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The nonlinear behavior of a 1/4-scale containment structure subjected to strong
motion earthquake excitation is investigated by analyzing acceleration measure-
ments on the structure and the site/soil surrounding the structure. Acceleration
transfer functions obtained from the ratios of Fourier Transforms provide the
means to estimate the dynamic characteristics of the soil-structure system. These
are compared with results obtained from low-level vibration testing of the
structure.

Due to strong nonlinear effects during strong-motion excitation the fundamental
frequency decreases by about 40% relative to the value obtained in low-level
vibration tests (2.3 vs. 3.8 Hz). In addition, this frequency as well as the shape of
the transfer function moduli vary considerably with time during the strong motion
excitation. This preliminary investigation indicates that the analysis of earth-
quake responses coupled with the results of low level vibration tests provide a
means to gain understanding of the nonlinear behavior of soil-structure systems
during strong motion, and may lead to the improvement in the modeling of
soil-structure interaction phenomenology.

1. INTRODUCTION

As part of an overall effort to validate seismic calculational methods, the U.S.
Nuclear Regulatory Commission, Office of Research (NRC/RES), participates in a
number of international cooperative experimental programs including the
Large-Scale Soil-Structure-Interaction (SSI) Experiments conducted in Lotung,
Taiwan, by the Electric Power Research Institute (EPRI) and the Taiwan Power
Company (Taipower) [1]. Argonne National Laboratory (AND on behalf of NRC/
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RES coordinates the EPRI-NRC collaboration in these experiments in which a 1/
4-scale containment model is subjected both to shaker-induced vibrational
excitation and strong-motion earthquakes. The primary objective, for both NRC
and EPRI, in these experiments is the validation/evaluation of SSI analysis
methods. NRC/ANL also sponsored and carried out the vibration testing of the 1/
4-scale containment model and performed preliminary analyses of the response
of the soil-structure system during strong-motion earthquake. This paper is
mainly concerned with the latter aspect and specifically with the determination of
the dynamic characteristics of the soil-structure system during strong motion and
the comparison of the results with the characteristics obtained in low-level
vibration testing.

2. RESULTS OF VIBRATION TESTING

Dynamic testing is widely used to determine the dynamic characteristics of large
civil-engineering structures under as-built conditions [2]. In the case of the 1/
4-scale containment structure, experimental determination of its modal charac-
teristics (before the system was subjected to strong-motion events) was essential
to establish the baseline dynamic characteristics of the soil-structure system
against which subsequent determinations of the same characteristics during
strong motion response could be compared and evaluated. Because of nonlinear
effects the fundamental frequencies of structures generally tend to shift down
during strong-motion excitation. Since the excitations of the vibration tests are
very low compared to strong seismic excitations, the fundamental frequencies
determined from these tests can be assumed to form an upper bound of these
characteristics. If dynamic characteristics are determined from the system
response during many earthquakes, then correlations may also be established
between the shift in fundamental frequencies and the earthquake characteristics.

A cross-section of the 1/4-scale containment structure is shown in Fig. 1. In order
to lower its fundamental frequency to the range where strong motion earthquakes
are expected to have their major energy content, additional mass was provided at
the top of the structure bymeans of an extraheavy roof slab. Steady state vibration
testing of the structure was performed in the frequency range from 1 to 30 Hz by
using an eccentric-mass shaker. The vibrator was mounted at the edge of the roof
and shaking was provided in both the tangential and radial directions. Details of
the experiment are provided elsewhere [3].



In the vibration tests, only one mode, the lowest rocking mode, could be identified
with high confidence. The identified average first-mode rocking frequency and
damping are 3.8 Hz and 10% of critical, respectively.

Two higher modes were also identified from the tangential excitation tests.
However, the confidence in these estimates of modal parameters is not as high as
in the estimates of the first mode. The frequency and damping estimates for these
modes are 5.9 Hz and 12% for the second mode and, 10.9 Hz and 24% for the third
mode. For purposes of comparison with calculations or earthquake experiments,
these values should be used with some caution. The partial mode shapes suggest
that the second mode is a coupled horizontal-sliding/rocking mode, and that the
third is a torsional mode.

3. ANALYSIS OF EARTHQUAKE RESPONSE

Experience shows that the dynamic characteristics of soil-structure systems tend
to change during strong-motion earthquakes. These changes are due to nonlinear
effects that occur during strong-motion response. System-identification tech-
niques have been developed [4J and applied [5] for the extraction of modal
parameters of soil-structure systems during strong-motion earthquakes. Linear
models are assumed to be applicable. This approach has been quite successful in
replicating the observed seismic response. Combined with a moving time window
analysis, the method also yields the time variations in natural frequency and
damping that occur during strong-motion excitation. This would be the preferred
approach for evaluating the dynamic characteristics of the 1 /4-scale containment
structure during seismic events.

However, in the preliminary analysis presented here a simplified approach, using
transfer functions based on the ratio of accelerations, has been used to estimate
the fundamental frequencies during an earthquake event. The time-domain
acceleration history data are first transformed into the frequency domain by using
Fourier Transform. Ratios are then formed between the output (response) moduli
and input (excitation] moduli. Alternatively, the square root of the ratio of power
spectral densities (PSDs) may be used. In the current application, measurements
on the structure are considered output and measurements on the site/soil are
considered input. A schematic of the acceleration measurements both on the
structure and the site during strong motion is given in Fig. 2. The calculated ratios



represent acceleration-to-acceleration transfer functions, which are then used to
estimate the earthquake response frequencies of the soil-structure system.

Typical techniques used to compute Fourier Transforms or PSDs of discrete data
series often produce spurious spectral peaks. Hence, in order to obtain intelligible
ratios it is necessary to reduce the variance due to numerical error and noise of the
transforms before calculating the ratios. This can be done by subdividing the time
domain into separate time windows or segments (which may overlap), calculating
the transforms for each time window, averaging the resultant transforms, and
subsequently forming the ratios. Alternatively, a moving-average technique can
be employed directly in the frequency domain on the transform of the entire time
duration [6]. In general, frequency resolution depends on the length of the time
record. Thus, in the first approach, the frequency resolution of the result will
depend on the number of time windows used, decreasing as the number of
windows increases. In the second approach, the frequency resolution decreases
as the number of points in the frequency-domain moving average increases. It can
be shown that the reduction of resolution is nonlinear in terms of the number of
points used in the moving average. The moving average approach can be applied
for both random and transient data, while the time window technique is strictly
only applicable to stationary random data. However, the latter has also been
applied to vibration test data analysis, yielding reasonable estimates [7].

The techniques outlined above were applied to measured acceleration histories
obtained on and near the 1 /4-scale containment model during the earthquake of
May20, 1986[1]. The building is cylindrical in shape with an above-ground height
of 11.89 meters (35 feet), an embedment depth of about 4.57 meters (15 feet), and
a diameter of about 10.49 meters (34.5 feet). The acceleration locations used here
are indicated in Fig. 2. Specifically they are the East-West components of the
acceleration histories recorded at the north edge at the top of the building(F4UN-
E), at the surface of the soil at 51.82 meters (170 feet) (about 4.9 times the diameter
of the building) north from the center of the building(FAl-5-E), and at the south
edge at the basemat of the building(F4LS-E).

The digitized time data were obtained at a sampling rate of 200 Hz resulting in a
cutoff frequency of 100 Hz. A total of 7079 data points is available for our analysis.
The time data were padded with zeros to a length of 8192 points (an integral power
of 2), for efficient transformation by the Fast Fourier Transform technique (FFT).
The effect of padding time history with zeros is to increase the apparent frequency



resolution of the transform [8] and in the current application equals 1/
(8192.0.005) = 0.0244 Hz. However, the padding of the acceleration histories with
zeros has no adverse effect on the results presented here.

The first evaluation was made with F4UN-E as output and FA1-5-E as input. The
technique of averaging time-window results was applied to the entire strong-
motion record of 36 s. (When the ratio of the FFTof the input and output was taken
without any averaging, many spurious peaks with unrealistic damping were
generated). The transfer function obtained by averaging the PSDs for 13 time
windows is shown in Fig. 3. Both overlapping (by 50%) and nonoverlapping Welch
time windowing techniques [6] were used in obtaining these results. The first
major system frequency seems to lie at about 2.3 Hz. Relative to the first modal
(rocking) frequency of 3.8 Hz identified in the low-level vibration testing, this
represents a 39% shift (decrease) in frequency. On the basis of the duration of the
time window used in this analysis, the frequency resolution is estimated to be
about 0.3 Hz. Sensitivity analyses performed by using different numbers of time
segments (from 7 to 27) for the strong-motion record provide very consistent
results. Figure 3 indicates two additional, albeit much weaker, response peaks at
about 7.5 and 11.0 Hz.

Acceleration transfer functions between individual response measurements were
also obtained by using the aforementioned moving-average technique in the
frequency domain on the FFTs for the entire strong-motion duration. The results
are reasonably consistent with those obtained with the time-windowing approach.
The example in Fig. 4 gives three transfer functions obtained with a 15-point
moving average. Each of the transfer functions is the ratio between single
measurements. The first transfer function (Fig. 4a) is between the basemat and
the free field (F4LS-E/FA1-5-E). The second transfer function is between the top
of the structure and the free field (F4UN-E/FA1 -5-E), and the last transfer function
gives the relationship between the top of the structure and the basemat (F4UN-E/
F4LS-E).

The first major system response peak (top of structure to free field, Fig. 4b) occurs
at about 2 Hz. Since the entire strong-motion record duration is used in the
moving-average technique, the frequency resolution is significantly (possibly as
much as an order of magnitude) better than in the time-averaging technique shown
in Fig. 3, and the first peak appears to be double peak or two peaks. The weak
response peaks identified at about 7.5 and 11 Hz (Fig. 3) can also be seen here



(Fig. 4b, F4UN-E/FA1-5-E). The response was amplified more between the top
of the structure and the basemat of the structure than between the structure (top)
and the free field. In fact deamplification occurred between the basemat and the
free-field surface (Fig.4a, F4LS-E/FA1-5-E). This is understandable, because the
basemat lies at an embedment depth of about 6 meters (15 feet), and site response
decreases with depth. No clearly identifiable response peaks occurred in the
transfer function between the basemat and free field. This suggests that the
basemat moves, at least in the horizontal direction, essentially together with the
soil. At the basemat the horizontal motion is primarily translation, while on the
top of the structure it is amplified because of rocking of the building. The vertical
motions of the basemat may reflect the rocking more clearly.

To study the variation of system behavior with time during the strong motion, the
entire time record was subdivided into seven segments each of 1024*.005 = 5.12s
long, and the moving-average technique (in the frequency domain) was applied in
each of the time segments. The resulting transfer functions (ratios of output to
input) varied from time segment to time segment. An example is shown in Fig. 5,
which again represents the transfer function between the top of the structure and
the free-field surface (F4UN-E/FA1-5-E). The character of the transfer function
varied markedly from time segment to time segment. The only consistent feature
is the first response peak, which is clearly a single peak in each of the time
segments and not a double peak (or two peaks) as was indicated for the entire
strong-motion duration (Fig. 4). While no definitive explanation for this phenome-
non can be given, it may simply be due to different frequency resolutions of the
transfer functions. For the individual time segment transfer functions the
frequency resolution is at best 0.2 Hz, while for the entire strong motion it may be
a factor of seven better or about 0.03 Hz. The two smaller peaks identified at about
7.5 and 11 Hz in the transfer functions for the entire duration appear in only some
of the transfer functions of the individual time segments.

Figure 6 shows the variation with time of the first major system frequency and the
powers associated with the input and output. Starting from a value of about 2.8
Hz in the first 5.12s interval, the frequency increased to about 3.4 Hz in the second
interval. This was followed by a very sharp drop to less than 2 Hz in the third time
interval (10.25-15.36 s). The sharp drop in resonant frequency was concurrent
with the peak in the power. Thereafter the frequency again increased slowly to
reach a value around 2.5 Hz during the final time segment. As is indicated above,
strong variations with time were observed in the entire transfer function in the



frequency range from 1.0 to 12.0 Hz, with certain response peaks occurring in
some time intervals and not in others. Caution should be used in drawing general
conclusions on the basis of the analyses performed to date. Further study is
needed to substantiate some of the findings and to evaluate the relationship
between reducing the variance and retaining sufficient frequency resolution.
Finally, to determine the actual response modes during the strong motion, system-
identification techniques developed for this purpose [4,5] will have to be applied.

4. CONCLUSION

This paper concentrates on the analysis of the earthquake response measure-
ments. The analysis results are based on acceleration transfer functions derived
from the earthquake response data. However, in order to understand the behavior
of a soil-structure system during strong-motion excitation and to estimate its
nonlinearities, it is essential that dynamic characteristics obtained from low-level
vibrational tests be available. These provide a basis for comparison and are critical
in bounding earthquake analysis results.

It appears that during the May 20, 1986 earthquake the first system frequency
shifts (decreases) significantly to values as low as 2.0 Hz. This is a frequency
decrease of about 40% relative to the first modal (rocking) frequency identified in
the vibration tests. The analysis also indicates that significant variations with time
occur in the dynamic response characteristics of the soil-structure system during
the strong motion. To determine the actual response modes during strong motion,
recourse must be made to system-identification techniques developed for this
purpose. Finally, in order to assess the variability of earthquake response for soil-
structure systems it is necessary to analyze the response data for a number of
earthquakes. While not generally available, such data do exist for the 1/4-scale
containment structure in Lotung. Thus, a unique opportunity exists to gain some
insight to this very important problem and possibly develop improvements in the
modeling and analysis of SSI phenomena.
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