1 Description of Prediction and Correlation Models

FVT-1 predictions are made with the CARES computer code (Ref. 7). This is a computer
code that was developed for the U.S. NRC and contains several packages (generation of

15 NUREG/CR - 6584



waveforms to fit specified response spectra, convolution/deconvolution calculations to determine
free field motions consistent with a specified motion at one location and site soil properties,
calculation of structural response to these free field motions including SSI effects, and utility
routines) required to perform seismic response calculations.

The structural response portion of the code is used for the FVT-1 predictions. It models the
structure as a lumped mass shear beam and connects the beam to the free field with lumped
parameter SSI spring/damper models. Four SSI models are included in that computer code:

* ASCE 4-86 (Ref.8)
¢ Kausel (Ref.9)
* Beredugoand Novak  (Ref.10)
¢ Veletsos (Ref.11)

Predictions are made with the third model but parametric studies are performed to evaluate the
sensitivity of the predictions to the model.

Solutions in the structural response portion of CARES are carried out in the frequency
domain. A shaker load of (1 kip sin wt) was used as input. The frequency of the input was varied

from 1 - 20 cps at the following values ( 0.5, 0.75, 1, 1.5, 2, 2.2, 24, 26, 28, 3, 3.1,
3.2, 33, 34, 35, 3.6,3.7, 3.8,39,4,4.1,4.2,43,44, 45,46 ,47, 48 49 ,5,5.2,
54,56,58,6,625,6.5,675,7,7.5, 8, 85,9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, and
20 cps ). The solution for the deformation at a given degree of freedom (Dj) was obtained in the
form:

Dj = Ajp Cos wp t + Bjp Sin wp t
The amplitude of the response at the degree of freedom is:
Amplitude = [ Ajp? + Bjp2 ]1/2
The phase angle is:
Phase Angle = tan"! [Ajn / Bip ]
The response is determined in the units of feet for the one kip input and then converted to micro
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meters per metric ton (u m / t).

The structure is modeled for the correlation study with the lumped mass shear beam shown
on Fig. 2.2. The same model is used for the pre test prediction study except that nodes 9 and 10
are not included and the shaker load is applied to either node 2 or node 8. The SSI model is
attached to node 1. The parameters used for the prediction and correlation studies are shown on
Table 3.1. As may be seen the soil shear wave velocity is changed from 333 m/s for the predictions
to 317 m/s for the correlation study. This change results in a better fit of the experimental data and
is in agreement with the final unified soil model as defined by CRIEPI. Several small changes were
also made in the structural characteristics to better represent the data. The most significant change is
made to the representation of the structural damping. A damping matrix proportional to the mass
and stiffness matrices is used in CARES. The two proportionality constants were determined in the
original prediction model so that the 2 % structural damping was achieved at frequencies of 10.7
cps (the fixed base frequency of the structure) and 25 cps. The result is that the damping at the
fundamental frequency of the system (4-5 cps) is significantly higher than 2 %. The proportionality
constants are selected for the correlation study so that the 2 % damping is achieved at 4 cps and 10
cps. This is a better representation of the structural damping than was used for the prediction
study.

3.2.2 Prediction of FVT-1 Results

The pre test predictions are shown on Figs. 3.1 through 3.3. The results on Fig. 3.1 indicate
that there is little difference in the results for the four SSI models contained in the CARES code.
The Beredugo-Novak model is therefore used for the remainder of the study. The predicted
horizontal response at the roof, midheight, and first floor for the horizontal shaker load at the roof

is shown on Fig.3.2 and indicates peak amplitudes of 120 um/t, 65 pm/t, and 24 um/t at the three
clevations and the fundamental frequency of the response is 4.9 cps. The measured data for the N-
S test indicate deformations of 213 pm/t, 145 um/t, and 48 pm/t at a frequency of 4.1 cps, and the

results for the E-W test indicate deformations of 175 um/t, 107 pm/t, and 42 um/t at a frequency of

4.6 cps. The frequency of the predicted results is reduced from 4.9 cps to the range of the
measured frequency (4.1-4.6 cps) when the soil shear wave velocity of the CRIEPI unified model
is used. The peak deformations are increased when the structural damping is modified as discussed
in Section 3.2.1 so that 2 % structural damping is used at the frequencies of interest.

The predicted vertical response is shown on Fig. 3.3. As may be seen the SSI damping is
very high in the vertical direction with very little amplification so that the peak vertical displacement
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at the roof due to the vertical shaker load at the basemat is 1.1 pm/t and the frequency (determined
at the 90° phase angle) is about 14 cps. The measured data is 1.4 pm/tata frequency of 11 cps.

3.2.3 Correlation of Predictions with Measured Data

The changes to the structural model as described in the second part of Table 3.1 were made
and comparisons were made between computed and measured responses for a range of soil shear
wave velocities. The horizontal roof excitation tests are used as the bases for the correlations. The
results of these studies are summarized in Table 3.2. As may be seen the best fit shear wave
velocity to obtain the average frequency of 4.35 cps is 320 m/s and the best fit velocity to obtain

the average peak displacement of 194 um/t is 328 m/s. The CRIEPI soils exploration work

indicates that a shear wave velocity of 317 m/s should be used. This is close to the values required
for a best fit of the data and is therefore used.

A comparison of the computed and measured results are shown on Figs. 3.4 through 3.12.
The results of the comparisons are summarized on Table 3.3. With the exception of the last two
rows the data is organized in groups of three rows each. The first row is the computed value and
the following two rows ( marked with an * ) are the experimental data for the NS and EW tests.
The last two rows are for the computed and measured data respectively. As may be seen the
agreement between the computed and measured data is excellent.

Predicted contributions (rigid body rocking, rigid body translation, and flexural) to the total
roof displacements are compared with the measured data on Table 3.4. It may be seen that the
predicted rigid body rocking contribution is a larger percentage of the total, the rigid body
translation is a slightly smaller percentage, and the flexural contribution is smaller than the
contributions computed from the measured results. A lower stiffness assigned to the structure (as
discussed above) would place the predicted values in closer agreement with the measured data.
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Table 3.1

Structural and Soil Parameters Used in Prediction and Correlation Studies

Parameter Pre Test Post Test
Soil:
Shear Velocity (m/s) 333 317
Density (gm/cc) 2.40 2.40
Poisson’s Ratio 047 0.47
Damping 2% 2%
Structure:
Young’s Modulus (ksi) 3,600 4,093
Poisson’s ratio 0.20 0.20
Damping (see discussion) 2% 2%
Wall Thickness  (ft) 1 0.98
Foundation Radius (ft) 17.25 17.75
Basemat Thickness (ft) 9.84 0.84
Roof Thickness  (ft) 4.92 4.92
Length of Cylinder (ft) 38.16 38.16
Location of Roof Shaker - Node 8 9
Location of Basemat Shaker - Node 2 10
Include Weight of Shaker ? No Yes
Roof Weight &) 1100.8 1084.4
Basemat Weight (k) 1379.8 1460.9
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Table 3.2

Effect of Soil Shear Wave Velocity on Peak Roof Horizontal

Response Resulting From the Horizontal Shaker Load

Applied at the Roof
Shear Frequency of Amplitude of
Velocity Peak Response Peak Response
(m/s) (cps) (um/t)
Computed
280 3.99 232
317 4.29 207
333 4.62 188
383 5.24 166
400 5.40 159
Measured NS Test
— 4.1 213
- 4.6 175
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Table 3.3

Comparison of Predicted and Measured Results

Shaker Displacement Frequency of Amplitude of
Location Direction Location  Direction Pk Amplitude Peak
(cps) (nm/t)

Roof Horizontal ~ Roof Horizontal 4.3 207
* NS Roof NS 4.1 213
* EW Roof EW 4.6 175
Roof Horizontal FF Horizontal 4.3 42
* NS FF NS 4.1 48
* EW FF EW 4.6 42
Roof Horizontal  Roof UD 43 57
® NS Roof UD 4.1 54
* EW Roof UD 4.6 51
Roof Horizontal  FF UD 4.3 45
* NS FF UD 4.1 37
* EW FF UD 4.6 34
FF Horizontal Roof Horizontal 4.3 47
* NS Roof NS 4.1 60
* EW Roof EW 4.6 48
FF Horizontal FF Horizontal 4.3 10
* NS FF NS 4.1 16
* EW FF EW 4.6 i1
FF Horizontal  Roof UD 43 12
* NS Roof UD 4.1 12
¥ EW Roof UD 4.6 13
FF Horizontal  FF UD 4.3 10
* NS FF UD 4.1 10
* EW FF UD 4.6 8
FF UD FF UD - 13 1.0

* UD FF UD 11 1.3

21
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Table 3.4

Components of Roof Deformation

Source Shaker % Rocking % Horizontal % Elastic
Computed Roof Hor 76 7 17
Measured Roof NS 66 11 23
Measured Roof EW 69 12 19
Computed FF Hor 75 8 17
Measured FF NS 60 13 27
Measured FFEW 63 11 26
Computed FF UD - 2 8
Measured FF UD - 83 12
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4.0 FVT-2 Tests

The characteristics of the measured data are first discussed. This is followed with
comparisons between the measured and predicted results.

4.1 Evaluation of FVT-2 Measured Data

The response of the structure to each of the five FVT-2 tests is discussed in this Section
based upon a review of the measured data. The measured data are plotted in Appendix B for all of
the structural and soil data. The structural data is plotted so that all of the measurements in one
direction (NS, EW, or UD) on one elevation (roof, midheight, or 18t fioor) for one of the five
tests are plotted on the same figure and the three figures for one elevation are printed on the same
page. The gage location is keyed to the node numbers defined in Fig. 2.2 with the nodal
coordinates given in Table 2.1. The soil data is plotted so that all of the measurements in one
direction for one of the five tests are plotied on the same figure. The soil gage locations are keyed
to distance from the wall of the structure (1.5 m BS; 6 m - MS; and 9.5 m - TS) and gage line
(north from structure - N, and east from structure - E). An index of the data contained in Appendix
B is shown on the cover page to the Appendix.

The structural measurements are first discussed followed with a discussion of the soil
measurements.

4.1.1 Structural Measurements

The measured results for the first FVT-2 test (shaker mounted on the roof with the excitation
acting in the N-S direction) are shown on pages B.1, B.2, and B.3 for the roof, midheight, and ist
floor elevations respectively.

The major N-S response can be seen to occur at 6.1 cps and the roof, midheight, and 1St

floor displacements are 64 pm/t, 34 um/t, and 9 pm/t respectively. A comparison of these data
with the FVT-1 results indicate that the embedment increases the frequency by about 50 % from
4.1 cps and decreases the deformations by a factor of about 3.3 at the roof (from 213 pm/t) and a

factor of about 5.3 at the basemat (from 48 um/t).The basemat rotation can be determined from the

vertical deformations of the base measured at opposite ends of a N-S diameter (about 10 um/t at
each end of the basemat with the measurements separated by 9.48 m) to be:
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6 =2* 10/ Diameter = 20 um/t / 9.48=2.10 urad / t

The N-S motion at the base of the basemat (Ap) is therefore:
Ap=9-2.10*3 =2.55 um/t

The displacement (Ay) at the elevation of the roof gages (16.63 m above bottom of basemat) is:
Ar=2.10 *¥ 16.63 =34.9 um/t

Therefore the roof displacement of 64 pm/t is divided into 4 % rigid body translation (2.55/64), 55

% rigid body rotation (34.9/64) and 41 % flexure (1004-55). As expected the addition of the
backfill reduces the rigid body contributions and increases the flexural contribution as found by
comparing the FVT-1 and FVT-2 results . The reduction in rigid body translation (from 11 % to 4
%) is more than the reduction in rocking (from 66 % to 55 %).

The N-S displacements at the east, center and west locations on the roof are 60, 65, and 68 pum/t

respectively. This indicates that there is a small torsional rotation of the roof about a vertical axis
but displacements caused by this rotation are small. Similar torsional response was not evident in
the FVT-1 results. There is a small out of plane (EW) response caused by the NS excitation. The

EW response at the roof is 13.5 um/t or about 21 % of the in plane response. This is much smaller

than found for the FVT-1 results. It is likely that the backfill material is isotropic and restrains the
out of plane response resulting from the non isotropic characteristics of the underlying material.

Examination of the vertical displacements along a NS line on the roof indicate displacements
of 144, 56, and 19.5 um/t at the north, center and south location respectively. The same

measurements taken on the basemat are 10, 0.7, and 9.9 nm/t respectively. These data indicate that

there is some rigid body vertical displacement at the roof but not at the basemat. Non uniformities
in the cylindrical shell properties could result in such an effect.

The measured results for the second FVT-2 test (shaker mounted on the roof with the
excitation acting in the E-W direction) are shown on pages B.4, B.5, and B.6 for the roof,

midheight, and 15t floor elevations respectively. The response characteristics are very similar to
that of the first shaker test. The peak in-plane (E-W) response occurs at about 6.3 cps and has
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slightly smaller amplitudes than measured for the NS excitation. The amplitudes of 60 um/t, 32

um/t, and 9 pm/t are measured at the roof, midheight, and 15t floor respectively. There is the same
slight rotation of the structure about a vertical axis (the E-W displacements at the north, center and
south locations on the roof are 62, 59, and 59 pm/t respectively).

The base rotation about the N-S axis can be determined as above to be 2.07 nrad / t , and

this results in 5 % of the roof deformation caused by rigid body translation of the base, 57 %
caused by rigid body rocking, and the remaining 38 % caused by flexural deformations.

The same out-of-plane effects are observed with this test as with the first test. The E-W
excitation causes a N-S deformation at the roof elevation with an amplitude of 13.4 pm/t which is

22 % of the in plane response. The vertical responses at the roof and first floor are very similar to
those found for the NS roof excitation.

The measured results for the third FVT-2 test (shaker mounted on the first floor with the
excitation acting in the N-S direction) are shown on pages B.7, B.8, and B.9 for the roof,

midheight, and 15t floor elevations respectively. The peak in-plane (N-S) response occurs at about
6.5 cps (slightly higher than the first test with the shaker placed at the roof and the excitation
applied in the N-S direction) and has amplitudes of 9.6 pm/t, 5.1 pm/t, and 1.6 pn/t at the roof,
midheight, and 15t floor respectively. There is no rotation of the structure about a vertical axis or
vertical deformation other than that caused by the rotation of a floor about a horizontal axis. The
base rotation about the E-W axis can be determined as above to be 0.32 urad / t , and this results

in 6 % of the roof deformation caused by rigid body translation of the base, 55 % caused by rigid
body rocking, and the remaining 39 % caused by flexural deformations.

The same out-of-plane effects are observed with this test as with the first test. The E-W roof
response is about 2.3 um/t or 24 % of the in plane response.

The measured results for the fourth FVT-2 test (shaker mounted on the first floor with the
excitation acting in the E-W direction) are shown on pages B.10, B.11, and B.12 for the roof,

midheight, and 15t floor elevations respectively. The peak in-plane (E-W) response occurs at about
6.6 cps (again slightly higher than the second test with the shaker placed at the roof and the

excitation applied in the E-W direction) and has amplitudes of 10.0 pm/t, 5.3 pm/t, and 1.7 pm/tat
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the roof, midheight, and 15t floor respectively. There is no rotation of the structure about a vertical
axis or vertical deformation other than that caused by the rotation of a floor about a horizontal axis.

The base rotation about the N-S axis can be determined as above to be 0.30 urad / t | and this

results in 8 % of the roof deformation caused by rigid body translation of the base, 52 % caused by
rigid body rocking, and the remaining 40 % caused by flexural deformations.

The same out-of-plane effects are observed with this test as with the first test. The N-S roof
response is 2.4 um/t or 25 % of the in plane response.

The measured vertical deformation results for the fifth FVT-2 test (shaker mounted on the
first floor with the excitation acting in the U-D direction) are shown on page B.13. There was no
significant horizontal deformation measured for this test. The peak vertical displacements at the

roof, midheight, and 15t floor are 0.63 um/t, 0.56 um/t, and 0.5 um/t for the roof, midheight, and

roof elevations respectively. The fundamental frequency (phase angle passes through 909) is at
about 10.8 cps. These displacements are about 60 % of those that were found for FVT-1 and this
frequency is about the same as found from the FVT-1 results. It appears that the effect of the
backfill material is to increase the effective damping of the system.

These results indicate that 79 % of the deformation results from the rigid body vertical
deformation and 21% from the axial shortening of the cylindrical portion of the structure. It is also
interesting to note that the deformation of the lower half of the the structure is 0.56 - 0.5 = 0.01

um/t) while the deformation over the upper half of the cylinder is (0.63 - 0.56 = 0.07 um/t). This

indicates that the upper portion of the cylinder is more flexible than the lower half. There is some
evidence that the construction procedure resulted in this characteristic. Holes were cut in the upper
portion of the cylinder to support the formwork for the roof construction. These holes were then
grouted, but there is evidence that the grouting was not of the quality required to restore the
stiffness of the upper portion of the structure. Consideration should be given to reducing the
stiffness (by changing the concrete’s elastic modulus) of the upper half of the cylinder.

4.1.2 Soil Measurements

The soil measurements are shown on pages B.14 through B.18 with the results for each of
the tests contained on one page. These results are consistent with the in-structure results. For

example, the N-S excitation at the roof results in a N-S response of 6.7 um/t at the BS N location,

5.4 pm/t at the MS N location, and 4.9 um/t at the TS N location. The deformation at the bottom of
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the basemat is 2.6 um/t.These peaks occur at the same frequency (6.5 cps) as that found for the in-

structure measurements. It is interesting to note that the amplitudes at the MS and TS locations are
essentially the same as for the FVT-1 tests while the amplitudes at the BS location are significantly
higher for the FVT-1 tests than are found for the FVT-2 test.

Non symmetric results are also found for the soil data. A symmetric response for the N-S
excitation would result in zero E-W response along a N-S line. However, Fig. B.41 indicates a
significant E-W response. The vertical excitation would only result in radial horizontal

displacements in the soil. The data shown on Figs. B.53 and B.54 indicate significant tangential
responses.

4.2 Comparison of Measured Data with Predictions

The pre test predictions and post test correlations with the experimental data are discussed in
this section. In all cases the work is performed using the CARES computer code (Ref.7). The
CARES code and the data used for the prediction and correlation models are first discussed. The
results obtained for each are then discussed.

4.2.1 Description of Prediction Models

FVT-2 predictions are made with the CARES computer code as discussed above for FVT-1.
The structure is modeled for the correlation study with the lumped mass shear beam shown on Fig.
2.2. The same model is used for the pre test prediction and post test correlation studies. The SSI
model is attached to node 1. The model parameters are shown on Table 4.1. As may be seen the
soil shear wave velocity to the side of the structure is modeled with the 1312 fps (400 m/s) shear
wave velocity soil and the soil below the foundation is modeled with 1257 fps (383 m/s) shear
wave velocity soil. The CARES program can only accommodate uniform soil properties to the side
and beneath the structure. It is generally recommended that the uniform base soil properties be
determined as a weighted (by distance beneath the foundation) average of the actual soil properties
within one diameter of the foundation depth. If this is done for the soil properties shown on Fig.
2.1 the “average” shear wave velocity is found to be 1295 fps. The soil immediately beneath the
foundation is used for the predictions, however, and variations in the soil properties considered in
the correlation studies. A similar “average” soil property may be evaluated for the side soil by
using a weighting function that increases in proportion to its distance above the foundation (for the

rocking mode) and decreases in proportion to lradius? (assuming that displacements vary
inversely with radius). If this is done the side soil shear wave velocity would be reduced to about

90 % of the shear wave velocity of the soil adjacent to the structure.Once again the soil properties
adjacent to the structure are used for the predictions and variations of these properties are

39 NUREG/CR - 6584



considered in the correlation studies.
4.2.2 Prediction of FVT-2 Results

A comparison of the predicted and measured results are shown on Figs. 4.1 through 4.10.
The predicted response is shown with the thin solid curves and the measured data are represented
with either the solid or dashed thick curves. There were two horizontal tests performed (shaker in
N-S and E-W directions) for each shaker location. Of course the predictions for these two tests are
identical since the problem geometry is symmetric. Both of the measured data are, therefore
included on the same figure. There are often several sets of data representing a single measured
response. For example, the N-S roof response caused by the N-S roof shaker excitation was
measured at the east center and west locations on the roof (see Fig. B.1). Since the measured
responses are very similar, only one is plotted on Figs. 4.1 through 4.10. The symmetry of the
problem also results in predictions of zero out of plane response. As noted above there is a

measured out of plane response and this represents a significant difference between the measured
and predicted results.

The results of the comparisons are summarized on Table 4.2. With the exception of the last
two rows the data is organized in groups of three rows each. The first row is the computed value
and the following two rows ( marked with an * )are the experimental data for the NS and EW tests.
The last two rows are for the computed and measured data respectively. As may be seen the
agreement between the computed and measured data is excellent.

Predicted contributions (rigid body rocking, rigid body translation, and flexural) to the total

roof displacements are compared with the measured data on Table 4.3. It may be seen that the
predicted contributions agree very well with the measured results.
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Table 4.1

Structural and Soil Parameters Used in Prediction and Correlation Studies

Parameter Property
Soil Beneath Foundation:
Shear Velocity  (fps) 1257
Density (kcf) 0.151
Poisson’s Ratio 0.48
Damping 2%
Soil to Side of Structure:
Shear Velocity  (fps) 1312
Density (kef) 0.149
Poisson’s Ratio 0.48
Damping 2%
Structure:
Young’s Modulus (ksi) 4,093
Poisson’s ratio 0.20
Damping 2%
Wall Thickness  (ft) 0.98
Foundation Radius (ft) 17.75
Basemat Thickness (ft) 9.84
Roof Thickness  (ft) 4.92
Length of Cylinder (ft) 38.16
Location of Roof Shaker - Node 9
Location of Basemat Shaker - Node 10
Roof Weight (k) 1084.4
Basemat Weight (k) 1460.9
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Table 4.2

Comparison of Predicted and Measured Results

Shaker Displacement Frequency of Amplitude of
Location Direction Location Direction Pk Amplitude Peak
(cps) (nm/t)
Roof Horizontal  Roof Horizontal 6.0 58
* NS Roof NS 6.1 64
* EW Roof EW 6.3 60
Roof Horizontal FF Horizontal 6.0 11
* NS FF NS 6.1 )
* EW FF EW 6.3 9
Roof Horizontal Roof UD 6.0 15
* NS Roof UD 6.1 17
* EW Roof UD 6.3 17
Roof Horizontal FF UD 6.0 9.6
* NS FF UD 6.1 10.0
* EW FF UD 6.3 9.8
FF Horizontal Roof Horizontal 6.0 12
* NS Roof NS 6.5 9.6
* EwW Roof EW 6.6 10
FF Horizontal FF Horizontal 6.0 2.5
*¥ NS FF NS 6.5 1.6
* EwW FF EW 6.6 1.7
FF Horizontal Roof UD 6.0 3.0
* NS Roof UD 6.5 2.5
* EW Roof UD 6.6 2.6
FF Horizontal  FF UD 6.0 2.0
* NS FF UD 6.5 1.6
* EW FF UD 6.6 1.7
FF UD FF UD 15 0.7
* UD FF UD 10.8 0.5
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Table 4.3

Components of Roof Deformation

Source Shaker % Rocking % Horizontal % Elastic
Computed Roof Hor 56 8 36
Measured Roof NS 55 4 41
Measured Roof EW 57 5 38
Computed FF Hor 56 9 35
Measured FF NS 55 6 39
Measured FFEW 52 8 40
Computed FFUD - 89 11
Measured FF UD - 79 21
43 NUREG/CR - 6584



B

== MEASURED NS

(uoy jw ) IANLITINY

== MEASURED NS

MEASURED EW
CALCULATED

o

lllllll
eNEsEUASEANdISESNsENSEREenRAUEEAnAESAnS

o nuoe
sssevaccmananes e -
comanuamn T LT LT LT A
LT T T I el
YT e e P

--u---:--.--.-:-n---:-n--lln--u..t-r ~
. u

]

(Bo) I 1ONV ASVHd

14

12

10

FREQUENCY ( cps)

ponse at Roof

Fig. 4.1 Comparison of Predicted and Measured Horizontal Res
Caused by Horizontal Shaker Load at Roof (FVT-2)

NUREG/CR - 6584



— MEASURED NS

12.5

10

T
b n
[

(uoy j w W) FANLITANY

————— MEASURED NS
MEASURED EW
CALCULATED

OIIUQQ-Hnn-lu..l

.-........----.-.--..-...--.-..-.-‘-.f

il

|
8 3

360
270 -

(82Q@) TONV ASVHd

[=}

FREQUENCY (cps)

Fig. 4.2 Comparison of Predicted and Measured Horizontal Response at First Floor
Caused by Horizontal Shaker Load at Roof (FVT-2)

NUREG/CR - 6584

45



25
s
g
P
2
jod}
a
jon]
[
=
=
<
360
270 -
B
e
-
5
<Z: 180
@ MEASURED NS
& e MEASURED EW
20 CALCULATED
I S T S S
2 4 6 8 10 12 14

FREQUENCY (cps)

Fig. 43 Comparison of Predicted and Measured Vertical Response at Roof
Caused by Horizontal Shaker Load at Roof (FVT-2)

NUREG/CR - 6584 46



= 3
2 B g
28 3
1K |
. o
m m m ) L) lllllllllllllllll‘lllll
_ 2 B q
“ 3!
" : RIS
34835 |
-1 v
- <
l..ln.' I
T n_v. I 02
[=4
g N ® &
(uoy / wi) ANLITINY (82 ATOV ASVH

FREQUENCY (cps)

Fig. 4.4 Comparison of Predicted and Measured Vertical Response at First Floor
Caused by Horizontal Shaker Load at Roof (FVT-2)

NUREG/CR - 6584

47



14

==— MEASURED NS

MEASURED EW

CALCULATED

(uoy y w M) FANLI TNV

270

180

(82) A 1ONY ASVHd

FREQUENCY (cps)

Fig. 4.5 Comparison of Predicted and Measured Horizontal Response at Roof

Caused by Horizontal Shaker Load at First Floor (FVT-2)

NUREG/CR - 6584



14

MEASURED EW
12

MEASURED EW

CALCULATED

CALCULATED

—————  MEASURED NS
- MEASURED NS

JI XY

12 14
NUREG/CR - 6584

2)

10
esponse at First Floor

49

FREQUENCY (cps)

Caused by Horizontal Shaker Load at First Floor (FVT

180

270

(uoy j w 1) HANLI'TdNY

(8o A 1ONV dSVHd

Fig. 4.6 Comparison of Predicted and Measured Horizontal R



~=—— MEASUREDNS

MEASURED EW

CALCULATED

aswamanwan
.lﬁnhn---nnn
nanades
..nlIIl‘l
l-lnllnlnl.

14

I 1
™ —

(uoy j wr) HANLITINY

= = MEASURED NS

MEASURED EW

CALCULATED

8

FREQUENCY (cps)

(o) TONYV HSVHI

14

12

10

Fig. 4.7 Comparison of Predicted and Measured Vertical Response at Roof
Caused by Horizontal Shaker Load at First Floor (FVT -2)

NUREG/CR - 6584



g
2 B m
m m
3]
_ : o
- 00
- \O
L«
-!...#.rnn-n.--‘..-l-..-..-u-l-- awassn 3
Pl I
I‘\L-l-lullllllllllnlllu Teassmws
) ! ] )
2 - ba] o
- o
(voy / w M) AANLITANY

== MEASURED NS

MEASURED EW
CALCULATED

14

{
— =
8
FREQUENCY (cps)

Fig. 4.8 Comparison of Predicted and Measured Vertical Response at First Floor

(3o) AIONV ASVHI

NUREG/CR - 6584

Caused by Horizontal Shaker Load at First Floor (FVT-2)

51



0.9

0.8

0.7 4

0.6+

0.5

ANPLITUDE @ m/ ton )

0.4

03

360

270

180 -

PHASE ANGLE (Deg)

Fig. 4.9 Comparison of Predicted and Measured Vertical Response at Roof

NUREG/CR - 6584

FREQUENCY (cps)

Caused by Vertical Shaker Load at First Floor (FVT-2)

52



AMPLITUDE (@ m/ ton)

PHASE ANGLE (Deg)

0.75

0.5
0.25 =
0 f 4 ————
0 5 10 15 20
360
& ———— MEASURED CENTER
---------- MEASURED EDGE

270 CALCULATED

180

Cause

FREQUENCY (cps)

Fig. 4.10 Comparison of Predicted and Measured Vertical Response at First Floor

d by Vertical Shaker Load at First Floor (FVT-2)

53

NUREG/CR - 6584



5.0 Correlation of Predictions with FVT-1 and FVT-2 Measured Data

The effect of the shear wave velocities of the side soil and underlying soil on the predicted
responses are considered. Solutions are obtained (using the CARES program and Beredugo-
Novak SSI model) for side soil shear wave velocities varying from O to 1640 fps (500 m/s) and
underlying soil shear wave velocities varying from 820 fps (250 m/s) to 1640 fps (500 m/s). All
other parameters for the soil and structure are assigned the values given in Table 4.1. Solutions are
obtained for the horizontal roof excitation test and the horizontal roof response is used for the
correlation studies. Amplification results are obtained for each case. The fundamental frequency (at

which the peak response occurs and the phase angle equals 90°) and the magnitude of the peak
response are identified from the response curves.

The frequency at which the peak horizontal roof response occurs is plotted on the top portion
of Fig. 5.1 as a function of the side soil shear wave velocity with the underlying soil shear wave
velocity shown as a parameter. The variation of the peak roof response with the soil shear wave
velocities is shown on the bottom portion of Fig. 5.1. The data shown on Fig. 5.1 show that the
frequency of the structural system depends primarily on the underlying soil shear wave velocity
with the side soil shear wave velocity only playing a significant role when the underlying soil shear
wave velocity is less than 300 m/s. On the other hand it can be seen that the underlying soil shear
wave velocity has little effect on the roof displacement except for very low values of the side soil
shear wave velocity. It should also be noted that the roof displacement varies only slightly with the
side soil stiffness for shear wave velocities greater than about 200 m/s.

Lines identifying the FVT measured results are also shown on Fig. 5.1. The average (EW

and NS) FVT-1 measured frequency is 4.3 cps with a peak roof displacement equal to 194 pm/t.
The best agreement can be seen to occur when an underlying shear wave velocity slightly less than
317 m/s is used (of course the side soil shear wave velocity is equal to zero for the FVT-1 tests).
This is the unified soil model recommended by CRIEPL

The fundamental frequencies of the measured FVT-2 data are 6.1 cps in the N-S test and 6.3
cps in the E-W test. The measured roof responses are 64 um/t for the N-S test and 60 um/t for the

E-W test. It can be seen that good correlations of the predicted and measured roof displacements
are obtained for any underlying soil shear wave velocity greater than 250 m/s and for side soil
shear wave velocities between 300 m/s and 400 m/s. Good correlations of the fundamental
frequency of the system is obtained for any side soil shear wave velocity if the underlying soil
shear wave velocity is between 383 m/s and 500 m/s. In summary, the predictions will compare
favorably with the measured data if an underlying soil shear wave velocity is specified to be
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between 383 m/s and 500 m/s and the side soil shear wave velocity is taken between 300 m/s and
400 m/s. These ranges in shear wave velocity are consistent with the unified soil model.
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6.0 Summary

The FVT tests consisted of five shaker experiments performed on the Hualien quarter scale
model. The shaker was placed on the roof with the excitation in the N-S and E-W directions for the
first two tests, the third and fourth tests were conducted with the shaker placed on the basemat and
the excitation applied again in the N-S and E-W directions, and the shaker excitation for the fifth
test was in the vertical direction with the shaker located on the basemat. Two sets of such tests
were performed, one before placement of the backfill and one after placement of the backfill.

The response characteristics as deduced from the FVT-1 measured data are discussed in
Section 3 of the report. The measured data are also correlated with predictions made using the
CARES (Ref.5) computer code. The following conclusions are drawn from the study:

1. The peak responses for the horizontal shaker tests (both with the shaker at the roof and basemat
levels) occur at 4.1 cps when the excitation is in the N-S direction and 4.6 cps when the
excitation is in the E-W direction. The contributions to the measured peak response at the roof
level for the excitation placed at the roof is about 11-12 % rigid body translation, 66-69 % rigid
body rocking about the base, and 19-23 % flexural deformation of the structure.

2. The difference in frequency for the N-S and E-W response is likely due to some non isotropic
behavior in the soil. The “stiffer” behavior in the E-W direction is also demonstrated by the
peak measured responses. The peak response in the N-S direction due to N-S excitation is 213

pm/t and the peak response in the E-W direction due to E-W excitation is 175 pm/t. The

excitation in each of the horizontal directions also results in an out of plane response that is
about 60 % and 35 % respectively for the N-S and E-W excitations. The soils exploration
program did not uncover this non isotropic characteristic.

3. The amplifications of the horizontal displacements indicate that the effective damping in the
system is about 7 %.

4. The measured results from the vertical excitation case indicate that the system is highly damped
in this direction (greater that 50 %) and that the vertical system frequency is about 11 cps.

5. The correlation studies comparing the predicted and measured results show good agreement.
The comparisons of the measured and predicted peak displacement and frequencies at which
the peak displacements occur are shown on Table 3.3. Of course the models do not predict the
out of plane response since the models are symmetric. There is no bases in the data describing
the experiment to incorporate nonsymmetries.
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The response characteristics as deduced from the FVT-2 measured data are discussed in the

report. The measured data are also correlated with predictions made using the CARES (Ref.5)
computer code. The following conclusions are drawn from the study:

1.

The measured response of the structure caused by the horizontal shaker loads indicate that the

system frequency is about 6.2 cps with peak response at the roof being about 62 pum/t.

Comparison of these data with the FVT-1 results indicate that the backfill has increased the
frequency by about 50 % and decreased the peak response by a factor of about 3 to 4. This is a
modest increase in frequency and a significant reduction in response. It can be concluded that
the principal effect of embedment is to increase the damping and thereby reduce the
response.The embedment effects of the test structure would be expected to be more significant
than found for most nuclear power plant structures since the depth of embedment is almost
equal to the radius and the backfill material has a stiffness larger than the underlying material.

The out of plane response (N-S loading introduces E-W response) found in the FVT-1 results
is also found for the FVT-2 results although the effect is much less. This would indicate that
the backfill material results in responses in the same plane as the loading and thereby reduces
the out of plane responses caused by the underlying material.

- The horizontal loading introduces a small vertical rigid body deformation of the structure. This

is not found in the FVT-1 results.

The total roof displacement caused by the roof shaker load is distributed so that about 55 %
results from rigid body rocking of the structure, 5 % results from rigid body translation of the
structure, and the remaining 40 % results from flexure.

The predictions are in excellent agreement with the measurements for the horizontal shaker
experiments. For example the predicted fundamental frequency is 6 cps as compared with the

measured 6.2 cps, and the predicted amplitude of the roof displacement is 58 um/t as compared

with the measured 62 pm/t. The predicted distribution of the roof displacement between the
rigid body and flexural modes is very close to the measured data,

A correlation study of the effect of the soil shear wave velocities indicates that good
correlations between the measured and computed results would be obtained if the underlying
soil shear wave velocity is between 383 m/s and 500 m/s and for side soil shear wave velocities
in the range of 300 m/s and 400 m/s.

NUREG/CR - 6584 60



7. The vertical shaker test resulted in a fundamental frequency of 10.8 cps and peak vertical
responses of about 0.6 pm/t. This frequency is about the same as found for the FVT-1 test but

surprisingly the displacements are about 60 % of those measured in the FVT-1 test. It is
surprising that the backfill has a significant effect for the vertical excitation test.

8. The predicted vertical response is similar in magnitude and frequency with the measured data
but the shape of the amplitude - frequency curve is quite different.
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Appendix A

MEASURED DATA
Page Numbers
MEASUREMENT SHAKER LOCATION AND DIRECTION
LOCATION ROOF  ROOF IstFLR  1stFLR  1stFLR
NS EW NS EW UD
ROOF A2 A5 AS Al A.14
MIDHEIGHT A3 A6 A9 A12 A14
FIRST FLOOR A4 A7 A.10 A13 A.14
SOIL A5 A16 AT A.18 A.19
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