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ABSTRACT

- This report is the fourth 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 relate to the response of the structure to the seismic events
recorded at the site.

Data has been collected for a series of earthquakes which have occurred at the Hualien site
over the past several years, Most of these events have resulted in peak ground accelerations
recorded at the site which are somewhat less that 0.1 g. Accelerograms have been collected
throughout the model structure and in the free field. Downhole instrumentation 1s in place for
depths up to 170°. This report discusses results for two earthquakes.

The measured data were studied to evaluate the structural system characteristics. The
measured downhole free field accelerations were compared with predicted accelerations using
vertically propagating shear wave theory as contained in the CARES code. The agreement was
fairly good. The CARES computer code was also used to predict the motion of the model. These
predictions did not agree very well with the measured results. The major cause of the disagreement
1s attributed to the anisotropic characteristics of the site.

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.” 1t
covers a portion of the work performed on a review of the results obtained from earthquakes
recorded at the site. The work was performed from March 1994 through February 1997. This is
the fourth 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. These tests are discussed in the third volume to this report.
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 four
earthquakes. This review includes two tasks. The first task is to correlate the measured free field
data with predictions made using convolution methods. The CARES code (Ref. 2) is used to make
the predictions. This is discussed in Section 4 of the report. The second task is to correlate the
measured structural tesponse data with predicted responses using standard soil-structure-
interaction methodologies. The CARES code is again used to make the predictions. These
correlations are discussed in Section 5. The results of these reviews are summarized in Section 6.
A brief description of the four earthquakes considered in this report is given in Section 2. The
measured data are discussed in Section 3. The instrumentation in both the free field and in the
structure is also described in Section 2.

A surface water filled tank has also been constructed at the site. Data was available for an

October 1995 event, but the water level in the tank was not measured at the time of the event. No
work was therefore done on the tank.

1 NUREG/CR - 6584



2.0 Description of Experiment and Earthquakes

The site characteristics and earthquakes considered in the review are discussed in this section
of the report. A general description of the structure and site is given in Volume 1; only brief
summaries of the site, instrumentation, and structural description are included here for
convenience. The forced vibration.tests indicated (see volume 3 of this report) that the site soil
properties are likely anisotropic (Le., are orientation sensitive in a horizontal plane). Transfer
functions between the structural and the free field motion are used to investigate the extent to which
these effects are evident in the earthquake response measurements. This work is also described in
this section of the report.

2.1 Experiment Description

The quarter scale model containment structure is located at Hualien in an area of high
seismicity along the east coast of Taiwan. A sketch of the model and the significant soil properties
are shown on Figure 2.1. The soil properties are as recommended by CRIEPI for the “unified
model” and are discussed in Volume 2. It should be noted that the use of these properties resulted
in good correlation between the measured and computed responses for the forced vibration tests as
discussed in Vulume 3.

The structural model instrumentation consists of accelerometers located at the north end, east
end, south end, west end and center of the roof and at the north end, east end, south end, and west
end of the basemat. These accelerometers are tridirectional recording horizontal motion in the L,
and T directions and vertical (V) direction. The L direction corresponds to north.

The free field instrumentation that has been in place to record the seismic motions is shown
on Figure 2.2a. As may be seen this instrumentation is located along three radial arms: arm 1 is
oriented 60.70 west of north (L); arm 2 is oriented south east from the model; and arm 3 is oriented
north east from the model. The North direction for the shaker tests was designated to be oriented N

30.79 W from the model as shown.

Each of the radial arms contains five surface stations located at 0.5, 1, 2, 3, and 5.5
diameters from the center of the model. The outer three locations are located outside the backfill
region. Three accelerometers are placed at each location collecting accelerograms in the three
directions (L, T, and V). The surface gages are designated (aijk) where 1 is the arm (1, 2,0r 3), j is
the radial location (1...5), and k indicates the direction of the recording (L, T, or V). When
required for clarity this gage number is preceded in this report with the date of the earthquake for
which the recording was made.

3 NUREG/CR - 6584



Downhole measurements are taken at three locations (below gages a2l, a25, and als) as
shown on Figure2.2 b. There are four gages in each hole located at depths of: 17.33°, 51.84°,
86.29°, and 170.6’. Motion in the L, T, and V directions are also recorded at each of these gages.
These gages are designated as dmn with mn of the top gage equal to the ij of the surface gage
above 1t and the mn increasing by one for each gage moving down the hole.

2.2 Earthquake Descriptions

Many earthquakes but been recorded at the site but four have been selected for detailed study.
These four were selected based on completeness of the collected data, and the characteristics of the
earthquake (frequency content, and magnitude of the motions induced at the site). Descriptions of
the earthquakes are shown on Table 2.1. As may be seen the first two earthquakes are quite similar
in magnitude, distance from the site, and depth. They also both induce similar peak accelerations at
the site on in the model. The last two earthquakes are also similar to each other having similar
magnitudes, occurring close to the site, and located at shallow depths. It is surprising that the May
2 event resulted in significantly lower response at both the site and in the model.

Table 2.1

Characteristics Of The Earthquakes

Date Moment Location From Model Epicentral Peak Accelerations (G)
Magnitude Distance (kim)  Azimuth Depth (km) Free Field  Structural

1-20-94 5.6 244 77.50 495 0.05 0.08

2-23-95 5.8 21.8 18.80 21.7 0.05 0.06

5- 1-95 49 4.6 48.70 84 0.14 0.17

5- 2-95 4.6 1.7 107.70 8.9 0.09 0.08

Spectra of the motion at station a25 are shown on Figures 2.3 through 2.6 for the four
earthquakes. As may be seen from Figure 2.3 the January 10 earthquake resulted in about equal
motion in the L and T directions with the frequency content in the L direction being somewhat

NUREG/CR - 6584 4



higher than in the T direction. The spectra (Figure 2.4) of the February 23 event are less broad than
the prior event. These spectra show peaks at about 1.5 cps and 7.5 cps in the longitudinal direction
and about 1.3 cps and 3 cps in the transverse direction. The peak amplification in the vertical
direction is at a frequency of about 25 cps. The spectra of the two May events are shown on
Figures 2.5 and 2.6. The May 1 event horizontal spectra are rather broad banded while the
horizontal spectra for the May 2 event are narrow banded with both the (L) and (T) spectra
showing peaks occurring at about 9 cps. The both events have large vertical components which
occur at about 25 ¢ps.

Based upon the earthquake characteristics discussed above the Febreuary 23, 1995 and May
1, 1995 are selected for detailed study.

2.3 Transfer Functions Between Structure and Free Field

The results of the shaker tests indicated that the site may be anisotropic in that shaker motion
in one direction caused significant motion in a direction normal to the input energy. This occurred
even though the model is axisymmetric. The extent to which these anisotropic characteristics of the
site are reflected in the earthquake data is investigated by comparing the transfer functions between
the model response and the free field. If the site were isotropic, transfer functions relating the
model response (in either the L or T directions) to the free field motion would be expected to be the
same. The transfer functions would also be expected to be independent of the free field surface
gage used as a control point. In the following analysis the model response is related to the free field
response by three transfer functions: L model response divided by L free field input (HLL); T

model response divided by T free field input (HrT); and L model response divided by T free field
input (HLT). These transfer functions are derived by from the measured model response and the

nine surface free field gages located outside of the backfill. A least squared error criterion is used to
determine “average” transfer functions between the model response and each of the nine free field
gages. The site is considered to be anisotropic when H T is non zero and when HLL is not equal

to HTT. Principal directions of the site are then evaluated so that H[ T equals zero.

Figure 2.7 identifies the notation used for the measured data in the structure and in the free
field. The parameter (k) indicates the free field gage number (e.g., a25). The x,y coordinate system

represents the principal directions as will be discussed below.

At each frequency () the structural response can be written as:
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RL=HLLFLk+HLTFTK

2.1
RT=HLTFLk+HTTFTK

Of course, HL.L. =HTT and HL. T=0 for an isotropic material.

The transfer functions (HLL, HLT, HTT) are then computed based on a least squared error
fit to Egs. (2.1) using all of the surface gages outside of the backfill (al3 through al5, a23 through
a25, and a33 through a35) and the model responses. The real and imaginary parts of the transfer
functions are evaluated but the amplitudes are used for the further analyses.

It is then assumed that principal directions exist such that the structural response can be
written in the principal coordinate system as:

Rx=Hxx Fxk
2.2)
Ry = Hyy Fyk

The transfer functions in the principal directions (Hxx and Hyy) are obtained from Mohr’s circle

(see Figure 2.8). This transformation also gives the angle (8) between the principal (x,y) and the
test directions (L,T)

These analyses are carried out for each of the frequencies and for the two earthquakes. The
transfer function amplitudes obtained from the February 23, 1995 data between the roof of the
model and the free field gages are shown on Figures 2.9 through 2.11 for the longitudinal,
coupled, and transverse direction respectively. Each of these plots contains a fourth order best fit to
give some sense of the average transfer values over some broad frequency range. It may be seen
that the transfer function in the (L) direction tends to be larger than in the (T) direction, and the
magnitude of the coupling transfer function is only slightly iess than the transverse function.

The principal directions (X, Y) are then computed as discussed above with the results shown
on Figure 2.12. It may be seen that the angle defining the principal directions varies from about

100 to 400. The linear fit to the data, shown on the figure, indicates that an average angle is about

299 and is not a significant function of frequency. The transfer functions in the principal directions
are then computed and plotted on Figures 2. 13 and 2.14. The (Y) transfer functions are smaller

NUREG/CR - 6584 6



than the (X) functions indicating that the site is stiffer in the (Y) direction than it is in the (X)
direction.

It is interesting to consider the orientation of the principal directions relative to the site
geometry as shown on Figure 2.2a. The principal directions are shown relative to the (L, T)

system with the 290 angle taken clockwise from the (L or north direction). Then as discussed
above the (Y) principal direction is the stiffer of the two. It is interesting to recall that the maximum
response (softer) principal direction for the FVT-2 test was found to be about 30°

counterclockwise from the shaker north (also shown on Figure 2.2a). This is within one degree of
the minimum principal direction as found here. Figure 2.2a may also give some indication of the
reason for the nonisotropic conditions at the site. Mechanical vibrations radiate out from the plant
shown on the figure. These vibrations could have consolidated the soil in the radial direction
through the years. Radial lines from the plant are close to the stiffer principal direction at the site.

The May 1, 1995 earthquake is analyzed in the same manner using the roof response of the
model as the reference response. The results are shown on Figures 2.15 through 2.20. The

principal direction angle is once again found to be 299 (see Figure 2.18).
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3.0 Measured Data

The measured data is used to evaluate characteristics of the site that may be useful in
interpretation of the correlation studies. Transfer functions are developed from the measured data
between various stations in the downhole array and between the model roof gages and the surface
free field stations. The transfer functions are developed in both the L-T (used for the
measurements) and the X-Y (principal directions as discussed in the previous section) coordinate
systems. The amplitudes of the transfer functions are used in this analysis.

3.1 Transfer Functions Between Stations in the Downhole Array

Transfer functions between the gages under gage a25 are shown on Figures 3.1 through 3.4.
for the February earthquake. The transfer functions obtained using the data transformed to the
principal X-Y directions are shown in bold lines while the standard weight lines show the transfer
functions in the L-T coordinate system. A summary of the peak amplitude and frequency at which
the peak occurs is shown on Table 3.1. It is clear from these data that the transfer functions depend

Table 3.1

Characteristics of Soil Column Transfer Functions (2-23-95)

Gages L T X Y
Freq Ampl Freq Ampl Freq Ampl Freq Ampl

d25/d26 5.0 34 44 4.9 3.4 55 54 52
d26/d27 3.5 4.5 25 2.8 27 4.1 39 5.8
d27/d28 5.0 3.4 4.4 4.9 34 5.5 54 5.2

on the orientation. This dependency continues down to the deepest gages (d27/d28) indicating that
the entire site must be anisotropic. Note that the L direction is stiffer than the T direction and that
the Y direction is stiffer than the X direction. Also observe that the Y stiffness is larger than the L
stiffness and the X stiffness is smaller than the T stiffness. This would be expected if the site were
anisotropic and the X-Y coordinate system represented the principal directions. It is also interesting
to observe that there is a relatively soft layer of soil between gages d26 and d27 (the separation
between gages d25 and d26 is the same as the separation between gages d26 and d27).
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Estimates of average shear velocity (Vs) and ratio of critical damping (£) can be made from

these data using the following relationships:

Vs=4Hf

z=1/Q2A)
where, f= the frequency on Table 3.1
A =the amplification on Table 3.1
H = vertical separation of gages
These equations are used to develop the estimates shown on Table 3.2.

Table 3.2

Estimates of Shear Velocity (fps) and Damping(%) (2-23-95)

Gages H L T X Y
(ft) Vs g Vs g Vs g Vs g
d25/d26 354 708 15 623 10 481 9 765 10

d26/d27 354 496 11 354 18 382 12 552 9

d27/d28 88.6 1772 15 1559 10 1205 9 1914 10

Gage d25 is at a depth of 17.7°. The unified model specifies the low strain shear velocity to be
1040 fps between depths of 16.4° and 39.4° and 1561 fps below 39.4°. The above estimates
clearly indicate lower shear velocities than those specified in the unified model. Perhaps more
importantly the measured data indicate a soft zone located between a depth of 51.8” and 86.3°. The
damping values also appear to be larger than indicated by the unified model.

The transfer functions between the gages under a25 for the May 1, 1995 earthquake are
shown on Figures 3.5 through 3.8. There is an apparent problem with the d25T and d26T results
as indicted by the unit transfer function between the two sets of data. A summary of the peak
amplitude and frequency at which the peak occurs is shown on Table 3.3. It is clear from these
data that the transfer functions depend on orientation. It may be seen that the frequencies are
generally lower than found for the February earthquake (see Table 3.1) and the amplitudes are
generally lower than for the February earthquake. This implies lower shear velocities and higher
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damping in the soil for the May earthquake than was found for the February earthquake. This
would be consistent with the higher shear strains found in the soil for the May earthquake.

Table 3.3

Characteristics of Soil Column Transfer Functions (5-1-95)

Gages L T X Y
Freq Ampl Freq Ampl Freq Ampl Freq Ampl

d25/d26 4.8 3.8 - - - - - -
d26/d27 3.4 2.6 2.8 4.6 20 55 32 44
d27/d28 2.5 59 1.5 33 1.3 3.9 1.7 24

3.2 Transfer Functions Between the Model and Free Field

Transfer functions are also developed between the model roof response and the surface free
field input. These transfer functions are derived in both the L-T and the X-Y coordinate systems.
The free field surface gages at the ends of the three arms (al5, a25, and a35) are used to define the
input free field motion.

The amplitudes of the 2-23-95 transfer functions are shown on Figures 3.9 through 3.12
respectively for directions L, T, X, and Y. The L direction transfer functions (Figure 3.9) indicate
fundamental frequencies of 4.3 cps, 4.9 cps, and 5.1 cps depending on whether gage al5, a25, or
a35 is used to represent the free field. It is also interesting to recall that the fundamental frequency
of the model as found from the forced vibration tests (see volume 3) was about 6 cps. The picture
is even more complex when the T direction transfer functions shown on Figure 3.10 are examined.
The peaks of these transfer functions occur over a much broader frequency range from about 3 cps
to 6 cps and also show a significant variation depending on the reference gage used for the free
field. The primary response found in the forced vibration tests was the rigid body rocking mode
with relatively small contributions from the flexural and rigid body translation modes. One would
expect narrow banded transfer functions for this type of problem rather than the wide band results
observed in the T direction functions. Both the dependency of the transfer functions on the location
of the free field gage used to define the input motion and the difference in the L and T direction
transfer functions are likely caused by anisotropic site effects. These anomalies between the
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observed data and the expected behavior indicate that one should expect poor correlation between
the measured and computed results.

The transfer functions in the principal X-Y directions (Figures 3.11 and 3.12) show similar

characteristics. This indicates that a simple transformation of the measured data to the principal
directions is not likely to improve the correlation between the measured and computed results.
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4.0 Correlation of Predicted with Measured Free Field Response

Deconvolution studies are performed for the downhole gages located under gage a25 (see
Figure 2.2). The gage is located at the end of ARM 2 and is 5 diameters from the center of the
model. The surface motion at a25 is deconvolved to the depths of the “d” gages assuming vertically
propagating, horizontally polarized shear waves for the horizontal components and vertically
propagating compression waves for the vertical motion. The CARES computer code is used to
perform these deconvolution studies for motions in the X, Y, and vertical (V) directions. These
studies are performed for both the February 23, 1995 and May 1, 1995 earthquakes.

The soil properties shown on Figure 2.1 and located outside of the backfill area are specified
as the low strain properties of the soil column with the CRIEPI degradation characteristics used to
account for strain dependency of the soil properties. The model used for the convolution studies in
both the horizontal X Y directions is shown on Figure4.1. The solution is carried out in an iterative
fashion with the soil properties modified at each iteration to account for shear modulus degradation
and soil damping increase as a function of soil strain. Since the soil is saturated the compressional
wave velocity used for the vertical motion is limited to that of water (5,500 fps). No degradation is
included in the vertical motion studies.

The peak shear strains found for the horizontal response during the February 1995
earthquake are shown on Table 4.1. The maximum shear strain found for the convolution studies
in the horizontal directions are 0.0044% and 0.0023 % for the X and Y direction studies
respectively. The average shear strains over the depth of the soil column are about 0.0030 % and
.0015 % for the two directions. These average shear strains result in shear moduli values equal to
about 90 % of the low strain values and damping equal to about 2.5% (the low strain damping is 2
%). It can be seen that the strains are not high enough to have a significant effect on the soil
properties.

A comparison of response spectra based on the measured and computed X and Y free field
motions is shown on Figures 4.2 and 4.3 for gages d25 (5.3 m), d26 (15.8 m), d27 (26.3 m), and
d28 (52 m). The predicted values are essentially identical to the measured data over the depth of the
model (gage d25), and reasonably good comparisons are found down to depths of 52 m. The
correlations are somewhat better in the Y than the X direction. It is interesting to note that the
primary energy content of the earthquake (see spectra of measured data at gage d28 on the figures)
is at 3 cps for the X component and less than 2 cps for the Y component. Average column
frequencies can be determined from (Vs/4H). If this is used the frequencies of the columns above

the four gage depths can be estimated to be about 10 cps, 5 cps, 3 cps, and 2 cps for gages d25
through d28 respectively. The column frequencies at gages d26 and d27 are close to the 3 cps of the
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input motion below. Perhaps this accounts for the relatively poor correlation of measured and
computed motions in the X direction at these gages. Note that the disagreement occurs at
frequencies of 2 - 4 cps. This disagreement indicates that perhaps the soil damping used in the
model is too large. It should be noted that convolution studies performed in the L, T rather than X,
Y coordinates resulted in good results in the L direction but very poor results in the T direction.
This suggests again that the site is not isotropic and that it is important to perform correlation
studies in the principal directions.

Table 4.1

Peak Shear Strains for February 1995 Earthquake

Depth (ft) Strain (%) X Response Strain (%) Y Response

3.28 0018 0011
9.02 0014 .0009
13.94 .0021 .0014
19.27 .0011 .0007
25.01 .0015 .0010
30.75 .0020 .0013
36.49 .0025 .0016
46.41 0014 .0009
60.51 0017 - .0011
74.61 0021 0013
88.71 0026 0015
102.81 .0030 0017
116.91 .0033 0019
131.01 0036 0020
145.11 .0039 .0022
159.21 .0039 0022
173.31 .0044 .0023

The vertical convolution is performed using a bulk modulus that is derived from the shear
velocity and Poisson’s ratio shown on Figure 2.1 but the bulk modulus is restricted to give the
compressional wave velocity of water). Degradation of soil properties is not considered for the
vertical motion convolution studies. A comparison of spectra based on the measured and computed
vertical motions is shown on Figure 4.4 for the four downhole gage locations. As may be seen
excellent agreement is found at all depths except at frequencies greater than 10 eps. This is about
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the frequency of the column down to the depth of the d28 gage (~ Vs/4H = 1645/ 4 *52 = 8 cps).

The spectral values at lower frequencies are essentially propagated through the column with little
modification. This probably accounts for the good agreement. It appears that much less damping
(than the 2 %) is required in the soil model to reduce the attenuation of the vertical motion as it
propagates from the 52 m depth to the surface.

The peak shear strains found for the horizontal response during the May 1, 1995 earthquake
are shown on Table 4.2. The maximum shear strain found for the convolution studies in the
horizontal directions are 0.0076% and 0.0045 % for the X and Y direction studies respectively.
These are about double those found for the February earthquake and would result in shear moduli
values equal to about 75 % of the low strain values and damping equal to about 5 % (the low strain
damping is 2 %).

A comparison of the computed free field response with the measured horizontal motion (X
and Y directions) data are shown on Figures 4.5 and 4.6 for the May 1, 1995 event. The
comparisons are generally comparable to those found for the February event. The comparison for
the vertical component is shown on Figure 4.7. The large spectral acceleration spike in the
computed spectra at about 30 cps results from the lager spike in the measured surface spectra (see
Figure 2.5). It is not clear why this spike does not shown up in the measured data at the deeper

gages.

39 NUREG/CR - 6584



Table 4.2

Peak Shear Strains for May 1, 1995 Earthquake

Depth (ft) Strain (%) X Response Strain (%) Y Response
3.28 .0031 .0050
9.02 .0024 .0038

13.94 .0039 0052
19.27 .0022 0027
25.01 0031 .0032
30.75 0042 .0039
36.49 0050 0048
46.41 0027 0024
60.51 .0033 0028
74.61 .0040 .0032
88.71 .0047 .0036

102.81 .0054 .0040

116.91 .0060 0043

131.01 .0066 .0043

145.11 .0072 0044

159.21 0073 .0044

173.31 .0076 .0045
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A J 179.46

Fig. 4.1 Soil Column Model Used for Convolution Analyses
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Shear Vel (fps) Density (pcf)

436 105
758 120
1093 151
1562 151

SOIL DEGRADATION MODEL

Strain (%) G/Go Damping (%)
0005 1.000 2.000
0008 0.980 2.100
0015 0.940 2.300
0039 0.830 3.200
0060 0.780 3.900
0095 0.700 5.100
0200 0.570 7.500
0380 0390 11.400
0570 0.290 14.300
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5.0 Correlation of Predicted with Measured Model Response

Model response studies are also carried out for the February 23, 1995 and May 1, 1995
events. The measured responses (in the principal horizontal X - Y directions and the vertical
direction) at the roof and basemat elevations are compared with the predicted responses.

The CARES computer program is used to make the predictions. The same structural model is
used for these predictions as was used for the forced vibration predictions described in Volume 3
of this report. The cylindrical portion of the structure is modeled with three dimensional shear
beams, and the roof and basemat are treated as rigid masses. Proportional structural damping equal
to 2 % is used and the damping matrix is taken to be proportional to the stiffness and mass
matrices. Rigid links are used to model the thickness of the roof slab and basemat and to obtain
output at the gage locations on the structure.

Soil structure interaction effects are treated with the Beredugo - Novak frequency dependent
model as included in CARES. This model allows for separate properties of the soil beneath the
foundation and to the side of the foundation. The shear modulus of the soil beneath the foundation
is obtained as the average of the moduli in the soil from the foundation to a depth of 40°. The side
soil shear modulus is determined based on the in-situ material (rather than the backfill) with a
weighted average computed for the layers based on the rocking response mode. In both cases the
degraded moduli as found from the convolution studies (see Section 4) are used for the model
response evaluations. The measured free field motion at gage a25 is used as input to the model.
Kinematic interaction effects are not included in the results.

The soil properties used for the February 1995 event are shown in Table 5.1.
Table 5.1

Soil Shear Moduli (ksf) Used for February 23, 1995 Event

Response Direction Modulus Beneath Mat Modulus to Side
X 4842 887
Y 5171 901
\% 5500 1402

The comparisons between the computed and measured spectra for this earthquake are shown
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on Figures 5.1 through 5.3 for the X, Y, and V directions respectively. The spectra of the
measured motions are shown in bold lines while the spectra from the computed motions are shown
with thinner lines.

The predicted X direction spectra do not compare well with the measured spectra (Figure 5.1)
while the comparison between the Y direction spectra (Figure 5.2) is quite good. The predicted
spectra are unconservative at the roof for frequencies greater than 3.5 cps as compared to the
measured spectra while the predicted spectra. The predicted spectra in the Y direction are
unconservative to a much lesser degree with the unconseravtive ranges restricted to narrow
frequency bands. It is likely that the Standard Review Plan requirements for spectra broadening
and consideration of a range in soil properties will eliminate the unconseravtive zones in the Y
direction but not in the X direction. It is also interesting to note that the ZPA predicted values are
Jlower than the measured values at the roof but higher at the basemat.

Peaks at three frequencies can be identified in the measured horizontal (X and Y) spectra.
One occurs at about 5 cps and is the rocking SSI mode. This SSI frequency is reduced from 6 cps
found from the forced vibration tests. This change implies that the soil shear modulus during the
earthquake is about 70 % of the low strain values. This reduction is not consistent with soil
shearing strains and degradation models. One possible explanation is that the backfill material is
more effective for the forced vibration tests than it is for the seismic response problems. The
backfill material is significantly stiffer than the virgin material. There is an amplification of the
measured basemat motion at the roof elevation at this SSI frequency equal to about 5 in the X
direction and about 4 in the Y direction. The amplification is about 2 in both direction for the
predicted spectra. The other two peaks occur at frequencies of 1.5 cps and 3 cps. These peaks
appear to be associated with the input motion. It is interesting to observe that both peaks occur in
each of the spectra (X and Y).

The correlation of the computed and measured vertical spectra for the February event are
shown on Figure5.3. It may be seen that the correlations are fairly good except at frequencies of
about 5 cps and 25 cps. The peaks of the measured spectra exceed the predicted spectra at 5 cps
and the reverse is true at 25 cps. The forced vibration tests indicate that the vertical SSI frequency
is about 15 cps and highly damped. It is not clear why the measured data shows a significant
amplification (about 2) of the free field motion at 5 cps.

The soil properties used for the February 1995 event are shown in Table 5.1. These are

somewhat lower than those found for the February 1995 earthquake because of the higher shear
strains and corresponding higher degradation found for the May event.
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Table 5.2

Soil Shear Moduli (ksf) Used for May 1, 1995 Event

Response Direction Modulus Beneath Mat Modulus to Side
X 4193 828
Y 4169 779
\Y% 5500 1402

Comparisons of the computed and measured spectra in the X, Y, and V directions are shown
on Figures 5.4, 5.5, and 5.6 respectively. These comparisons contain the same characteristics as
discussed above for the February event. The SSI frequency appears to be reduced from 5 cps for
the February earthquake to 4 cps for the May event. The amplifications (roof/basemat) of the
measured data are reduced to 2.5 in the both the X and Y directions. Recall that these
amplifications were 5 and 4 in the X and Y directions for the February earthquake. The
amplifications of the predicted spectra are about 2 in both directions. The large amplifications of the
vertical motions found at 5 cps for the measured data are significantly reduced resulting in a better
correlation between the predicted and measured results for the May earthquake.
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6.0 Summary and Conclusions

This is the fourth of four volumes of the final report for the contract dealing with the review
of the Hualien Large Scale Soil Structure Interaction experiment conducted in Hualien, Taiwan.
Comparisons of the measured response in the free field and the model with predicted responses for
a series of earthquakes are discussed in this volume of the report

Data recorded during four earthquakes are considered. Two of the earthquakes are magnitude
5.5 events and occurred about 22 km NE of the site. The peak recorded free field and in-structure
accelerations during these events are 0.06 g’s and 0.08 g’s respectively. The other two events are
magnitude 4.7 and occurred about 5 km from the site. One was located NE the site and the other
SE of the site. The peak accelerations recorded are 0.14 g’s and 0.17 g’s in the free field and
structure respectively. One earthquake from each is selected for detailed study (the magnitude 5.8
February 23, 1995 event and the magnitude 4.9 May 1, 1995 event).

A series of studies are performed using the measured data to obtain some insight to the
significant characteristics of the model. In particular these studies were performed with the
objective of evaluating the extent to which the earthquake data is consistent with the results of the
forced vibration tests conducted after backfill. The forced vibration tests indicated that significant
nonsymmetric responses occur {attributed to anisotropic site properties) and that the primary SSI
frequency was 6 cps and associated with the rocking mode. The following is a summary of the
studies and results:

1. Transfer functions are developed between the responses at the roof of the model and the
surface gages in the free field. These transfer functions indicate that there is a significant
coupling between the free filed horizontal input motion in the L and T directions and the model
response. The measured data are used to determine principal directions which are found to be

290 east of the L direction. These principal directions are separated by about 10° from the

principal directions as found from the forced vibration tests and confirm the anisotropic
characteristics of the site.

2. Transfer functions between each of the gages in the downhole array are developed. This is
done both in the L / T measurement coordinate system and in the principal X /Y system. The
Transfer functions are found to depend on the direction giving further evidence of anisotropic
effects. The frequency at which the initial peaks in the the transfer functions occur are in the
order: Y>L>T>X. This indicates that the site is stiffer in the Y direction than in the X direction
as was also found from the forced vibration tests. The fact that the stiffness inthe L / T
directions falls within the stiffness in the X / Y directions is also consistent with the
determination that the X / Y coordinates represent principal directions.

59 NUREG/CR - 6584



It is also found that this anisotropic effect extends down to the deepest gages (between gage
d27 at 86 feet and d28 at 170 feet). This supports the conclusion that the anisotropic
characteristics are site wide and not restricted to a region around the model.

3. The fundamental frequencies in the soil column as found from the transfer functions support
the conclusion that the soil may be softer than suggested in the CRIEPI unified soil model. In
particular it appears that a soft layer in the soil column occurs somewhere between a depth of
52’ (gage d 26) and a depth of 52 feet (gage d27).

4. Transfer functions between the roof of the model and the furthest surface free field gages (al5,
a25, and a35) are found to depend on direction (X /Y or L / T) and on the free field gage used
to define the control motion. The dependence on direction again reflects anisotropic site
characteristics, and the dependence on location of the control point indicates that difficulty is
likely to be encountered when attempting to predict the model response.

The CARES computer code is used to deconvolve the measured motion at gage a25 down to
the four gages below (d25, d26, d27, and d28). This is done in the three directions X, Y, and V.
The unified soil model properties are used with the soil moduli degraded and damping increased
depending on soil strain and the degradation model included with the unified soil model. Spectra of
the computed motion at the four gage locations are then compared with spectra of the recorded
motion. The following conclusions are drawn from these comparisons:

1. Reasonably good agreements in the horizontal components of the motion are found over the
entire depth of the soil column with the Y direction correlations being somewhat better than
those in the X direction.

2. The correlations between the measured and computed spectra of the horizontal motions are
better at gages d25 and d28 than at gages d26 and d27. This may result from the fact that the
column frequencies above gages d26 and d27 are close to principal frequencies of the input
motion (1.5 - 3 cps).

3. The correlations between the measured and computed vertical spectra are good at all depths for
frequencies less than 10 cps. The computed spectral accelerations are higher than for the
measured data at these higher frequencies.

The CARES computer code is also used to compute the model response given the measured
free field motion at gage a25. The Beredugo - Novak soil structure interaction model is used. This
is done in the three directions X, Y, and V. The unified soil model properties are used with the soil
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moduli degraded and damping increased depending on soil strain and the degradation model
included with the unified soil model. Spectra of the computed motion at the roof and base are then
compared with spectra of the recorded motion. The following conclusions are drawn from these
comparisons:

1. The correlations between the spectra developed from the predicted and measured response are
poor for the X direction motion and good for the Y direction motion.

2. The predicted roof spectra in the X direction are unconservative for frequencies greater than 3.5
cps. The predicted spectra in the Y direction are unconservative in rather narrow frequency
bands. It is unlikely that the Standard Review Plan requirements for broadening the spectra and
using a range in soil properties would eliminate the region in which the X spectra are
unconservative, but likely would eliminate these regions for the Y direction spectra.

3. The forced vibration tests after backfill indicated that the fundamental vibrational mode of the
soil / structure system is a rocking mode at a frequency of 6 cps. The fundamental mode for the
February and May earthquakes are 5 cps and 4 cps respectively. This reduction in frequency in
larger than would be anticipated based on degradation effects on the soil shear modulus.

4. The correlation between the computed vertical motion spectra and the spectra for the measured

motion are good at all frequencies except around 5 cps and 25 cps. The predicted values are
conservative at 25 cps and unconservative at 5 cps.
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