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Abstract

In order to investigate near-field ground motions, an important Lucerne Valley
record from the Landers earthquake was studied. The Lucerne Valley record was
recorded on the Kinemetrics SMA-2/EMA instrument located 2 km from the fault.
Since the characteristics of the SMA-2/EMA instrument were not completely under-
stood and the conventional data processing procedures have difficulty in recovering
long-period information from near-field earthquake accelerograms, an instrument test
on the SMA-2/EMA was conducted and a new data processing procedure was devel-

oped to perform the instrument and baseline corrections.

For an electro-magnetic transducer, an additional parameter of corner frequency,
other than natural frequency, electronic damping ratio and sensitivity, should be
considered during insti'ument correction of the SMA-2/EMA recorded accelerograms.
For this purpose, a special instrument correction filter was derived in support of
instrument correction and a laboratory test of the SMA-2/EMA accelerograph was
conducted for obtaining the characteristic parameters of the instrument. The possible
error sources in data recording and playback procedure were also examined and an
appropriate baseline correction scheme was formulated for effectively removing the

nonphysical trend involved in the earthquake data.

The new data processing procedure was verified by a set of SMA-2/EMA simu-
lated long-period accelerograms and then applied to the Lucerne Valley record. The
results of new data processing revealed the important features of near-field ground
motion, which were a displacement offset parallel to the fault and a large pulse-like
motion perpendicular to the fault. The response spectra and Fourier spectra were
also calculated and compared to those of the conventionally processed record. With
these investigations,r a number of important conclusions are obtained and several

suggestions for future studies are given.
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Chapter 1

Introduction

1.1 Motivation

Study of structural response to a large earthquake has been an important topic
in earthquake engineering. The calculation of the response spectra of structures to an
earthquake is a way of establishing design criteria for structural engineers to carry out
earthquake resistant design. However, the correct calculations of response spectra are
based on correct ground input information, which is strong ground motion recorded

during an earthquake.

Strong-motion acceleration records, or accelerograms, are recorded on strong-
motion accelerographs. Because of the limitations of the instrument architecture,
various errors are involved in the recorded data. Hence, the data retrieved from the

instrument needs to be corrected.

The data which is directly retrieved from the instrument is called raw data or
uncorrected data. Correction of the raw data is an important step in data processing.
The purpose of the data processing is to correct the raw data into the data which
represent the real earthquake ground motion. Therefore, it is necessary to design
an effective data processing scheme to recover real ground motion information from

earthquake records.

Data processing schemes are mainly focused on two aspects. One is instrument
correction and the other is baseline correction. Design of an effective data processing
scheme is based on an understanding of the instrument structure, being aware of

the sources of noise contamination in the recorded data, and being able to remove
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distortions from the data. Although much effort has gone into studies, and vari-
ous data processing schemes have been constructed since the 1960’s, the problem of
recovering long-period information from earthquake records still exists. DC offsets
are not present in the displacement time histories and long-period compohents may
also be removed from data processed using conventional methods {(or conventionally
processed records). Overcoming this problem is important, especially for the data

processing of near-field earthquake records.

Near-field ground motion from an earthquake on a strike-slip fault has two im-
portant characteristics; a permanent displacement offset along the fault direction and
a pulse-like motion perpendicular to the fault. These characteristics are more associ-
ated with the rupture process of the earthquake than with seismic wave propagation
from the earthquake source. The study of the dynamic behavior of structures located
in the near field of an earthquake fault has recently attracted the attention of the
engineering community. Unfortunately, few near-field earthquake records are avail-
able for response analysis and the existing data processing methods have difficulty

in recovering long-period information from the records which do exist.

An important near-field earthquake record, the Lucerne Valley record, was
recorded on a Kinemetrics SMA-2/EMA instrument during the Landers earthquake
of June 28, 1992. To study this record, the author first applied an integration to
the acceleration record. The integrated transverse component was found to have a
large velocity pulse with a peak value over 100 cmm/sec. This value is much greater
than that of the conventionally processed record, which showed a peak velocity of
48.94cm/sec. Using the special curve-fitting baseline correction scheme, the prelimi-
nary integrated displacement components were obtained to have large displacement
offsets which were not present in the conventionally processed record. Since the con-
ventional data processing did not give reasonable geological behavior of the Lucerne
Valley station during the Landers earthquake, a new data processing method was
developed to correct the Lucerne Valley record. In the meantime, it was also found
that the characteristics of the SMA-2/EMA accelerograph were not completely un-
derstood. The use of traditional instrument correction induced a displacement offset
opposite to what was observed from the Lucerne Valley site. Therefore, a special
instrument correction formulation was derived for the electro-magnetic transducer

(EMA) and an experimental test on the SMA-2/EMA was conducted to obtain the
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characteristic parameters of the instrument. Finally, a new data processing scheme

was formulated and verified using simulated earthquake records.

In summary, the work is motivated by the need to correctly interpret near-field
ground motion through the data processing of the Lucerne Valley record from the
Landers earthquake. In order to do this, the author conducted a field investigation,
performed experimental tests of the SMA-2/EMA strong-motion accelerograph, and
developed a new data processing scheme which can recover long-period information
from near-field earthquake records. The final objective of the work is to give a
corrected version of the important Lucerne Valley record as well as to provide a
means to obtain reliable strong-motion records, especially records from near-field
ground motions, so that structural engineers and researchers can perform reliable

dynamic response studies of structures with properly processed earthquake data.

1.2 Brief Review of the Work

The work in this thesis consists of four parts: 1) formulation of a special in-
strument correction filter for the SMA-2/EMA, 2) calibration of the SMA-2/EMA
instrument, 3) development of a new data processing scheme which can recover long-
period information from near-field earthquake records, and 4) data processing of the

Lucerne Valley record from the Landers earthquake.

In Chapter 2, a brief description of earthquakes is given from the seismological
point of view. The characteristics of near-field ground motion are also described
based on an understanding of the nature of earthquakes. The chapter also presents
several photographs taken from the field investigation of the Lucerne Valley site after
the Landers earthquake. The photographs show the geological features of the Lucerne
Valley station, the SMA-2/EMA instrument which recorded the Landers earthquake

data, and the surface rupture near the Lucerne Valley site.

Chapter 3 gives a brief review of strong-motion accelerographs and a descrip-
tion of the SMA-2/EMA instrument. A detailed description of the electro-magnetic
transducer design is given to derive a special formulation for instrument correction of
the SMA-2/EMA. It is concluded that conventional instrument correction does not
apply to the electro-magnetic transducer. Besides the natural frequency, damping

ratio and sensitivity, an additional parameter, called the corner frequency, must be
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considered in the electro-magnetic type instrument correction. The new instrument

correction corrects the low frequency errors introduced by the EMA transducer.

Chapter 4 presents the instrument test on the SMA-2/EMA strong-motion ac-
celerograph. The chapter describes the experimental setup and the equipment used
during the test. The major part of the test was to perform a transfer function test
on each of the horizontal transducers. By applying a curve fit technique on the
test results, the natural frequency, electronic damping ratio, sensitivity, and corner
frequency (or time constant) of the instrument are obtained. A set of simulated
earthquake records were also generated manually by moving the instrument in its

longitudinal and transverse direction for later applications.

Chapter 5 summarizes the detailed procedure of the new data processing scheme.
The possible error sources are scrutinized for every step of the recording and retrieving
procedures of the earthquake data. The data processing procedure includes instru-
ment and baseline corrections to an earthquake record. Instrument correction is used
to correct the errors brought about by imperfections in transducer design. The base-
line correction is mainly correcting the noises introduced by the instruments as well as
the environment. Based on the fact that the corrections should be consistent with the
physical behavior of the ground motion, a new data processing scheme is developed.
To verify the new data processing method, laboratory simulated earthquake records
are used as test samples. In data processing of simulated earthquake records, the
instrument correction formula derived in Chapter 3 and the instrument parameters
obtained in Chapter 4 are used for the instrument correction. The processed results
show that the new data processing method works well for correcting the simulated
earthquake records. Therefore, it is concluded that the new data processing scheme

can also work well on real earthquake records.

Chapter 6 presents the new data processing of the Lucerne Valley record (newly
processed record). The results of new data processing are compared with the results
of conventional data processing. The response spectra and Fourier spectra of the
newly and conventionally processed records are also calculated and plotted in the
figures. The differences between the newly and conventionally processed records are
shown in the low and high frequency range of both the response spectra and Fourier

spectra. The results also show that the response spectra of the newly processed record
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are consistent with the long-period ground motion while those of the conventionally

processed records are not.

Chapter 7 summarizes the results of this thesis. Some recommendations for the

future work and the extended application of the Lucerne Valley record are also given.




Chapter 2

Nature of the Near-field Ground Motion

2.1 Nature of Earthquakes

An earthquake is the result of a rupture process suddenly occurring along a
geological fault in the crust of the earth. The rupture emanates seismic waves in all
the directions. When the waves propagate to the surface of the earth, the ground
shakes. This is called an earthquake.

According to the elastic rebound theory [1], the fractures, or faults, in the earth’s
crust are caused from the breaking of the weakest portions of the rock when the elastic
stress in the rock gradually builds up and exceeds the competence of the rock. The
strain in the rock is generated by the tectonic movement of the earth’s crust, which
may take hundreds and even thousands of years. Most earthquakes are associated
with ruptures of existing faults. Some are the result of new faulting. The tectonic
movement of the earth’s crust continuously accumulates strain energy in the rock,

and an earthquake is a process to release this strain energy.

2.1.1 Seismic Waves

The strain energy in the rock is released as heat and elastic waves. After an
earthquake, two types of elastic waves are generated from the earthquake focus.
They are primary waves (P-waves) and secondary waves (S-waves). Both of these
are body waves. The P-waves are dilatational waves which propagate in the same
direction of the particle motion. The S-waves are shear waves which propagate in
the direction perpendicular to the particle motion. Since there are two directions of

the particle motion (horizontal and vertical) which can be perpendicular to the wave
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propagation direction, the S-waves are also classified as the SH-waves and SV-waves.
When theva-wa,ves and S-waves reach the interface of different materials, they are
reflected and refracted. The P-waves can be reflected or refracted as P-waves and
SV-waves. The SV-waves can be reflected or refracted as P-waves and SV-waves.
Unlike the P and SV-waves, the SH-waves can be reflected or refracted only as SH-
waves. By wave theory, the reflection angle of a wave is equal to the incident angle
of the wave, while the refraction angle of a wave is not equal to the incident angle
of the wave due to the different material constants on both sides of the boundary.
The material constants include Lamé elastic constants A, p and the mass density p.
On the free surface of the ground, no refracted waves are considered. Hence, there
is no critical angle for a P-wave, but there is a critical angle for a S-wave. When
the incident angle of SV or SH-waves exceeds the critical angles, the reflected waves
are then “trapped” and propagate along or in a thin layer of the free surface. These

types of waves are called surface waves.

Surface waves on the free surface of the ground are also classified as of two types:
Love waves and Rayleigh waves. Love waves are the SH-waves traveling within a thin
layer of a free surface. The particle motion of the Love waves is perpendicular to the
wave propagation direction. Rayleigh waves are coupling of P-waves and SV-waves
travéling along a free surface. In this case, the particles perform a circular motion in

a vertical plane.

In summary, there are four types of waves that can be recorded from a strong-
motion earthquake. They are P-waves, S-waves, Love waves and Rayleigh waves.
Of the two body waves, the P-waves travel faster than S-waves. Of the two surface
waves, the Love waves travel faster than Rayleigh waves. And in general the body
waves travel faster than surface waves. Therefore, the arrival orders of the P-waves,

S-waves and surface waves can be identified from an earthquake record.

The P-wave and S-wave velocities are given by the following equations:

A+ 2u

cp =

cg =

SR -
)
o




8

where cp and cg are the P-wave and S-wave velocities, A and y are the Lamé constants
of an elastic solid, p is the density of the solid material. When the properties of
the solid material are known, the values of the P-wave and S-wave velocities can be
obtained. In granite, the S-wave velocity is about 3.0 km/sec and the P-wave velocity
is about 5.5 km/sec.

The surface wave velocities can be estimated by the following two inequalities:
cr, < 0.92¢cg (2.3)

cs, <cr <cs, (2.4)

where ¢z, and cg are the Love wave and Rayleigh wave velocities, cg, and cg, are the

S-wave velocities in the surface and deeper layers.

By reading the time delay of the P-waves and S-waves on the seismic recordings
from different stations, the position of the earthquake center can be calculated. The

depth of an earthquake can also be determined by the arrival time of the wave front.

2.1.2 Magnitude and Intensity

The earthquake magnitude is a measure of the energy release from an earthquake.
It is commonly determined from the seismographic readings. In 1935, Charles Richter
of Caltech developed a method to measure the local earthquake magnitude My. He
defined the magnitude of a local earthquake as the logarithm to the base ten of the
maximum seismic wave amplitude (in thousandths of a millimeter) recorded on a
standard seismograph (Wood-Anderson type) at a distance of 100 kilometers from
the earthquake center. This method is used for measuring the local earthquakes in
Southern California area. The type of the seismic wave which has the maximum
amplitude is not specified in this method. It can be any type of wave from the

horizontal components, whether a body wave or a surface wave.

For a shallow earthquake of larger epicentral distance (over 600 kilometers), the
size of the earthquake is measured by surface-wave magnitude M,. The surface wave
magnitude is defined by the logarithm of the maximum combined horizontal ground
amplitude (in microns) for surface waves with periods near 20 seconds produced at

the given distance by a standard shock taken as magnitude zero [1].
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Another magnitude scale, which is not affected by the focal depth, is body-
wave magnitude M,. It is determined from the amplitude of the body waves of an
earthquake. Earthquakes that have deep foci usually give very different seismographs
from those having shallow foci, even though the total amount of energy‘release in
each event might be the same. In particular, deep-focus earthquakes do not present
as significant surface wave trains as do shallow earthquakes. So, to give a better
measurement of overall size of an earthquake, a moment magnitude M, is introduced.
The moment magnitude gives a consistent measure of an earthquake size from various
ground motion records. In common practice, usually more than one magnitude is

calculated to give a global view of an earthquake’s size.

Though the magnitude measures the size of an earthquake, it is not sufficient
to describe the severity of the ground motion that is observed at different sites. For
example, the damage potential of an earthquake to the structures decreases with
distance from the earthquake source. So the concept of earthquake intensity is used
to indicate the level of damage potential of an earthquake in an area which sustains an
equal level of shaking. For the same earthquake, the intensities in different earthquake
zones are different. The first intensity scale, which ranged from I to X, was developed
by M.S. de Rossi of Italy and Francois Forel of Switzerland in the 1880s. Later, the
Italian scientist G. Mercalli constructed an intensity scale with twelve values. In
California and most of the United States, an abridged Modified Mercalli Intensity
Scale (ranging from I to IIX), developed by H.O. Wood and Frand Neumann, is used

to fit the construction conditions of those areas.

2.1.3 Earthquake Faults

As mentioned in the beginning of this chapter, fracture will occur in the crust
of the earth at the time of an earthquake. The fractures, or offsets of the geological
structure are called faults. The length of a fault may range from a few meters to

many kilometers. The rupture velocity of a fault is generally 2.5 km/sec.

There are five basic types of earthquake faults: strike-slip fault, normal fault,
reverse fault (or thrust fault when dip is small), horizontal fault (dip angle=0°) and
vertical fault (dip angle=90°). Most earthquake faults are a combination of these

five types. They are called oblique-faults. A strike-slip fault can also be classified
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as a right-lateral fault or a left-lateral fault, based on the motion directions on two
sides of the fault.

The study of earthquake faults is very significant for near-field ground motion.
Sometimes earthquake damage is not only affected by the shaking of the ground but

also by the rupture process and displacement offset of the earthquake faulting.

2.1.4 Recording of Earthquakes

In order to investigate an earthquake in detail, the resulting ground motion needs
to be recorded. For this purpose, a special instrument was designed to measure the

ground motion.

The first earthquake recorder was invented by a Chinese scientist and philosopher
Chang Heng in 136 A.D. [2]. It was a bronze sphere attached with eight dragons
oriented evenly in eight directions, each holding a ball in its mouth and face down
to eight open-mouthed frogs. The ball was believed to be held by a level device
connected to a pendulum inside the hollow bronze sphere. When an earthquake
occurred, one of the pendulums swung sufficiently to knock a ball out of the dragon’s
mouth and fall into the facing frog’s mouth. The frog then would vibrate to indicate
the approximate epicenter direction of the earthquake. Since such a device did not
record the complete time history but only gave the direction of the earthquake, it

cannot yet be called a seismograph, but rather a seismoscope.

The first effective seismograph was constructed just before the beginning of the
twentieth century [3]. The basic principle of a seismograph is that a device with
a mass freely suspended from a frame attached to the ground will vibrate due to
inertia, when the supporting frame is shaken by the earthquake ground motion. A
pen attached to the mass then records the relative motion of the mass on a paper

that is wrapped around a rotating drum.

Nowadays, various types of modern instruments are developed for different pur-
poses. For example, seismographs are developed for seismology study and accelero-
graphs are developed for engineering studies. But no matter what types of instru-
ments and no matter how complex they are, the basic principles of these are similar

to the first one.
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In a highly seismic area, usually a group of instruments are placed so that a group
of earthquake records can be collected for an overall investigation of an earthquake.
Seismogmph Arrays or networks are used to record an earthquake at different stations
on the same time base. This technique makes it possible to quickly determine the
epicenter of an earthquake, to identify different types of the seismic waves (P-waves,
S-waves, etc.), to calculate the depth of the soil by the velocity of the seismic wave

fronts, and to observe the variation of earthquake intensity in that area.

2.2 Near-field Ground Motion

Near-field (or near-source) ground motion refers to the earthquake ground mo-
tion within a distance of a few kilometers from the fault. For a large earthquake,
the near-field ground motion is largely affected by the displacement offset and the
rupture process of the earthquake faulting. Study [1,4] and field observation have
shown that the displacement offset resulting from the earthquake faulting is greatly
reduced with increasing distance of the site from the fault. Hence, far-field earth-
quake ground motion consists mainly of the vibration of the ground resulting from
the seismic waves propagating from the earthquake source. The amplitudes of the
far-field seismic waves may be amplified or attenuated according to site condition.
Compared with the far-field ground motion, near-field ground motion is dominated
by the details of the earthquake faulting. In addition to the vibration of the ground
motion, the large rapid displacement of the ground near the fault contributes more

damage potential to the strong ground motion.

2.2.1 Characteristics of Near-field Ground Motion

Two particular features of near-field ground motion are: 1) perma,nent displace-
ment offset, and 2) large pulse-like motion. The permanent offset appears parallel
to the fault slip direction and the large pulses appears perpendicular to the fault.
Usually each pulse represents one event of slip. If several events happen successively,

an equal number of pulses may occur.

A permanent offset along the fault can be roughly explained by the elastic re-
bound theory. After a long process of tectonic movement builds up a certain amount
of strain energy in the earth’s crust, the rupture occurs along the fault and the en-

ergy is then released. As a result, the displacement offsets will occur on both sides
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of the fault. At a close-in location, the displacement is dominated by a linear ramp
that represents the actual static displacement of a point adjacent to a strike-slip fault
[5]. The scale of the displacement offset usually decreases with the reciprocal of the

square of the station-to-fault distance.

The large pulse-like ground motioh can be explained by the directivity of the
seismic waves or “Doppler effect” [1,6]. As mentioned, the seismic waves are produced
by the rupture process. The shear waves that propagate to the station are greatly
enhanced when the rupture front travels in the direction towards the station. The
station then records shorter duration and hence higher amplitude ground motion

than the observers located opposite to the direction of rupture propagation.

2.2.2 Synthetic Near-field Accelerograms

Two years before the Landers Earthquake, Heaton and Hartzell [4] simulated
several sets of synthetic near-field earthquake accelerograms for investigation of near-
field ground motions. The simulation was based on a right-lateral strike-slip earth-
quake model constructed by Heaton [7]. The station-to-fault distance was assumed
to be a few kilometers. Each set of synthetic accelerograms included two horizontal
components of velocity time history. One was parallel to the fault trace and the
other was perpendicular to the fault trace. After integration of each component, the
fault-parallel displacement showed a permanent offset and the fault-perpendicular
displacement showed a large pulse. The pulse width or the ramp duration was about
the period of the raise time. In 1991, Iwan and the author [8] first studied structural
effects of the near-field ground motion by employing those synthetic accelerograms.
The study results showed that the large strain in the structures due to the near-field
ground motion might cause serious damage to the structures. The maximum strain
in a structure was greatly affected by the large pulse-like ground shaking. The study
concluded that the investigation of near-field ground motion was very important to

engineering practice.

2.2.3 Important Landers Earthquake Data

During the Landers earthquake, an important near-field accelerogram was
recorded at the Lucerne Valley station. To obtain a corrected acceleration, veloc-

ity and displacement time histories, a proper data processing scheme needed to be
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applied to the record. Since the near-field ground motion had not been taken into
serious account in the past, the customary data processing schemes were not de-
signed to be able to recover typical near-field earthquake information. This thesis
develops a new data processing scheme which can recover long-period information for
near-field ground motion. The processed Lucerne Valley record by the new method
shows typical near-field ground motion behaviors. The result of the velocity and
displacement component are surprisingly similar to the synthetic earthquake waves
generated by Heaton and Hartzell. The processed result of the Lucerne Valley record
further proves that a large pulse-like motion perpendicular to the fault trace and a
displacement offset parallel to the fault trace exist in the near-field ground motion

from an earthquake generated by a vertical strike-slip fault.

2.3 The Lucerne Valley Record from the Landers Earthquake

Since the Landers earthquake is the first large event which gave a near-field
earthquake record, the author believes it is necessary to give a detailed study of this
near-field earthquake record. This important record will no doubt be used for many

seismological and engineering purposes in the future.

2.3.1 Geometry and Mechanism of the Landers Earthquake

The Landers earthquake occurred on June 28, 1992 at 4:57am PDT. It was the
largest event (M 7.4, M, 7.5) in California since 1952 (Kern County earthquake
M, 7.7). The quake was centered at 34°13'N, 116°26'W with a depth of 1 to 3 km
(Reference [9] reported focal depth of 3-8 km).

The Landers earthquake was the result of a right-lateral strike-slip along a ver-
tical fault over 70 km long. The total length of the fault is made up of a combination
of several faults. They are Johnson Valley fault, Homestead Valley fault, Emerson
fault and Camp Rock fault. The rupture started on the Johnson Valley fault and
propagated toward the north. It then took an easterly step across to the Homestead
Valley fault propagating northward, slightly turning to the northwest. The rupture
stepped further east on the Emerson Fault and propagated in a northwest directibn,
finally propagating along and to the end of the Camp Rock Fault. The details of the

geological format of the Landers earthquake are shown in Figure 2.1.
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The field investigations by Kerry Sieh et al. show that the fault slip is > 2 m
on Homestead Valley fault and > 4 m on Emerson fault. The maximum slip of 6 m
occurred at Galway Lake Road. More detailed fault slip information for the Landers

earthquake may be found in Reference [10].

2.3.2 Field Investigation of the Lucerne Valley Site

The Lucerne Valley station was the closest station to the fault of the Landers
earthquake. The station was located at 34°34' N, 116°37'W within a distance of 2
kilometers from the fault trace and 42 kilometers from the epicenter. It was very close
to the region where the largest surface displacement occurred and was clearly within
the near-field region of the earthquake. Since the Lucerne Valley station recorded
a very important accelerogram on an SMA-2/EMA strong-motion accelerograph, a

field investigation was undertaken soon after the Landers earthquake.

On October 1 1992, the author went to the Lucerne Valley site with a staff
member from the Caltech Earthquake Engineering Research Laboratory and the
Southern California Edison company. The station was on hard soil. The SMA-
2/EMA instrument rested in a concrete vault covered by a 40 inches x40 inches steel
plate (Figure 2.2). The thickness of the steel plate was 0.125 inches and the thickness
of the concrete vault was about 5.5 inches. The concrete vault was embedded 2 feet
deep into the ground. The SMA-2/EMA strong-motion accelerograph was placed
on a flat surface at the bottom of the concrete vault. A level showed that the
bottom surface was still level (Figure 2.3). A compass measurement showed that the
instrument is oriented in the direction N15°W, which indicated a positive motion
of the longitudinal transducer in that direction. Figure 2.4 shows a photograph of
the SMA-2/EMA instrument which is a tape recording instrument powered by a set
of batteries. When the ground shakes, the masses of the three transducers in the

instrument vibrate and send electronic signals to the tape recorder.

Driving roughly perpendicular from the station to the fault, the odometer showed
a driving distance of 1.3 miles. Since the driving path was not exactly straight, the
actual distance between the station and the fault was estimated to be 1.2 miles. The
direction of the fault segment, which was the closest to the station, was measured to
be N50°W. The cracks along the fault trace were clearly seen on the ground (Figure
2.5). The photograph in Figure 2.5 also shows that the fault went right through a
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bush. This can be seen more clearly from the photograph in Figure 2.6: the bush
‘was torn apart into two pieces. The positions of two parts of the bush showed a
right-lateral slip of the fault, and the distance between two parts of the bush was
measured to be 32 to 34 inches (81 to 86 cm). The vertical offset was not vefy obvious
in that region. Only certain segments of the fault showed a vertical offset (Figure
2.7). The maximum vertical offset in that area was measured to be 13 inches (33 cm).
Since the photograph was taken looking northwest, the offset indicated a downward

motion on the southwest side or an upward motion on the northeast side.

In some other areas near the Lucerne Valley, a much larger horizontal and vertical
offset were observed. Figure 2.8 shows a several meter horizontal offset across the
road. Figure 2.9 shows a significant vertical offset of about 6 feet with the east side

up and west side down.

From the field investigation, significant surface ruptures from the Landers earth-
quake were observed, and a set of fault-displacement and -orientation data was col-
lected. This information can be used as a reference in analysing the recorded strong-

motion data.

2.3.3 The Lucerne Valley Record from the Landers Earthquake

Lucerne Valley record was recorded on a Kinemetrics SMA-2/EMA instrument
which was owned by the Southern California Edison company. After the Landers
earthquake, the data was immediately retrieved by the SCE and processed by Kine-
metrics, Inc using the conventional data processing method. The processed results
are shown in Figure 2.10. The peak accelerations of the uncorrected data are 0.88g,
0.63g and 0.68g for longitudinal, transverse and vertical components respectively.
The Fourier spectra of these accelerograms (Figure 2.11) also show that the ground
mdtion at the Lucerne Valley site has a broadband frequency content. Unlike some
other earthquake records, the Lucerne Valley record does not appear to have an ob-
vious dominant frequency. The Fourier spectrum of the transverse component also
shows a portion of a large amplitude low frequency content. It implies that long-

period information is significant in the Lucerne Valley record.

Since the instrument direction measured at the Lucerne Valley station was ori-
ented in N15°W while the fault near the station was aligned at N50°W, the longi-

tudinal component is roughly parallel to the fault and the transverse component is
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roughly perpendicular to the fault. Because of the proximity of the station to the
fault, the processed record should present the characteristics of the near-field ground

motion.

2.3.4 Conventional Data Processing of the Lucerne Valley Record

The results of conventional data processing of the Lucerne record are shown in
Figure 2.10. They were performed using the standard CIT Vol II method [11]. A
filter with a band limit of 0.2 Hz to 25 Hz was applied. The choice of the band
limit was based on test results of Robert C. Dullien conducted in 1972 [12]. With
this band limit, information with a frequency content under 0.2 Hz and beyond 25
Hz was filtered out. For structural response analysis purpose, the frequency range
of interest is usually under 25 Hz. So the choice of a high frequency limit of 25 Hz
is acceptable. However, the choice of a low frequency limit of 0.2 Hz, implies that
the earthquake waves with periods greater than 5 seconds will be filtered out. Such

waves could be important for large or low frequency structures.

The choice of low frequency limit is critical when there is a significant low fre-
quency content in the record. Usually, large amplitude long-period waves occur in an
earthquake record for two reasons, 1) long-period waves are amplified when seismic
waves travel through soft soil, and 2) the record is recorded in the near-field of a large
earthquake. Here, the discussion is focused on the near-field effect since the Lucerne
Valley record is recorded at close distance from the earthquake fault. For this par-
ticular record, a large pulse-like wave of more than 5 seconds should be recorded.
This can be seen from the results of direct integration of the record without applying
filters. A permanent offset should also be shown in the displacement component as

observed from the field investigation.

Unfortunately the conventional data processing method was not able to recover
the long-period information from the record. For example, the results in Figure
2.10 do not show permanent offsets, and the large pulse with a period of more
than 5 seconds is missing. In addition, the low frequency response properties of
the SMA-2/EMA strong motion accelerograph were unknown before the instrument
was completely studied. Since the data processing of an earthquake record includes

instrument correction, an instrument test on the SMA-2/EMA also needed to be
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conducted. Therefore, a new data processing scheme should be formulated in or-
der to perform better data processing on earthquake records, especially to recover

long-period information in near-field earthquake records.

2.4 Discussions and Conclusions

Based on geological observations and earthquake mechanism studies, the charac-
teristics of near-field earthquake ground motion are recognized as a permanent offset
along the fault and a large pulse perpendicular to the fault. The pulse-like motion
in the perpendicular direction from a large earthquake is believed to be potentially
destructive to structures. The study of near-field ground motions is very important

to both the seismological and engineering communities.

The Lucerne Valley record from the Landers earthquake is one of the most im-
portant near-field earthquake accelerograms. Since there are very rare opportunities
to collect near-field earthquake data, the study of the Lucerne Valley record is espe-

cially important.

The application of existing data processing procedure to the Lucerne Valley
record does not show a capability for recovering long-period information from near-
field earthquake records. The preliminary investigation of the record and the study of
the instrument show that the existing data processing procedures need to be modified

and a new data processing scheme needs to be developed.

In summary, the primary investigation of the near-field earthquake record -

Lucerne Valley record brings us the following tasks:

(1). To conduct an instrument test to support the formulation of a new data process-
ing scheme. For this particular record, the instrument used is the Kinemetrics
SMA-2/EMA strong-motion accelerograph. The characteristics of this type of
instrument were unknown before this study. To precisely obtain the response of

the instrument in the low frequency range became particularly important.

(2). To develop a new data processing scheme so that long-period information can

be recovered from near-field earthquake records.

(3). To process the Lucerne Valley data with a proper method and therefore to

provide reliable near-field earthquake data to seismologists and engineers.
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The following chapters will give detailed descriptions of the SMA-2/EMA strong
motion accelerograph, the test procedure and test results of the instrument, the
development of the new data processing scheme, and the data processing of the

Lucerne Valley record using the new method.
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Figure 2.1 Locations of the Landers Surface Rupture and Lucerne Valley Station.
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Figure 2.3 The SMA-2/EMA Instrument Sitting on a Level Surface.
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Figure 2.4 The SMA-2/EMA Strong Motion Accelerograph at the Lucerne Valley
Station.

Figure 2.5 Cracks on the Fault Show the Fault Trace Went Through a Bush (Viewing
in the Fault Trace Direction).
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Figure 2.6 The Bush on the Fault Was Torn Apart by the Two Sides of the Fault
(Viewing Perpendicularly to the Fault Trace).

b & / Tt

Figure 2.7 Vertical Offset on the Fault Near the Lucerne Valley Station.
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Figure 2.8 A Several Meter Horizontal Dislocation on a Road.

Figure 2.9 A Vertical Offset of About 6 Feet (Viewing in Northeast Direction).
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Chapter 3

The SMA-2/EMA Strong Motion Accelerograph

3.1 Strong Motion Accelerographs

Seismologists have traditionally been concerned more with small amplitude
ground motions based on their global view of earthquakes. Engineers have been
concerned more with local effects of large earthquakes which will possibly cause
structural damage. The instruments which are designed for seismological studies
are called seismometers. They are mainly used to record ground velocities and dis-
placements. The instruments which are designed for engineering studies are called
strong-motion accelerographs. They record accelerations. The investigation in this
thesis is founded on engineering applications. The strong-motion accelerograph, es-

pecially the SMA-2/EMA strong-motion accelerograph, will be investigated in detail.

Development of the strong-motion accelerograph system is based on the need
to understand ground motion and structural behavior in strong earthquakes, espe-
cially the earthquakes which cause structural damage. For the purpose of earthquake
resistant design, and the study of structural response, engineers believe that it is im-
portant to obtain strong-motion data, and the instruments which are used to record

these data need to be developed and understood.

Earthquake instrument development began in the late 1920’s and early 1930’s.
At that time, the U.S. Coast and Geodetic Survey was responsible for the Strong
Motion Program in the United States [13,14]. The first accelerograph was designed
based on the principles of the Wood-Anderson type seismometer. It had a natural
frequency of 10 Hz which was considered the frequency range of structural interest. At

the same time it was realized that it would be difficult to obtain accurate information
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from the accelerograph concerning long-period waves with periods greater than 10

seconds. For this purpose, a special long-period displacement meter was constructed.

Strong-motion accelerographs became commercially available in 1963. The first
commercial accelerograph was the AR240. It had accelerometers with a natural
frequency of 18 Hz and a horizontal stérting pendulum. It recorded accelerations on
12-inch wide photographic paper. In 1966, under the direction of William Rihn, the
RFT250 was designed with a simplified transducer and a compact inverted pendulum
starter. Subsequently, the first analog tape recording accelerograph, the RMT280,

was developed.

In 1969, Kinemetrics Inc. was founded as a manufacturer of strong motion ac-
celerographs. A year later the SMA-1 accelerograph was designed and marketed by
Kinemetrics. The SMA-1 instrument is an optical system with a vertical electrody-
namic starter and it records earthquake acceleration on 70 mm film. It is still widely
used around the world. In 1972, the SMA-1 instrument was modified to produce an
electric output and appeared as the SMA-2 strong-motion accelerograph, an analog
tape recording instrument, and the SMA-3 strong-motion accelerograph, a multi-
channel central analog tape recording accelerograph system. The tape recording
instrument has two types of design; one has an electro-magnetic transducers (EMA)
and the other has force-balance transducer (FBA). The nominal effective frequency
range is from 0.1 Hz to 25 Hz for the EMA transducers and DC to 50 Hz for the FBA
transducers. Soon after the development of the analog tape recording instrument, a
digital instrument was invented. The digital instruments are constructed with FBA

type transducers.

An analog instrument and a digital instrument are different in that the analog
accelerograph records data in the form of an analog signal, while thé digital accelero-
graph records data in a digital format [15,16]. Both systems have advantages and
disadvantages. Digital instruments have a pre-event memory and wide dynamical
range. Hence, the data processing procedure for data retrieved from these kinds of
instruments is simpler and more reliable. But the digital instrument is more expen-
sive because of its complexity. Analog instruments are of low cost but do not have a

pre-event memory and their dynamic range is relatively limited.
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The most popular accelerograph in use today is the SMA-1 instrument. There
are also quite a few SMA-2 instruments in the field, especially in nuclear facilities.
Relatively little study has been done on the SMA-2 strong-motion accelerograph, es-
pecially those having EMA type transducers. The response behavior over the entire
frequency range of the EMA transducer was still not well understood at the time
of this study. Since a very unique near-field record from Landers earthquake was
recorded on this kind of instrument, it is very important to study the SMA-2 ac-
celerograph and therefore to find a way to recover long-period information from the

near-field earthquake motion.

3.2 Brief Description of the SMA-2 Strong-Motion Accelerograph

The appearance of the SMA-2 accelerograph is the same as the SMA-1. 1t is
housed in a watertight aluminum case with dimensions 8 inchesx8 inchesx 14 inches
and has a total weight of 11.5 kg. The instrument remains in a standby condition
until ground motion actuates the starter and turns on the power to operate the
instrument. The SMA-2 is fully actuated in less than 0.1 second. It operates as
long as the starter detects the earthquake, plus an additional 10 to 12 seconds after
motion drops below the starter threshold, which is 0.01 g. During the earthquake,
the ground motion is recorded as electronic signals on three channels according to the

three translational directions: two horizontal directions and one vertical direction.

As mentioned above, there are two types of design for the SMA-2 accelerographs;
an EMA transducer and FBA transducer. In this chapter, the characteristics and
the dynamic response behavior of the EMA transducer are studied. For the force

balance transducer, the reader is referred to [17,18] for a detailed analysis.

The EMA type transducer is a spring-mass system with a coil that moves in a
magnetic field. The output voltage from the transducer is approximately proportional
to the ground acceleration in the effective frequency response range. The full scale of
the transducer response is 1 g and the nominal sensitivity is 2.5 volts/g. According
to the manufacturer, the natural frequency of the spring-mass system is 25 Hz [19].
The transducers work with an analog tape recording system which records a signal

on a four-track magnetic tape cassette.
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The triaxial set of accelerometers of the SMA-2/EMA record longitudinal, trans-
verse and vertical motion. This gives a full description of the ground motion at a
particular 1ocation, under the assumption that the rotational gfound motion is small
and can be neglected. Each accelerometer has a coil which is supported by flexure
springs. During the earthquake, the coil moves relative to the case in a magnetic
field due to the inertia of the transducer mass. An electric current is then generated
in the coil and the output voltage of the coil is proportional to the relative velocity of
the transducer mass. After passing through an integration amplifier, the output volt-
age is then proportional to the relative displacement of the transducer mass. This
spring-mass system plus a damping resistor and an integration circuit make up a
second-order dynamic system. In the effective range of the frequency response of this
transducer system, the ground acceleration is proportional to the relative displace-
ment of the transducer mass and therefore proportional to the output voltage of the

transducer system (see Section 3.3 for detail).

The output voltage from the three accelerometers passes through three integra-
tors and then three Voltage Controlled Oscillators (VCO). At this time the analog
voltage signals are converted into FM modulation signals and then recorded on three
of the four tracks of the tape. Nominally a zero voltage is represented by a signal of
1000 Hz and +2.5 volts is represented by a signal of 1000 & 500 Hz. The fourth track
records the 1024 Hz signal which is used by the SMP-1 playback unit for tape speed

compensation as well as for generation of timing marks.

The information recorded on the tape is retrieved by the SMP-1 playback unit.
This unit demodulates the three FM acceleration signals and one reference signal. It
also amplifies the 1024 Hz frequency modulation timing reference signal and divides
it down to 2 Hz as a timing mark on the output of the chart recorder of the SMP-
1. The demodulated signals are still analog signals. After tape error corrections,
they are digitized by appropriate digitization equipment and retrieved by a Personal
Computer. (Details regarding the recording and playback procedure are discussed in
Section 4.3)

One of the important features of the instrument is its effective frequency response
range. W.J. Rihn pointed out that for the SMA-2/EMA instrument “the frequency

response is flat with respect to acceleration from the corner frequency of the integrator
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(0.1 Hz) to the natural frequency of the spring-mass system (25 Hz)”[20]. Unfortu-
nately, the instrument does not operate exactly in the way as it is designed. In 1972,
D. E. Hudson and R. C. Dullien performed a test on the SMA-2/EMA instrument
and concluded that “the response characteristics of the SMA-2/EMA appear to be
very good in the frequency range 0.2 to 25 Hz,” and that there was distortion in
the components of SMA-2/EMA accelerograms for periods greater than 5 seconds
[12]. In an attempt to recover information beyond 5 second periods, another test is
conducted here for the SMA-2/EMA. In this chapter, the theoretical background of
the EMA transducer design is carefully stu_djed and a formulation is derived for the
instrument correction. The test results discussed in Chapter 4 also show that the

effective “flat” range of the frequency response of transducer is less than 0.2 to 25
Hz.

3.3 Theoretical Background of the Electro-Magnetic Transducer Design

The instrument correction in the standard CIT Vol II data procedure is based on
the input and output relationship of a single-degree-of-freedom oscillator. A standard
instrument correction algorithm is applied for most of the instruments with different
transducer designs, since most of the transducers can be modeled as a SDOF system
with different parameters. However, for the SMA-2/EMA instrument, the existing
formulation can only be applied in a limited frequency range; for example, above
0.2 Hz. To perform the instrument correction for the SMA-2/EMA over the entire
frequency range, a special instrument correction algorithm must be derived. In this
section, the existing formulation and the modified formulation for the SMA-2/EMA

instrument correction are discussed.

3.3.1 Existing Formulation

The EMA type transducer is a mass-spring system with a coil held by flexure
springs in a magnetic field. This system was modeled by Hudson [21] as the second-

order system described in Figure 3.1(a).

The voltage e. generated by the coil-magnet system is

e. = Gz, (3.1)



31

where G is a constant factor and &, is the relative velocity of the transducer mass to

the instrument case. And the electrodynamic force on the transducer mass will be
F,, = —-Gi, ' (3.2)

where i. is the current in the coil generated by the coil motion in the magnetic field.

It can be seen from Figure 3.1(b) that

€c

e = 3.3
te Rc + Rd ( )
where R, is a damping resistor and R, is the coil resistance.
The output voltage from the EMA transducer, denoted as e;, becomes
e; = Rqi. = at, (3.4)

G

where o = E'-dl—bni is a constant factor.

Assume that z, and x, are the absolute displacement of the transducer mass
and the actual ground displacement respectively, their relationship with the relative

transducer mass displacement z..(t) is

Tq =T, + T4 (3.5)

During an earthquake, the inertia force of the transducer mass, mi,, is in balance
with the summation of the spring force, kz,, the damping of mechanical system, ¢z,

and the electrodynamic force, F,,. That is,
mig = —ct, — kz, + Fpy

= —ct, — kz, — Gi, (3.6)
where ¢ and k are mechanical damping and spring stiffness.
From Equation (3.1) and Equation (3.3)

_ Gi,
B Rc + Rd

lc

(3.7)
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Substituting Equation (3.5) and (3.7) into Equation (3.6) and performing a

simple manipulation, the equation of motion of the transducer can be obtained as

miE, + ctr + kz, = —miy — E?:—R;:i:r (3.8)
or, )
mi, + [c + m} Er + kT, = —mi, (3.9)
This can be written as
2
T+ [anC + m] 1#,« + wn2$,- = —Z, (3.9a)

where w, = 4/ ':7 and 2w,( = = are the natural frequency and the damping ratio of
the mechanical system. Since the electrodynamic damping is generally much larger
than the mechanical system damping, the damping measured from the calibration is

mainly electrical damping and the mechanical damping can be neglected.

Let
G* 2 3.10
2wy, — DN = nGn .
Then, Equation (3.9) can be written as
Br + 2wWnCntr + wWnlT, = —F, (3.11)

where (,, is regarded as the damping ratio for the whole transducer system. Therefore,
the transfer function has the form of a single-degree-of-freedom oscillation. The

transfer function of the system will be

H(w) = ! | (3.12)

wn? — w? 4+ 2wpwlnt

The phase shift of the system can be expressed by:

2wnwln
=tan~1| 2220 .
d(w) = tan [ o w2] (3.13)

The damping ratio (, is set at approximately 0.6 which is indeed much larger
than the mechanical damping. The natural frequency of the transducer, f,, is de-
signed to be approximately 25 Hz. Then, the transfer function will be expected to

be nearly flat between 0 to 25Hz. Actually, the flat range is much smaller than 25
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Hz. Figure 3.2 is a plot of the results from Equation (3.12) with different damping
ratios of ( = 0.5, 0.6 and 0.7. When the frequency of the ground excitation is within
this “flat” range, the ground acceleration will be approximately proportional to the

relative displacement of the transducer mass. That is,

g X Ty (3.14)

Since the EMA transducer is a velocity transducer, its output voltage is propor-

tional to the relative velocity of the transducer. From Equation (3.4)
€ = aty; (3.15)

To obtain an output signal which is proportional to the relative displacement of the
transducer mass, (that is, proportional to the ground acceleration), an integrator
is used in the electronic circuit. For an ideal integrator, the output voltage e, is

proportional to the relative displacement of the transducer mass:

€o = QI, (3.16)

The experimental results (see Chapter 4) show that the frequency response is
very steep in the low frequency range from 0 Hz to 0.2 Hz, and the low frequency
information will be seriously distorted after integration. This is caused primarily
by leakage of the capacitor in the integration amplifier. When the ground motion
contains mainly high frequency information (above 0.5 Hz), the leakage will not affect
the recorded signal very much. But when the ground motion contains a significant
amount of low frequency information (below 0.5 Hz), the above model can no longer
be applied. It must be modified so that the instrument correction can recover long-
period information from earthquake records. This is very important for the data
processing of near-field earthquake accelerograms. The modified formulation for the
SMA-2/EMA is presented in the following section.

3.3.2 Modified Formulation for the SMA-2/EMA Instrument

Since leakage exists in all capacitors, the circuit diagram for the amplifier should
be considered as shown in Figure 3.3. Let e; and e, be the input and output voltage

of the amplifier, R; be the resistance of the circuit, C' and Ry be the capacitance and
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resistance of the amplifier respectively, then the relationship between the input and

output of the integration amplifier will be

S pe—24 2= 3.17
R T @ TR (3:17)
or
: 1 1
€o + _éFfeO = E-R—iez (318)
Substituting Equation (3.15) into Equation (3.18) gives
1 (o'
2o + =€ = ———Tr 3.19
éo + C’Rfe C&m ( )

This differential equation represents the relationship between the relative displace-
ment of the transducer mass and the output voltage of the transducer system, e,.
The transfer function of the integrator will be

a iw
CR; iw + —5}—%7

H(w) = (3.20)

Denote the corner frequency of the integrator as w¢r or f.., which are defined as

1 Wer

Wer = ‘C_I‘{; > Jer = o (3.21)
Then the Equation (3.20) can be written as
a w
H(w)=- S e ‘
OE s (322
or, "
o i
Hf)=——=——+ :

Equation (3.23) shows that the amplifier is a high pass filter. Low frequency infor-
mation (below f..) will be filtered out or seriously distorted. To recover the low

frequency information, a new input-output relationship needs to be derived.

Consider the input of the system to be the ground acceleration Z, and the output
to be the measured voltage e,. Denote E,(w) and X,(w) as the Fourier transforms
of eo(t) and Z,4(t) respectively. Then, the transfer function of the entire system will

be
H(w) = Eg((‘:)) (3.24)

b
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where
E,(w) = /eo(t)e—iwtdt (3.25)

X,(w) = / Zq(t)e™™tdt | (3.26)

Applying a Fourier transform on Equations (3.11) and (3.19) leads to the fol-

lowing two equations

X (w) (wn2 —+ 2wann) = -—Xg(w) (3.27)
and,
By(w) <iw + 5%) = — X () (3.28)

Eliminating X, (w) from Equations (3.27) and (3.28) gives

aiw/CR;
(z'w + 6%!7) (wn2 —w? + 2wanni)

Eo.(w) = X, (w) (3.29)

Under the definition of Equation (3.24), the transfer function for the entire

system will be

aiw/CR;
H(w) = 3.30
() (iw + -5—}-%—;) (wn2 —w? 4+ 2wanni) ( )
The phase shift of the system is
2 2
_ 1 [(wn —w?) + anwchn]w
d(w) = tan (@ — B — 2t (3.31)
Letting
o
and substituting w = 27 f, Equations (3.30) and (3.31) can alternatively be written
as ”
ap?
H(f)=—+ . (3.33)
(if + for) (Fa2 = 2 + 2fnfCni)
and,

[(f2 — %) +2fnferCa] f
(f'rzz, - fz)fcr - 2f2fn<n

where ag = @T%E-R—j and f., = ?77&727

¢(f) =tan™! (3.34)
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The inverse of f.,, denoted by 7, is the time constant of the integration amplifier.
Theoretically, if 7 — oo, the amplifier can be made into a perfect integrator. But
in practice, such an amplifier cannot be built because the output of the circuit will
wander off due to op-amp offsets and bias currents. Therefore, a large CR f. value will
be chosen and the integrator will act as a high-pass filter for the relative displacement
input of the transducer. The instrument correction should correct the distortion from

the integrator in addition to the distortion from the transducer response.

3.4 Numerical Studies of the Electro-Magnetic Transducer

The characteristics of the EMA transducer are described by its transfer function.
From Equation (3.33), it can be seen that the transfer function of the EMA transducer
behaves like a filter. For example, take f.. = 0.1, f, = 25, {, = 0.6 and ag = f2.
Then, the transfer function |H(f)| will have the shape shown in Figure 3.4 (the
dotted line). Recorded accelerograms that have components beyond the frequency

range of 0.2 to 25 Hz will be distorted by this type of transducer.

Figure 3.4 also gives another set of curves from Equation (3.33) with damping
ratios of {, = 0.5 (solid line) and (, = 0.7 (sparse dotted line). All the other
parameters are held constant. It seems that the damping ratio of (,, = 0.6 gives the
best transducer design among these three — it gives the broadest flat frequency range.
Figure 3.5 shows the same results as Figure 3.4 on a logarithmic scale. This figure
shows that the change of the damping ratio will hardly affect the low frequency part

of the transfer function.

Figure 3.6 shows the results of Equation (3.33) with different corner frequencies
while all the other parameters are held constant. It is obvious that the smaller the
corner frequency the larger the flat frequency range will be. The results also show
that the change of the corner frequency hardly affects the high frequency part of the

transfer function.

Figure 3.7 shows the results of Equation (3.33) with different natural frequencies
while all the other parameters are held constant. It can be seen, as we already know,
that the larger the natural frequency, the broader will be the flat range of the transfer
function. The variation of the natural frequency has only a slight effect on the low

frequency part of the transfer function.
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The above results indicate that the characteristics of the transducer are deter-
mined by the the parameters of its transfer function. The wise selection of these
parameters can give the optimal design of the transducer. The goal of the optimal
design of the transducer is to obtain a transducer which is capable of wofking in a
widest frequency range with a minimum signal distortion. The next section discusses

the effective frequency range of the EMA transducer.

3.5 Optimal Design of the Electro-Magnetic Transducer

As shown in Section 3.4, the effective frequency range of a transducer is controlled
by the structure of the transducer and the parameters, such as corner frequency, natu-
ral frequency, and electronic damping ratio. To obtain the widest effective frequency
range, the corner frequency should be as small as possible, while the natural fre-
quency should be as large as possible. For certain values of natural frequency and
corner frequency, the damping ratio can be chosen such that the transducer can have

the widest effective frequency range with a certain acceptable error.

Since the transfer function cannot be exactly flat, a certain acceptable range
should be defined. Assume that the transfer function can be considered as “flat”
when the deviation from the absolute value of the transfer function is not more than
e. Then the optimal value of the damping ratio, which is error dependent, should be
found so that the transfer function has the maximum effective range. This can be

done as indicated below.

Based on the previous numerical analysis, the variation of the corner frequency
hardly affects the high frequency part of the transfer function, and the variation
of the natural frequency and the damping ratio has almost no effect on the low
frequency part of the transfer function. Hence, the analysis here can be completed
by two simple steps: 1) determine the effective low frequency range by studying the
transfer function of the integrator 2) determine the effective high frequency range by
studying the transfer function of the single-degree-of-freedom oscillator. That is, find

the frequency range which satisfies the following two inequalities:

ll - |H1(f)|l < ¢ (3.35)
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!1 - le(f)|‘ < e | (3.36)
where H(f) = H1(f)Ha(f) and
B = |7 (3.37)
1
70| = | =g (3.38

When inequalities of Equations (3.35) and (3.36) are satisfied, it can be shown that
the following inequality is satisfied. That is

1= cata=- (3.39)

With the substitution of Equations (3.37) and (3.38), Equation (3.35) and (3.36)

can be written as

f
|1 1 <e (3.41)
— o~ 2 .
VA= )2 +4ESf
where f, = f/fn.
The solution of Equation (3.40) gives
f 2 er (3.42)
where v = _l-g
\/ €1 (2 - 61)
The solution of Equation (3.41) gives
-2 +v/(1-22)% +a (3.43)
and,
fi2(1=20)+ /(1 =222 b (3.44)

or

ff<-23)-(1-232)" b (3.45)
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-62(2 — 62) b= 62(2 + 62)

where a = -2 T lra)r:

The relationships between f2 and (,, which satisfy the above inequalities can be
described by the Figure 3.8. The shaded area is the solution of the two inéqualities

of Equation (3.40) and (3.41). The optimal transducer design is then to select a
1—vb
2

damping ratio by (, = with error of €; + €2 to obtain the effective frequency

range by

7fcr§f§\/\/5+ Va+bfn (346)

Take €1 = €3 = 2.5%, then the damping ratio for optimal design is (, = 0.62

and the effective frequency range of the transducer will be:
44fe < f <0.73fs (3.47)
When f., = 0.1 and f, = 25 Hz, Equation (3.47) becomes

044 Hz < f <18.25 Hz (3.48)

A similar evaluation can be carried out for the other cases. For example, take
€1 = €3 = 5%, then the effective frequency range of the transducer and the damping

ratio for optimal design will be

3fer < f < 0.87fn, with (, =059 (3.49)
if €4 = €3 = 1%, then

Tfor < f <O058fn, with (o =066 (3.50)
Similarly, for f., = 0.1 and f, = 25 Hz, Equation (3.49) and (3.50) become:

03 Hz < f<21.7T Hz, with ¢, =0.59 (3.51)

and,

0.7 Hz < f <14.5 Hz, with (, = 0.66 (3.52)

So, if the transducer is designed to have the parameters of f.,. = 0.1, f,, = 25 Hz

and ¢ = 0.62, the errors involved in the dynamic response of the transducer between
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the frequency range of 0.44 Hz to 18.25 Hz will be controlled within 5%. Similar
interpretations can be drawn for the other two cases. For the same corner frequency
and the natural frequency, the transducer can be designed to control the response
error within 2% in the frequency range of 0.7 Hz to 14.5 Hz by selecting én = (.66,
or within 10% in the frequency range of 0.21 Hz to 27.5 Hz by selecting (,, = 0.59.

3.6 Instrument Correction

The recorded acceleration is not the same as the real input acceleration because
of the limitation from the transducer design. To recover a real acceleration record,

an instrument correction needs to be performed on the recorded data.

Theoretically, the instrument correction for the records can be performed in
both frequency domain and time domain. The basic procedure for frequency domain

analysis and time domain analysis can be described in the following.

3.6.1 Frequency Domain Analysis

If the ground motion and the measured output of the transducer are Z4(t) and
eo(t), then the Fourier transforms of these two quantities will be X,(w) and E,(w).
Then

E,(w) = H(w)X,(w) (3.53)

where H(w) is represented by Equation (3.33). The transfer function H(w) is de-
termined by the system parameters. Since E,(w) can be obtained from the Fourier
transform of the recorded data, the real ground motion £,4(t) can be obtained by the

inverse Fourier transform of Xy(w), i.e.,

E,(w)

) ¢ (3.54)

iq(t) = / X, (w)e™tdw =

Notice that singularity occurs at w = 0 since H (w)lw=0 = 0. This causes difficulties in
working out the precise result by a frequency analysis. To make the analysis simpler,

a time domain analysis is preferred.

3.6.2 Time Domain Analysis

Time domain analysis is based on the derivation of the relationship of input Z4(¢)

and output e0(t) in the time domain. From Equation (3.19), the relative velocity of
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the transducer mass &.(t) can be obtained as a function of the output voltage e,(t)

as CR
Ep(t) = — =

(éo(t) + CLRfeo(t)) @)

After integration and differentiation, the relative displacement z,.(t) and the acceler-

ation Z,(t) of the transducer mass can be obtained from the Equation (3.55) as

zh(t) = -9—5’-‘ (eo(t) + Z}R—f 0 eo(t)dt) (3.56)
#(0) = = (l0) + ) @)

Substituting Equations (3.55), (3.56) and (3.57) into (3.11) gives

CR'i . 1 . 2wnC’n 2 w2 /t .
o -2 nin o t ) i Z o t dt = i
B Jeott)+ (g +2mn ) o)+ (o2 eott) + G2 [ enttrde] = 2000
(3.58)
This equation can be used to perform instrument correction for the SMA-2/EMA.
Substituting Equation (3.21) and (3.32) into Equation (3.38), the instrument correc-

tion formula can be alternatively written as

Eo(t) + (Wer + 2wnCn) €0(t) + wn (2werCn + wn) €0 () + werw? / t eo(t)dt = ag(2m)2i4(t)

’ (3.59)
where £,4(t) is the input ground acceleration, e,(t) is the output voltage of the trans-
ducer, and w,, (,, wer and ag are the natural frequency, damping ratio, corner

frequency and sensitivity of the transducer respectively.

To investigate the distortions caused by the transducer in different frequency re-
sponse ranges, a harmonic function is employed to test Equation (3.58) or (3.59). For
simplicity, a harmonic function ey(t) = sin(27 f1t) is chosen and #,4(t) is calculated
for different values of f;. Assume that ag = f2, for = 0.1, {, = 0.6 and f, = 25 Hz.
The input and output with frequencies of 0.1 Hz, 0.2 Hz, 0.5 Hz, 1 Hz, 5 Hz, 10 Hz,
20 Hz and 25 Hz are considered and the results are shown in Figure 3.9 and 3.10.
In the figures, the solid lines represent the input signal Z,(¢) and the dotted lines
represent the output signal e,(t). The results show that for the excitation frequen-
cies of 0.5 Hz and 1 Hz, there is little distortion on the transducer response. For the

excitation frequencies of 10 Hz, 15 Hz and 20 Hz, little amplitude distortion occurs
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but the phase distortion is significant. For the excitation frequencies of 0.1 Hz, 0.2
Hz and 25 Hz, the transducer applies a large distortion to both of the amplitude and
the phase shift of the responses.

Since the instrument distortions are significant on both the low and high fre-
quency components, an instrument correction should be performed on the recorded
data. This correction can be performed by employing the Equation (3.58) or (3.59).
The parameters ag, for, fn and (, in the equation are determined by the calibra-
tion results. The detailed procedure for the dynamic test of the SMA-2/EMA and

determination of the system parameters are discussed in Chapter 4.

3.7 Summary and Conclusions

In this chapter, a modified instrument correction scheme is derived and the char-
acteristics of the transfer function of the EMA transducer are studied. An optimal
design method is also suggested for the EMA transducer by an appropriate selection
of the damping ratio of the transducer. Several conclusions which can be drawn from

the analysis are:

(1). Unlike other types of transducers, the EMA transducer will filter out the low
frequency information. This causes large distortions of the low frequency com-

ponents from the recorded data. A special instrument correction scheme needs
to be derived for the SMA-2/EMA instrument.

(2). Besides the natural frequency, damping ratio and sensitivity of the instrument,
an additional parameter of the corner frequency of the integrator must also be

specified in the instrument correction.

(3). The optimal design of the EMA transducer can be accomplished by selection of
the damping ratio for the EMA transducer. With certain acceptable deviations
from the response, the damping ratio can be selected to give the largest effective

frequency range.
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Figure 3.1 Schematic Diagram of the Electro-Magnetic Transducer Design without
Considering Leakage of the Amplifier.
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Chapter 4

Calibration of the SMA-2/EMA Strong—Motion
Accelerograph

4.1 Introduction

The purpose of the instrument calibration is to identify the characteristics of
the Kinemetrics SMA-2/EMA instrument and therefore to be able to perform the
instrument correctionlbn the earthquake data which are recorded by this instrument.
The shake table tests here were performed on two horizontal transducers of the
Lucerne Valley SMA-2/EMA instrument. A digital instrument, an SSA-1, was used
as a reference measurement. After the test, the test results are analysed and the
properties of the EMA transducer such as natural frequency, electronic damping ratio,

sensitivity and time constant (corner frequency) of the integrator are determined.

In this chapter, the details of the experimental setup, test procedure, noise test,

and the simulation of a near-field ground motion are described.

4.2 Experimental Setup

The test was conducted at the Earthquake Engineering Research Laboratory of
the California Institute of Technology. The equipment involved in the test was a shake
table, control panel, chart recorder and personal computer. The other instruments
used for the test of the SMA-2/EMA were an SSA-1, FBA-11, SSR-1 and SMP-1.
Figure 4.1 is the diagram describing the whole test system.
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4.2.1 Shake Table

The shake table used in this test was an MTS hydraulic dynamic controlled
shake table. The table has dimensions of 44 inchesx36 inches and has a maximum
peak to peak displacement of 6 inches. The effective frequency range is between 0.5
to 200 Hz. | |

The dynamic response of the shake table can be controlled by either acceleration-
based motion or displacement-based motion. Acceleration-based motion means that
the acceleration of the shake table is kept at a nearly constant level when varying the
frequency of the shake table motion. As a result, the displacement of the shake table
will be inversely proportional to the square of the frequency. Displacement-based
motion means that the displacement level of the shake table is kept approximately at
a constant level when varying the frequencies of the shake table motion. As a result,
the acceleration of the shake table will be proportional to the square of the frequency.
In this ktest, displacement-based motion was chosen to perform the low frequency test

and acceleration-based motion was chosen to perform the high frequency test. -

4.2.2 Control System

The control system includes a MTS Model 439.11 Dynamic Response Controller,
a MTS Model 436 Control Unit and a Function (or Noise) Generator. The Control
Panel controls the fluid from a hydraulic power supply to a piston under the shake
table through a service manifold. The service manifold gives a pressure to the shake

table and generates a motion at a required acceleration (or displacement).

A Function Generator connected to the control unit can generate a sine wave,
square wave, or triangular wave form as needed. A noise generator is used to generate

Gaussian Noise at a certain frequency range, for example, from 5 to 50000 Hz.

4.2.3 Chart Recorder

A chart recorder was used to record the voltage output as an analog signal on a
paper strip. In this tést, a two channel recorder which was connected to the SMA-
2/EMA instrument and FBA-11 accelerometer was used to obtain an immediate
output from the shake table and the SMA-2/EMA. It was used as a visual reference
during the test to ensure that the test was under control and that the information
recorded on the SMA-2/EMA was correct.
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4.2.4 The SSA-1 Solid State Recorder

The Kinemetrics SSA-1 is a self-contained three channel digital instrument. It
has force-balance type transducers. The data recorded is stored in a PC RAM until
later retrieval by the user. In this test, an Intel486 personal computer was connected
to the SSA-1 through an RC-232C interface. The PC was used to control the trigger
and recording of the SSA-1. By means of SSA-1 support software, the output of the
SSA-1 can be retrieved immediately and stored directly on the hard disk of the PC.

The effective frequency response range of the SSA-1 is DC to 50 Hz. The full
scale of the SSA-1 response can be set at % g, % g, 1 g and 2 g. The output voltage
of the transducer is 2.5 volts for full-scale input acceleration. In this test, a full-scale

range of 2 g was chosen for the SSA-1.

4.2.5 The SMP-1 Playback System

The playback unit used in this test is the Kinemetrics SMP-1. It is a magnetic
tape playback system designed for use with the SMA-2 or SMA-3 instrument which
have magnetic tape reéording systems. In this test, the playback system also included
a Data Compensator, which is used for amplitude compensation; and a Frequency
Divider (divide 1024 Hz to 512 Hz, 256 Hz, 128 Hz or 64 Hz according to the user’s
need) which is used for time-base compensation. The SMP-1 playback unit will
play back four channels of information recorded on the cassette: 3 signal channels
and one timing channel. It contains a tape transport, a four-track cassette head, 4

preamplifiers, 4 pulse averaging demodulators and a chart recorder.

The details of the playback procedure are described in Section 4.3.2.

4.2.6 The SSR-1 Solid State Recorder

The Kinemetrics SSR-1 Solid State Recorder is a data acquisition system. It has
3 channels and is expandable up to 6 channels. It can be used for rapid access to
the data in the field. In this test, a SSR-1 instrument was used as a data acquisition
system to digitize the analog signal from the SMP-1 magnetic playback unit in the
laboratory. The three-channel option was chosen in this test since the SMA-2 JEMA

records three channels of data.
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4.2.7 The FBA-11 Accelérometer

The Kinemetrics FBA-11 is a force balance transducer with a frequency band-
width of DC to 50 Hz. It was bolted on the shake table along with the SMA-2/EMA
and SSA-1 instruments and connected to the chart recorder for immediate observa-

tion of the shake table output during the test.

4.3 Recording and Playback Procedures

During an earthquake, the ground acceleration is recorded as a frequency modu-
lated (FM) analog signal on a magnetic tape cassette in the SMA-2/EMA: The signal
is demodulated by the SMP-1 playback unit and digitized by a data acquisition sys-
tem such as the SSR-1. By means of a personal computer, the digital-formatted data

can then be retrieved and used for engineering study after data processing.

Before digitization, Amplitude Compensation and Time Base Compensation are
performed on the playback signal by a Data Compensator and Frequency Divider [22].
Figure 4.2 is a flow chart describing the global view of the recording and playback

procedure.

4.3.1 Recording Procedure for the SMA-2/EMA Accelerograph

As mentioned in Section 3.2, the output voltage of the transducers represents
the ground acceleration as an analog signal. It is an amplitude modulated (AM)
signal which is converted to a frequency modulation (FM) signal through a voltage-
controlled oscillator (VCO). The FM signal is “written” on a four-track magnetic
tape cassette. The recording deck of the SMA-2 records three signals from the output
voltages of the three transducers and one reference signal from a 1024 Hz oscillator.
This 1024 Hz oscillator is independent of the other three VCOs. It is used for tape
‘speed correction and also for control of the digitization interval. The VCO will
convert a zero volt input into a 1000 Hz signal and a 2.5 volt input into a 10004500
Hz signal. The details of the recording procedure are described on the left side of
Figure 4.3.

In practice, the central frequency of 1000 Hz may slightly fluctuate and subse-

quently causes a baseline shift in the final retrieved data. This type of error can be
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corrected by a baseline correction. The whole data processing procedure is discussed

later in Chapter 5 and will not be considered at this stage of instrument correction.

4.3.2 Playback Procedure for the SMP-1 Playback System

A four-track head in the SMP-1 is used to playback the FM signals from the
recorded cassette tape. After preamplification, the FM signals from 4 channels are
demodulated into AM signals. The signals from channels 1, 2 and 3 represent the
output of the longitudinal, transverse and vertical information recorded by the the
SMA-2/EMA respectively. Channel 4 carries the timing signal from the 1024 Hz
oscillator in the SMA-2/EMA. After demodulation, the signal from channel 4 is
separated into two from the SMP-1 playback unit (Figure 4.3). One is demodulated
AM timing signal, the other remains as an 1024 Hz FM signal which is amplified but
not demodulated. It appears as the output of channel 5 from the SMP-1 playback
unit. The signals from channel 1, 2, 3, and 4 go to the Data Compensator, while the
signal form channel 5 goes to the Frequency Divider. The demodulators will convert
the 1000 Hz FM Signal into the zero volts signal and the 1000 &+ 500 Hz signals into
+2.5 volts signals, which is the inverse procedure of the VCO’s. Similarly, a central
frequency of 1000 Hz may not be exactly converted into a zero volt signal. This will
cause a baseline shift in earthquake records, which must be corrected by the data

processing procedure which is discussed in Chapter 5.

Some other errors will also occur after playback. The data will contain two types
of tape speed errors. One is a change in apparent amplitude due to unwanted tape
speed changes. It is corrected by the Data Compensator by subtracting channel 4
signal from the signals of channel 1, 2, and 3. Correction of this error is called “Am-
plitude Compensation.” The other is a change in apparent length of an earthquake
record due to different tape speeds during recording and playback. It is corrected in
digitization through use of channel 5 signal as a time base. The correction of this er-
ror is called “Time Base Compensation.” The details of the tape speed compensation

are discussed in the next section.

4.3.3 Tape Speed Compensations

Since the tape speed errors will occur during the recording and playback proce-
dure, two tape speed error compensations need to be performed. In this test, a Data

Compensator and a Frequency Divider are used to perform those corrections.
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A Data Compensator is used to perform the Amplitude Compensation. It cor-
rects the error in the signal caused by changes in the tape speed during recording and
playback. The motor drives of the recorder and playback unit may not run smoothly
because of friction in the mechanical system. Since channel 4 records a fixed fre-
quency of 1024 Hz without being involved in any ground motion information, it
should be played back as zero volt signal under ideal conditions. But in reality, it
records a fluctuating signal caused by variation of the tape speed. Meanwhile, the
other three channels which record ground motion contain the same fluctuations. By
means of the Data Compensator, the three transducer output signals are amplitude

compensated by subtraction of channel 4 from channels 1, 2, and 3.

A Frequency Divider is used to perform Time Base Compensation, it corrects
the tape speed error which is associated with the difference between the total time
length of recording and playback. The FM signal from channel 5 of the SMP-1 is
1024 Hz plus or minus the tape speed error. In this test, the FM signal is divided by
four to obtain a signal of 256 Hz tdeviation to be used as the timing signal for the
digital conversion time interval. The reasons for the division are twofold: 1) to reduce
the volume of the data so that the SSR-1 can accept the signal and process the data
for three or four channels simultaneously, and 2) a sample rate of 256 samples per
second éontains enough frequency information within the frequency range of interest.
A signal with a sample rate of 256 per second will contain the frequencies from 0 to
128 Hz without aliasing. The dominant frequencies of most earthquakes are within
this frequency range. Moreover, dividing the 1024 Hz to 256 Hz reduces the data
volume by 75% and saves tremendous disk space on the PC. At the same time of the
dividing process, time base compensation is performed. The 1024 Hz signal is also
divided into a 2 Hz signal as a timing mark for the chart record output of the SMP-1

unit.

4.3.4 Digitization

After tape speed error corrections, the output from channels 1, 2 and 3 of the
Data Compensator are still analog signals. In this test, a SSR-1 Solid State Recorder
data acquisition system and a PC were used to digitize and store the data. The
SSR-1 contains an analog to digital convertor. The 3-channel option was chosen for

this data acquisition system. By connecting the SSR-1 to the PC with an RS-232C
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interface, and executing the SSR-1 support software, the digitized accelerations were
retrieved and stored on the hard disk of the PC. The SSR-1 support software includes
QuickTalk communication software and QuickLook display software. This software

was provided by Kinemetrics.

4.3.5 Summary

Although tape speed errors have been corrected by the Data Compensator and
Frequency Divider, some systematic errors still exist. These include 1) a baseline
shift caused by the shift of the central frequency of the VCO, 2) the sensitivity
deviation of the transducers, 3) deviation from the 1024 Hz timing signal, and 4)
the deviation of the overall frequency response from flat. The imperfection of the
transducer frequency response is indicated as a mechanical system error. It can
be recovered by Equation (3.33) based on the test results. The other errors are
“electronic” errors. Some of these electronic errors can be corrected by Equation
(3.33) and the others can be corrected by a linear scaling factor v which is calculated
from the sensitivities of the instruments such as the SMA-2/EMA, SMP-1 and SSA-
1. This factor will be discussed later in Section 4.5. Its nominal value is 1 g per
2.5 volts. The following sections discuss the procedures and results of the tests for

instrument correction purposes.

4.4 Instrument Test

The tests conducted were: 1) a tilt test of the SSA-1, 2) a frequency response
test of the SMA-2/EMA, 3) a noise test of the SSA-1 and SMA-2/EMA, and 4) a

simulation of near-field ground motion.

The purpose of the tilt test of the SSA-1 is to obtain the sensitivities of its two
horizontal transducers. By using the SSA-1 as a “standard” recording of the shake
table motion, the sensitivities of the EMA can be calculated from the dynamic test
results based on the output of the FBA (Force Balance Accelerograph) transducers
of the SSA-1.

The transfer function test for the SMA-2/EMA is the most important part of
the test. As mentioned earlier, the purpose of the test is to identify the characteristic

parameters of the SMA-2/EMA such as natural frequency, electronic damping ratio,
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corner frequency of the transducer amplifier and sensitivity. These parameters play

an important role in instrument correction of earthquake records.

The noise test gives the output noise level of the instruments. It will also give
an estimation of how much contamination of high frequency noises are involved in
earthquake records. The signal-to-noise ratio has been frequently employed to de-
termine a frequency band for filtering the earthquake data [23,24,25,26]. But this
approach is not employed in this study.

The purpose of simulating near-field accelerograms is to use these records to
verify the new data processing procedure which is discussed in Chaptgr 5. Since
the simulation is conducted in the laboratory, the displacement of the instrument
can be measured and used for later comparison with the displacement time history

calculated by the new data processing scheme.

4.4.1 Static Tilt Test of the SSA-1 Instrument

The SSA-1 has a force-balance type of transducer, the sensitivity of the trans-
ducer can be determined by a static tilt test in the earth’s gravitational field. In
this test, the SSA-1 instrument was bolted to a table which can be tilted through
different angles. A tilt test was performed on the SSA-1 from —90° to 90°. The
results for both longitudinal and transverse transducers of the SSA-1 are listed in
Table 4.1. These results are shown in Figure 4.4. The nominal sensitivity is 1.25
volt/g. In the figure, the solid boxes represent the test results and the solid line
represents the results calculated from the nominal sensitivity. The results show that

the SSA-1 performs with a very good linearity.

The true sensitivities of the longitudinal and transverse transducers can be cal-
culated from the results in Table 4.1. By applying the least mean square method to
fit those data to a straight line a + bz, the baseline shift ¢ and the slope b of the
straight line can be obtained. The results of a and b for horizontal transducer tests
are listed in Table 4.2. The sensitivity of SSA-1, denoted by €;, can be calculated
from €; = 2.5b. The sensitivities of the longitudinal and transverse transducers are
obtained to be 1.245 volt/g and 1.237 volt /g respectively. These values are also listed
in Table 4.2.
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The results in Table 4.2 show that the sensitivity of the longitudinal transducer
of the SSA-1 is very close to the nominal value, with the difference of only 0.4%. The
sensitivity of the transverse transducer of the SSA-1 differs from the nominal value
by 1.0% which is also very small. In the following test, the longitudinal transducer

of the SSA-1 is used as the reference recording for the shake table motion. -

4.4.2 Transfer Function Test of the SMA-2/EMA Instrument

The transfer function test of the SMA-2/EMA is the main and most important
part of the test. The transfer function provides the frequency response of the dynamic

system.

The transfer function is obtained by recording the amplitude of the instrument
response under harmonic excitation at selected frequencies. The experimental data
can be used to verify the theoretical model of the transducer system. The parameters
of the system can be obtained by the curve fitting method. The details of the test

procedure and data analysis of the results are discussed below.

4.4.2.1 Brief Description of the Test

The responses of the SMA-2/EMA were tested in the frequency range from 0.1
Hz to 40 Hz. Seventeen different frequencies between this range were chosen in the
test. A steady-state harmonic motion was performed by the shake table for each
frequency. Since the “flat” frequency range of SSA-1 is DC to 50 Hz (according to
the manufacturer), which is much greater than that of the SMA-2/EMA, the SSA-1

was used as a standard measurement of the shake table response.

The test frequencies were chosen to be 40, 35, 30, 25, 23, 20, 15, 10, 5, 2, 1, 0.8,
0.5, 0.4, 0.3, 0.2, 0.1 Hz. As mentioned in Section 4.1.1, because of the limitation of
the shake table, the high frequency shaking was performed using acceleration control
while the low frequency shaking was performed using displacement control. In this
test, the harmonic motions at the frequencies from 0.1 to 0.5 Hz were performed
using displacement control with the displacement level fixed at approximately 5.5 inch
peak-to-peak. The sinusoidal motions at frequencies from 0.8 to 15 Hz were performed
using acceleration control with a constant shake table acceleration of 0.1 g. The

motions at frequencies from 20 to 40 Hz were also performed using acceleration control
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with a shake table acceleration of 0.5 g. The SSA-1 and SMA-2/EMA instrument
were bolted directly to the shake table as shown in Figure 4.1.

Since the SMP-1 playback system was not available at Caltech, and hence the
data retrieval was performed at Kinemetrics, the SMA-2/EMA records could not be
viewed during or right after each shake table test. To be able to observe the dynamic
response of the SMA-2/EMA during the test, a chart recorder was connected to the
SMA-2/EMA. The SMA-2/EMA was manually triggered during the test.

An FBA-11 accelerometer was also bolted to the shake table and used to set the

acceleration level of the shake table during the test.

4.4.2.2 Test Data Analysis and Results

After the shake table tests, the data from both the SSA-1 and SMA-2/EMA
were retrieved and analysed. By taking the ratio of the steady-state response of the
SMA-2/EMA and SSA-1 at every tested frequency, the frequency responses of the
SMA-2/EMA at those frequencies were obtained.

Unfortunately, tremendous high frequency noises were present in the low fre-
quency shaking tests. These noises made it difficult to accurately measure the am-
plitude of a sinusoidal wave. One method of compensating for these noises is to
filter out the high frequency noises to obtain a smooth “pure” sinusoidal wave of a

steady-state response.

A second method is to perform a Fourier transform on every steady-state re-
sponse and take the ratios of peak values at the test frequencies. This method was
not very successful since the sample rates generated from the different data retrieval
systems are different. The sample rate for the data retrieved from the SSA-1 was 200
per second while the sample rate for the data retrieved from the SMA-2/EMA was
256 per second.

A third method is to use a noise generator to generate a broad-band frequency
shaking. The ratio of the Fourier spectra of the SMA-2/EMA and SSA-1 should
give the transfer function of the SMA-2/EMA system. In practice, because of the
deviation of the random data, a very large number of samples must be generated in

order to obtain satisfactory statistical results.
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A fourth method is to curve fit the recorded response data to a harmonic func-

tion. The target function chosen will have the form of
f(t) = a cos(2m fot) + b sin(2w fot) + ¢

where f(t) represents the sinusoidal wave function, fy is the test frequency of the
shake table motion, and a, b and ¢ are the parameters to be determined by the

least-mean-square fit method. The amplitude of the signal will be computed as
A = v/a? + b? while the probable baseline shift will be evaluated by c.

Herein, the fourth method is adopted to do the analysis. The curve fitting
procedure basically filters out the high frequency noise in the signal. There is also
low frequency noise which caused fluctuation of the baseline and the amplitude.
To obtain the best result, a statistical analysis was applied. From every frequency
response, ten segments of the sinusoidal waves were taken, each segment having four
to six cycles. The curve fitting was applied to each of the ten segments to obtain 10

steady-state response amplitudes for each test frequency.

The average results for these ten samples of frequency response are calculated
and are listed in Table 4.3. These are experimental data of the transfer function for
the SMA-2/EMA at discrete values of frequency.

The model parameters of the SMA-2/EMA were determined by curve fitting the
test data from all the ten samples to the Equation (3.33). An iterative scheme was
employed to obtain the characteristic parameters of the EMA and the results are
listed in Table 4.4. Since the test of the vertical transducer was not possible with
the available test equipment, the parameters for the vertical transducer were taken

to be the average of the parameters for the longitudinal and transverse transducers.

With the parameters shown in Table 4.4, the transfer function of the SMA-
2/EMA can be calculated as a continuous function of frequency using Equation (3.33).
Figures 4.5(a) and (b) show the frequency responses represented by both the test
results and Equation (3.33) for the two horizontal transducers of the SMA-2/EMA.
The cross symbols are the test results for ten samples. The dotted line represents
the average of ten test samples. The solid line represents the result of theoretical

formula from Equation (3.33).
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The plots of Figure 4.5(a) and (b) show good agreement between the test results
and the theoretical formula results. They also show that the dynamic response of the
electromagnetic transducer “filters out” significant low frequency and high frequency
information. The response is fairly flat only between 0.5 Hz and 10 Hz. The frequency
response drops off below 0.5 Hz and is about 70% of the full response at the 0.1 Hz.
The transfer function has a small hump between 15 and 23 Hz and drops off again
after 23 Hz. This implies that the data recorded on the SMA-2/EMA will be under-
represented in the low frequency range (below 0.5 Hz) as well as in the high frequency
range (above 23 Hz), and will be over-represented by a small amount in the frequency

range from 15 to 23 Hz.

Determination of the characteristic parameters of the SMA-2/EMA instrument
provides not only the response amplitude of the instrument but also phase delay
information. Figure 4.6(a) shows the the transfer function and the phase angle in
logarithmic scale versus the frequency for the three transducers of the SMA-2 /EMA
instrument. The solid line represents the longitudinal transducer response, the dotted
line represents the transverse transducer response, and the dashed line represents the
vertical transducer response which is the average of the other two. Figure 4.6(b)
shows the same response plots as in Figure 4.6(a) but in linear scale. The curves are
computed using the Equation (3.33) and Equation (3.34) with the experimentally
determined parameters. Considerable input-output phase shift (phase distortion) is

observed.

From Figure 4.6, it can be seen that the longitudinal and the transverse trans-
ducer responses are very close to each other, so that to take their average as a vertical
transducer response is reasonable. The phase angle plot shows that the phase distor-
tion occurs in both the low and high frequency range. Ideally, the phase angle would
be a linear function of frequency. This is approximated only in the mid-frequency

range of the system.

The natural frequency f,, damping ratio (, and time constant of the amplifier
CRy are given in the Table 4.4. The ag values are directly related to the sensitivities
of the instrument. Calculation of the sensitivities of the SMA-2/EMA is discussed

in Section 4.5.
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4.4.3 Noise Test

Laboratory noise signals were recorded for the SSA-1/FBA, the SMA-2/EMA
transducers and the SMA-2/EMA with SMP-1 playback system. Figure 4.7 shows
the typical noise signals recorded in a quiet environment for those three systems.
Figure 4.8 is the Fourier spectra of the noise signals of Figure 4.7. It can be seen
that the noise of the SSA-1 is very small while the noise from the SMA-2/EMA with
SMP-1 playback system is relatively larger. It can also be noticed that the high
frequency noise mostly comes from the recording and playback system. The high
frequency noise from the SMA-2/EMA transducers is about the same magnitude as
that of the SSA-1/FBA. The low frequency noise of the SMA-2/EMA transducers
are of the same magnitude as that of the SMA-2/SMP-1 system which is about 100
times the magnitude of that of the SSA-1.

Any data recorded on the SMA-2/EMA instrument will be contaminated by the
noise. If the magnitude of the noise is bigger than that of the signal, the signal
information will be lost. In standard CIT “Vol. II” data processing procedures, the
noise correction to the signal is to apply a filter to the signal with cut-off frequency
fc and roll-off termination frequency f;. The f. and f; values are determined by the
intersection of the response spectrum and the noise spectrum. That means the signal-
to-noise ratio should be greater than one. For purpose of convenience, Fourier spectra
are sometimes employed to determine the signal-to-noise ratio since Fourier spectra
are very close to the relative velocity response spectra of a undamped oscillator.
In general, the relative velocity spectra is always greater than the Fourier spectra.
Studies [27,28] have shown that for any earthquake of magnitude greater than M =
4.5, the ground motion near the epicenter can be distinguished from background
noise over the whole frequéncy spectrum of engineering significance. And, for an
earthquake with M = 6.5, the Fourier spectra of the ground motion will be above

the noise spectra over the entire frequency range when the station site is away beyond
100 Km. |

For the Landers earthquake, since the geological location of the Lucerne Valley
station is about 1.2 miles away from the fault and 26 miles (42 Km) away from the
epicenter, the ground motion will be above the noise level for the whole frequency
range of interest. Figure 4.9 gives a plot of response spectra of the noise and the

ground motion for three components of the Lucerne Valley record. The plot shows
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that the earthquake spectra and the noise spectra have no intersections in the fre-
quency range of interest and the signal-to-noise ratio is generally greater than 4 or
5. It can be concluded that for near-field ground motion of a moderate to large

earthquake, the noise contaminations can usually be neglected.

4.4.4 Simulation of Near-Field Earthquake Accelerograms

For purposes of this study, twelve different near-field earthquake accelerograms
were simulated. The simulation was performed by manually sliding the SMA-2/EMA
instrument along a flat surface on the ground. A 2 inchesx2 inches metal extrusion
was bolted to the floor to make a straight surface for the SMA-2/EMA to slide
against. It should be pointed out that the simulation could not be conducted on the
shake table because of the limitation of the shake table displacement. As indicated,

the maximum peak-to-peak displacement of the shake table is 6 inches.

To simulate a near-field ground motion from a strike-slip fault earthquake (for
example, Landers earthquake) as realistically as possible, the instrument was given a
pulse-like motion of approximately 4 to 5 seconds duration and a maximum displace-
ment of approximately 6 feet. Three types of ground motion as in Figure 4.10(a)(b)(c)
were simulated. Type 1 ground motion was generated by moving the instrument 6
feet in a positive direction, moving it back 3 feet in a negative direction, and then
stopping. Type 2 ground motion was generated by moving the instrument 6 feet in
the positive direction of the transducer and then stopping. Type 3 ground motion
was generated by moving the instrument 6 feet in the positive direction without stop-
ping, moving it back to the original position, and stopping. The total duration for

each of these three types of “ground motion” was 5 to 6 seconds.

Of the twelve manually generated earthquakes, nine were recorded by the lon-
gitudinal transducer and three were recorded by the transverse transducer. The
accelerograms of the twelve simulated earthquakes are numbered from #1 to #12
in Figure 4.11. Records #1 to #3 are expected to have the displacement time his-
tory as in Figure 4.10(a), records #4 to #6 are expected to have the displacement
time history as in Figure 4.10(b), and records #7 to #9 are expected to have the
displacement time history as in Figure 4.10(c). These nine records were recorded by
the longitudinal transducer. Records #10 to #12 were recorded by the transverse

transducer. They represent Type One ground motion.
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As mentioned earlier, thé purpose of generating simulated near-field ground mo-
tions for the SMA-2/EMA is to use the resulting records to test the reliability of the
data processing scheme. If the data processing scheme can recover long-period infor-
mation from the simulated earthquakes and the resulting displacements are consistent
with the measured displacements, the calibration and data processing procedure will
be considered successful. The application of the data processing procedure on those

simulated records is discussed in Chapter 5.

4.5 Sensitivity Error Correction

In this test, the data retrieved were based on the nominal sensitivities of the
instruments. In practice, the deviations of the instrument sensitivities will intro-
duce errors in recorded earthquake data. So, correction of these errors needs to be
performed during data processing. For simplicity, the correction of the sensitivity de-
viations was carried out by scaling a constant factor -y on the final processed record,
where 7 represents the total sensitivity error corrections combined from all the in-
struments involved in ;data recording and playback. It can be shown by Equation

(3.59) that the instrument correction filter is a linear operator.

4.5.1 Sensitivity Error Correction for the SSA-1 Instrument

The instrument correction performed by Equation (3.59) actually gives the out-
put of the SSA-1, since the SSA-1 is used as a reference to determine the instrument

parameters. The motion of the shake table should be given by:

1.25
€1

["ig (t)] shake table - (4 1)

[5139 (t)] SSA—1 output X

where €; is the sensitivity of the SSA-1 instrument. Its value can be obtained from
the tilt test results of the SSA-1. The €; values for the two horizontal transducers
are listed in Table 4.2. The value 1.25 is the nominal sensitivity of the SSA-1. As
mentioned in Section 4.4.1, only the longitudinal transducer of the SSA-1/FBA is
employed to record the “standard” table motion when testing the SMA-2/EMA in

both horizontal directions. Therefore, only the value €; = 1.246 in Table 4.2 is used

1.25

for sensitivity error correction and the correction factor is a; = ==
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4.5.2 Sensitivity Error Correction for the SMA-2/EMA Instrument

To evaluate the sensitivities of the EMA transducers from the test, the following
relationship is adopted:

€2 =2H(f)ey f=4Hz (4.2)

where ¢; is the sensitivity of the SSA-1/FBA instrument and €; is the sensitivity of
the SMA-2/EMA instrument in this test. H(f) is the transfer function represented
by Equation (3.33). The value of H(f) is the frequency response at f = f Hz,
and f = 4 Hz is recommended by the manufacturer for performing the sensitivity

calibration.

By simple .calculation, the sensitivities for both the longitudinal and transverse
transducers of the SMA-2/EMA can be obtained and the results are listed in Table
4.5, where the sensitivity for the vertical transducer is calculated from the average

sensitivity values of the longitudinal and transverse transducers.

The Kinemetrics calibrated sensitivity values for the three transducers of the
SMA-2/EMA are also listed in Table 4.5. It should be pointed out that before the
time of the test and after the Landers earthquake, Kinemetrics did a recalibration
on the SMA-2/EMA. Therefore, an appropriate adjustment needs to be performed
on the instrument corrected results. In Table 4.5, €, represents the sensitivity of the
SMA-2/EMA after the Kinemetrics’ recalibration while the €, represents the sensi-
tivity before the Kinemetrics’ recalibration. The laboratory test of the SMA-2/EMA
was performed after the Kinemetrics’ recalibration and hence the characteristic pa-
rameters obtained are based on the sensitivity €,. So a correction factor of ay = —2—’;:
needs to apply to the Lucerne Valley record in order to obtain the data which are

adjusted to the instrument condition during the Landers earthquake.

4.5.3 Sensitivity Error Correction for the SMP-1 Playback System

A correction based on sensitivities of the playback unit also needs to be consid-
ered since the Landers earthquake data were retrieved by a different SMP-1 playback
unit than that used in this test. As described in Section 4.2, the frequency signals
recorded on the tape will be demodulated by the playback board during the playback
procedure. Under ideal conditions, a 1000 frequency sighal will be played back as
a zero volt analog signal and a 1000 £+ 500 Hz frequency signal will be played back
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as a £2.5 volt analog signal. In reality, deviations were possibly involved. Table 4.6
gives two sets of sensitivities for two different playback units [29,30]. One set of sen-
sitivities was used for the Lucerne Valley record and the other was used for the test
data. According to the information from Kinemetrics, the Lucerne Valley record was
played back on the SMP-1 unit with serial number 136 and the test data were played
back on the SMP-1 unit with serial number 259. Ignoring the slight nonlinearity, the
average values of the full scale output of these two SMP-1 (provided by Kinemetrics)
are calculated and the results are listed in Table 4.6 with the notation of ¥ (volts).
Then, the adjustment of the sensitivities of the playback unit for the Lucerne record
is a scaling of the earthquake accelerogram by a factor of a3. The scaling factors for
three components are calculated in Table 4.7 by a3 = %f, where U1 represent the
sensitivity of the SMP-1 which was used for the test and ¥, represents the sensitivity

of the SMP-1 which was used for correcting the Lucerne Valley record.

4.5.4 Summary of the Sensitivity Error Corrections

The total sensitiizity error correction for the Lucerne Valley record is a scaling
of the data by a factor of v = a;asa3. Since the whole data processing procedure is
assumed to be linear, this factor 7y can be applied to the final processed record. The

v values for the three channels are calculated and listed in the Table 4.8.

The results show that the differences between the earthquake data as corrected
and uncorrected for sensitivity errors are not very significant. The differences for
the longitudinal, transverse and vertical components are 2.27%, 2.36% and 6.9%
respectively. The difference from the vertical component is relatively larger than those
from the two horizontal components mainly because the sensitivity of the vertical
transducer is beyond the normal allowable range. Normally the sensitivity of the
instrument in operation must be between 2.35 and 2.55 VDC [31]. So in most of the
cases, the difference between the sensitivity error corrected earthquake data and the
uncorrected data is expected to be small if the instrument in the field is calibrated
regularly. Therefore, when the sensitivity information of the instrument is unknown,

neglecting of the sensitivity error correction during the data processing is acceptable.
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4.6 Summary and Conclusions

In summary, this chapter gives a full description of the laboratory test of the
SMA-2/EMA instrument. The transfer function test of the SMA-2/EMA at sev-
enteen frequencies from 0.1 to 40 Hz gave the experimental data of the transfer
function for two horizontal transducers. By the least-mean-square fit of the test data
to Equation (3.33), the characteristic parameters of the SMA-2/EMA instrument
were obtained. With those important parameters, the instrument correction can be
successfully performed by the application of Equation (3.59) with a proper sensitivity

error correction.

The following conclusions can be obtained from the test of the SMA-2/EMA

instrument:

(1). The frequency response behavior of the SMA-2/EMA can be viewed as a band-
pass filter. It will filter out ground motion with frequency contents below 0.5 Hz
and above 23 Hz. Therefore, instrument correction will be very important for
near-field ea.rthqﬁa.ke accelerograms because much of the near-field earthquake
ground motion contains a significant amount of low frequency energy with fre-
quencies below 0.5 Hz. The large amplitude low frequency content in the near-

field ground motion could be very destructive to the long-period structures.

(2). The test results of the frequency response of the SMA-2/EMA show good agree-
ment with the theoretical formulation of its transfer function, which means that

the modeling of the EMA dynamic system is very close to reality.

(3). The noise test shows that for a near-field ground motion like the Lucerne Valley
record from the Landers earthquake,v the signal-to-noise ratio is large enough
to distinguish the signal from the noise. Hence, the high frequency errors will
not have an important affect on the signal. In other words, high frequency
filtering can be neglected in processing near-field earthquake records. While the
correction of the low frequency error, which is the cause of the large baseline

shift, is very important. This correction will be discussed in detail in Chapter 5.

(4). Neglecting the sensitivity error will be acceptable in the data processing proce-
dure if the instrument is calibrated regularly. The error caused by sensitivity

deviation can be normally controlled under 5%.

v
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(5). The tilt test results for the SSA-1 show that the FBA performs with good lin-
earity. It can be used as a standard measurement of the shake table when

performing the dynamic test on other instruments.
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90° —-90°
Grav(g) % 2.5v(L) % 2.5v(T) Grav(g) % 2.5v(L) % 2.5v(T)
0.00 0.0034 -0.0048 -0.00 0.0034 -0.0048
0.05 0.0278 0.0190 -0.05 -0.0209 -0.0288
0.10 0.0541 0.0414 -0.10 -0.0458 -0.0541
0.15 0.0791 0.0688 -0.15 -0.0708 -0.0781
0.20 0.1040 0.0932 -0.20 -0.0957 -0.1035
0.25 0.1289 0.1186 -0.25 -0.1206 -0.1284
0.30 0.1452 0.1430 -0.30 -0.1455 -0.1538
0.35 0.1787 0.1684 -0.35 -0.1704 - -0.1777
0.40 0.2036 0.1923 -0.40 -0.1948 -0.2026
0.45 0.2275 0.2172 -0.45 -0.2192 -0.2266
0.50 0.2534 0.2421 -0.50 -0.2441 -0.2514
0.55 0.2788 0.2670 -0.55 -0.2695 -0.2768
0.60 0.3032 0.2919 -0.60 -0.2929 -0.3007
0.65 0.3286 0.3168 -0.65 -0.3183 -0.3261
0.70 0.3540 0.3413 -0.70 -0.3437 -0.3510
0.75 0.3789 0.3662 -0.75 -0.3681 -0.3754
0.80 0.4042 0.3916 -0.80 -0.3930 -0.4008
0.85 0.4287 0.4165 -0.85 -0.4179 -0.4257
0.90 0.4541 0.4409 -0.90 -0.4433 -0.4506
0.95 0.4790 0.4663 -0.95 -0.4682 -0.4750
1.00 0.5039 0.4907 -1.00 -0.4931 -0.5000

Table 4.1 Tilt Test for Longitudinal and Transverse Transducers from —90° to 90°

Transdecer a b €1(v/g) nominal error
Longitudinal 0.0045 0.4980 1.246 1.25 0.4%
Transverse -0.0048 0.4948 1.237 1.25 1.0%

Table 4.2 Sensitivities of the SSA-1/FBA for the Two Horizontal Transducers

and Their Errors in Compared with the Nominal Values
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Freg(hz) Amp (Longitudinal) Amp (Transverse)
0.1 0.6394 0.7049
0.2 . 0.8679 0.8608
0.3 0.9470 0.9303
0.4 0.9650 0.9534
0.5 0.9786 0.9607
0.8 0.9915 0.9911
1.0 1.0035 0.9927
2.0 1.0055 0.9975
5.0 1.0162 1.0094

10.0 1.0533 1.0389
15.0 1.0890 1.0609
20.0 1.0729 1.0469
23.0 1.0211 1.0046
25.0 0.9726 0.9602
30.0 0.8232 0.8361
35.0 0.6738 0.6984
40.0 0.5312 0.5546

Table 4.3 Average of Frequency Response of the Ten Test Samples

Transducer fn Cn CRy ag = C_R.-W
Longitudinal 28.07 0.57 1.32 795
Transverse 29.35 0.58 1.46 857
Vertical 28.71 0.575 1.39 826

Table 4.4 Characteristic Parameters of the SMA-2/EMA Instrument

Transducer H(4) €1 € €a € o =
Longitudinal 1.0156 1.245 2.5288 2.495 2.555 0.9765
Transverse 1.0004 - 2.4910 2.466 2.416 1.0207
Vertical 1.008 - 2.5099 2.505 2.347 1.0673

Table 4.5 Sensitivities and its Error Correction Factors for the SSA-1 and SMA-
2/EMA
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SMP-1 SMP-1
(Landers Earthquake) (Test)
Frequency L T \'% L T \'%

v° = 1000 Hz -0.004 -0.008 0.002 0.0002 0.0009 0.0005
v~ = 500 Hz -2.520 -2.531 -2.552 -2.510 -2.512 -2.510
vt = 1500 Hz 2.491 2473 2.455 2.490 2.491 2.490

"+§”— 2.5055 2.502 2.5035 2.500 2.5015 2.500

<

Table 4.6 Sensitivities for Longitudinal (L), Transverse (T) and Vertical (V) Com-
ponents of the SMP-1 Playback Unit

Components iL o az = %f
Longitudinal 2.5055 2.500 0.9978
Transverse 2.5025 2.5015 0.9998
Vertical 2.5035 2.500 0.9986

Table 4.7 Sensitivity Error Correction Factors for the SMP-1

Components ay Qg Qas y error
Longitudinal 1.0030 0.9765 0.9978 0.9773 2.27%

Transverse 1.0030 1.0207 0.9998 1.0236 2.36%
Vertical 1.0030 1.0673 0.9986 1.069 6.9%

Table 4.8 Total Sensitivity Error Correction Factor v for the Three Transducers of
the SMA-2/EMA
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Chapter 5

A New Procedure for the Processing of Strong-Motion Data

5.1 Introduction

The strong motion data recorded on an accelerograph never exactly represent
the real ground motion. Errors from the recording and retrieving system always exist
in the earthquake records. The correction of these errors is very important because
strong-motion accelerograms are frequently used in research studies as well as in

engineering practice.

The errors involved in the recorded data can be roughly classified into two cate-
gories: system errors znd noise errors. The main difference in the nature of these two
types of errors is that one is generated by imperfections in the transducer and recorder

system and can be determined, the other is random and cannot be determined.

Strong-motion accelerographs are mainly constructed out of mechanical and elec-
tronic components. Hence, system errors include mechanical system errors and elec-
tronic system errors. These errors can be identified by careful studies of the char-
acteristics of the instrument structure. The instrument consists of three tri-axial
tré,nsducers and a recording device. Each transducer is a single-degree-of-freedom
oscillator. The relative displacement of the transducer mass in the SDOF system
is designed to be proportional to the ground acceleration in the frequency range of
interest. In practice, the frequency response or transfer function of the system is not
exactly “flat” in any frequency range. For the SMA-2/EMA instrument, the elec-
tronic integrator of the EMA transducer acts like a high-pass filter for the relative

displacement input signal due to leakage of the capacitor (see Chapter 3 for details).



89

Therefore, an instrument correction needs to be performed on the recorded earth-
quake data. The parameters used for the instrument correction are determined by
the instrument calibration (Chapter 4). They are: the natural frequency, electronic

damping, time constant of the integrator, and the sensitivity of each transducer.

System noise includes both instrument noise and background noise. These noises
are introduced by random error sources during the recording and retrieving proce-
dures. These kinds of errors are not easy to determine because of their random
nature. Many efforts have been made to correct these noise errors. The existing
standard method uses a high-pass filter and a low-pass filter to reduce the low fre-
quency and high frequency noises. This procedure takes the risk of filtering out the
real information from earthquake records, especially for near-field earthquake records.
The standard data processing results of the Lucerne Valley record from the Landers
earthquake is a good example of the effect of a filter on long-period information.

Therefore, an improved error correction procedure needs to be found.

The main contribution of this work is the development of a new data processing
scheme which can better recover long-period information from near-field earthquake
records. The proposed new method is verified by processing of simulated near-field
ground motion on the Lucerne Valley SMA-2/EMA instrument. Then, the new
method is applied to the actual Lucerne Valley record of the Landers earthquake in
Chapter 6.

5.2 Data Processing Procedure for Strong-Motion Accelerograms

Data processing of strong-motion accelerograms mainly includes three elements:
(1) digitization, (2) baseline correction and instrument correction, and (3) calculation

of the response spectrum and Fourier spectrum.

Digitization has been accomplished through a variety of means varying from
hand digitization to automatic digitization. Hand digitization is a manual process
and cohsumes tremendous time. Hand-digitized data are not only poor in accuracy
but also of low resolution. Automatic digitization was developed using an image
processing technique. It greatly speeds up the digitization process and reduces the
noise by almost 2 to 3 times compared to the hand digitization [32]. With the

development of digital instruments, it has become possible to record the ground
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acceleration in a digital format. The sample rate of the digital instrument is as high
as 1024 Hz. Study has shown [33] that the digital instrument reduces the noise by 1
order of mégnitude in retrieving short-period information and reduces the noise by
2 orders of magnitude in retrieving long-period information compared to éutomatic
digitization of analog instrument records. At present, most of the instruments in the
field are still analog instruments because of their low cost. Normally a sample rate of
200 per second or 256 per second is selected to digitize analog records. The selected
sample rates provide a Nyquist frequency of at least 100 Hz. With this sample rate,

high frequency information is seldom lost.

The second step of the data processing procedure, baseline correction and instru-
ment correction, is an important part of the data processing procedure. Instrument
correction is mainly the correction of system errors, while baseline correction is essen-
tially the correction of noise errors. How to correct the errors in the recorded data by
data processing techniques has been an interesting topic for the past three decades.
Various methods have been established to improve the baseline correction process.
The most popular method is the CIT Vol. II standard data processing procedure, or
variations of this approach. Since the resulting velocity and the displacement from
these methods cannot represent the ground motion correctly in a physical sense, a
new baseline correction scheme is studied here to give a more accurate version of the

processed data.

Calculations of the response spectra and Fourier spectra are not discussed in
detail here since existing methods at this step are well established and widely accepted

in engineering practice.

5.3 Existing Data Processing Schemes

The attempt to correct earthquake data began in the 1960’s. Berg and Hous-
ner [34] first applied a cubic-curve baseline correction to the velocity which is directly
integrated from the acceleration. Brady [35] applied a parabolic baseline correction
to the acceleration with minimization of the mean square value of the resulting ve-
locity. In the 1970’s, Trifunac et al. [36,37] applied low- and high-pass filters to
strong-motion records to remove the low and high frequency errors in strong-motion

accelerograms. In 1973, with the effort of Trifunac and Lee [11,37], the Caltech Vol. II
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correction scheme was developed and the routine computer program for processing of
strong motion accelerograms was established. A variation of the method called the
Phase II method, was later developed by other organizations such as the California
Division of Mines and Geology. The Vol. II correction method and its variations have
been used as a standard data processing scheme for more than 20 years. Since the
application of the filters in the standard data processing method introduces errors in
the corrected data, different approaches and new filters were developed to reduce the
errors in the corrections. The basics of the CIT Vol. II method and other methods

are described briefly in the following sections. |

5.3.1 CIT Vol. II Data Processing Scheme

By the 1970’s, most of the accelerograms were recorded on photographic paper,
or on 70 mm and 35 mm film. A digitization procedure was needed to obtain the
earthquake acceleration data. Both high and low frequency errors were believed
to be unavoidably introduced by the mechanical and manual processes. So, a data
processing procedure was considered necessary to be performed on the strong-motion
accelerograms. The first version of the data processing procedures are Caltech Vol. I,

Vol. II, Vol. III and Vol. IV data processing procedures.

The Vol. II data were corrected based on the data processing of the Vol. I “un-
corrected” accelerograms. The Vol. I data are generated by digitization of earthquake
records to equally spaced 50 samples per second and smoothed with a %, %, % running
filter, having the zero axis translated to make the integral of the digitized acceleration
zero. This is physically equivalent to making the velocity time history begin with

zero and end with zero. In the strict sense, the Vol. I data are not uncorrected data.

The Vol. II data processing procedure includes instrument correction, baseline
cerrection and double integration. This procedure can be briefly described by the
following steps: 1) apply a low-pass Ormsby filter on the uncorrected data with a
cut-off frequency f. and a roll-off frequency f;, 2) perform an instrument correction
with the characteristic constants of the instrument, w, and (,, which represent the
natural frequency and critical damping fraction of the transducer, 3) apply a high-
pass filter to the data with cut-off and roll-off frequencies which are determined by
the signal-to-noise ratio of the each component, 4) perform an integration to obtain

the velocity and displacement (in this step, a trapezoidal rule integration scheme is
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used to carry through the double integration, and low-pass Omsby filter is used in
obtaining the velocity and displacement), 5) apply a high-pass filter on the integrated
velocity and displacement to avoid long-period errors in the record, and 6) remove

the baseline shift to obtain the corrected acceleration.

In the Vol. II data processing procedure, the high-pass and low-pass filters were
pérformed several times. Band-pass frequency limits of 0.05-0.07 to 25-27 Hz are
typically assumed. The same band-pass limit is performed on the data each time. In
the mean time, a least-mean-square fit to a straight line is also applied several times
and decimation and interpolation was employed in the correction procedure to re-
duce the computational effort. Unfortunately, those numerical calculations introduce
errors in the data processing at the same time that they attempt to reduce errors.
The application of the filters may also remove useful information in the earthquake

data. The detailed Vol. II data processing procedure can be found in Reference [27).

5.3.2 Other Development in Data Processing

Since errors and various problems still exist in the Caltech routine computer
processing procedure, much effort has been made to improve the data processing
technique [38,39,25,40,41,42,43]. In 1979, an automatic routine digitization system
(ARDS) was developed at USC [32] to reduce the digitization error and save human
time in digitization. In this system, the digitization of the records was completed
with a resolution of more than 200 samples per second with the help of a modern
computer system and a laser scanner device. This effectively extended the usable

frequency range of the earthquake data.

Beginning in the 1980’s, Sunder [38,39] introduced an infinite impulse response
(IIR) nonlinear phase elliptic filter in the data processing scheme. In this improved
data processing scheme, an IIR elliptic filter was used as a band-pass filter instead of
the original low- and high-pass filters. Lee [25] then made several refinements in the
routine data processing of strong-motion accelerograms following the development
of the automatic routine digitization system, including a new differentiation filter in
the instrument correction and an IIR filter in the double integration. The frequency
limits for the band-pass filtering were also designed to be chosen automatically case-

by-case.
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Another branch of the development of routine processing of accelerograms based
on early 1‘970’s Caltech routines was undertaken in USGS. Converse, Brady and
Joyner [41] at USGS developed the AGRAM computer prograin for processing digi-
tized strong motionvaccelerograms with a new technique of filters to improve the data
processing scheme. The program was designed to give better accuracy, versatility,

speed and transportability based on the original CIT Vol. II processing program.

Although much effort has been made to develop data processing schemes, the
resulting methods at some stage are still in question. For instance, the routine data
processing procedures do not generally give the correct velocity and displacement
time history compared to what is observed from field investigations. This is because
the filtering procedures filter out the long-period information in the strong-motion
accelerogram. The discrepancies may not appear significant when using the existing
data processing scheme to process far-field strong-motion accelerograms, but they
are significant in processing near-field accelerograms. The original data processing
procedure cannot provide a static offset, and sometimes distort the large pulse-like

signals observed in near-field accelerograms.

Iwan et al. [33,43] first developed a correction algorithm which can provide the
permanent displacement according to the characteristics of a typical strong-motion
recorder/transducer instrument, the Kinemetrics PDR-1/FBA-13. The algorithm
was designed for correcting a digital instrument record which has pre-event memory.
The acceleration data was first corrected for the DC offset observed in pre-event data
and then the final offset of the acceleration. This was accomplished by removing
the baseline shifts using segmented constant offsets in the acceleration time history.
The value of the intermediate acceleration correction was selected so as to make the
velocity correction continuous over the entire record. The final offset was determined

by a least-squares fit to the final portion of the velocity data.

5.4 Proposed Data Processing Scheme

The study here is focused on providing a better method of baseline correction
and instrument correction. Since the research is motivated by the correction of the
Lucerne Valley record from the Landers earthquake, the instrument correction here
is based on the SMA-2/EMA instrument. The test of the SMA-2/EMA instrument
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as discussed in Chapter 4 providés the calibration data for the instrument correction.
The instrument correction for the SMA-2/EMA should follow the formulation derived
in Section 3.3.2. The corrections for other instruments with force-balance type of
transducers should use the formulation presented in Section 3.3.1. In this chapter,

the baseline corrections of a strong-motion accelerogram are discussed in detail.

5.4.1 Error Sources of the Earthquake Data

Since errors are inevitably introduced into earthquake records from various
sources, baseline correction or noise reduction needs to be performed on these records.

To perform the correction, one should be aware of where the errors come from.

To identify the error sources, the data recording and playback procedures should
be investigated. The equipment or devices associated with the recording and playback
are the most likely sources of errors. To classify the errors from different sources, a
flow chart of the recording and playback procedure for the SMA-2/EMA instrument
is given in Figure 5.1. The first oval in flow chart represents the real ground motion
or earthqilake accelerogram, box 1 represents the SDOF transducer, box 2 represents
the integration amplifier, box 3 represents the recording device in the SMA-2/EMA
instrument, box 4 represents the playback device such as the SMP-1, box 5 represents
the SSR-1 digital instrument, box 6 represents a Personal Computer, and the last

oval represents the recorded earthquake accelerogram.

The flow chart shows that the input ground motion is transformed into an elec-
tronic signal through a transducer and then recorded on a magnetic tape. The signal
is then played back by the SMP-1 instrument. After playback, the analog electronic
signal is digitized by an SSR-1 Solid State Recorder and is finally retrieved by a PC
computer. The possible error sources from this procedure are 1) the transducer sys-
tem, 2) the integrétion amplifier, 3) the recording deck, and 4) the playback device.
The total errors from each of these error sources are denoted as Ey, E, E3 and E,
respectively. As mentioned, the errors include both system errors and noise errors.
System errors arise from both the mechanical system and the electronic system. They
are denoted by F and E respectively. Noise error is denoted as N. Error sources 1),
3) and 4) will introduce mechanical system errors E;, F3, E4 and the error sources
2), 3) and 4) will introduce electronic system errors E,, F3 and F,. Noise errors are

most likely introduced by error sources 1), 3) and 4) and then are denoted as Ny, N3
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and N4. The sensitivity errors from the recording system and playback system are
denoted as S; and Ss.

Error F; arises from the fact that the transfer function of the transducer is not
flat over the entire frequency range. Error Es arises from the fact that the amplifier is
not an ideal integrator. The amplifier high passes the recorded signal and therefore
the low frequency information is lost. Error Ej is due to the shift of the central
frequency of VCOs in the recording system. Error E, arises from the shift of the
central frequency of the demodulator in the playback device. Errors E3 and E4 are
tape speed errors from both the recording and playback systems. They result from
the fluctuations of the signal amplitudes and changes of the time duration in the
recorded data. Sensitivity errors S;, Sz are the deviations of the gains of the SMA-2
and SMP-1 devices from their nominal values. Errors Ny, N3 and N4 are the noises

generated by the various uncertainties.

In summary, the errors from the four error sources can be represented by the

following relationships

Ei=FE1+ N
Ey=E,
E3=E3+E3;+ N3
Es=Es+Es+ N,
Where

E; - Error caused by the transducer response.
E, — Error from the integrator.
Es5 — Error resulting from the shift of the central frequency of the VCOs.
E4 - Error resuiting from the shift of the central frequency of the demodulators.
E3 — Tape speed error from the recording system.
E, — Tape speed error from the playback system.
S1 — Sensitivity error from the SMA-2/EMA.
S1 — Sensitivity error from the SMP-1 Playback machine.

N1, N3, Ny — Noise errors from the recording and playback procedures.

The purpose of the error analysis is to find appropriate means to correct the

errors. The correction of these errors is the main function of baseline correction.
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5.4.2 Correction of the Errors

The correction of the data should be performed in the inverse procedure of the
recording and playback as shown in Figure 5.1. Errors represented by Equation
(5.1) to (5.4) can be corrected by both instrument correction and baseline correction.
Errors B, and E, can be corrected by instrument correction through the use of a
filter which consists of a SDOF oscillator and an integrator. The calculation can
be done by employing Equation (3.33). Errors E3 and E, are corrected by the
Data Compensator and the Frequency Divider [22] which are part of the accessories
of the playback system (refer to Chapter 4). The sensitivity errors S; and S, are
corrected by the instrument calibration. The rest of the errors E‘g, E4, N1, N3 and
N, are corrected by the baseline correction. Errors E5 and E, result from the central
frequency shifts. They can be simply removed by linear baseline correction. The
noise errors are not easy to correct due to their nature of uncertainties. These noise
errors should be carefully studied before being removed. Since low frequency noise
causes the main distortion in the final displacement of the record, the correction

should be focused on minimizing the low frequency noise.

Assume that the noise introduced by each source is a low-order polynomial

function of time expressed by
N =ag + a1 t + ast? + agt® (5.5)

The noise from step 1 in Figure 5.1 will pass through step 2, 3 and 4, the noise from
step 3 will pass through step 4, and the noise from step 4 will be directly included in
the retrieved data. The resulting noises from step 3 will still be a polynomial function
since step 4 is a linear operator. The noise from step 1 will become a polynomial
function plus an exponential function e_mlvt after passing through step 2 which is
an integration amplifier, and maintain the same characteristics after passing through

step 4.

The exponential function results from solving Equation (3.19). Assume that the
input noise is N; and the output noise is N, for the integrator, then the relationship
between N; and N, is obtained from Equation (3.19) as

1 Q

No4 =N, = ———N; :
t e Vo=V (5.6)
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Solving this differential equation gives

. = (T—t)
N, = — ;eS8 dr (5.7)

When the noise from the transducer is a polynomial function
N,=ap+ajt+ast>+astd+aytt (5.8)

the solution of equation (5.7) will be

N, = bo(l — e_ﬁ?t)ﬁ-bl t-l- by t2 + b3 t3 | (59)
where
-C-.-%‘-(mCRf - 2&2(CRf)2 + 6a3(CRf)3 -— 24a4(CRf)4)
— &% (202CRy — 6a3(CRy)? + 24a4(CRy)?)
ﬁ:‘(Sa;;CRf - 12&4(0Rf)2)

b3 = — % (4a4CRy)

Equation (5.9) shows that the output of the integrator is a polynomial plus
an exponential function. The output polynomial function is one order lower than

the input polynomial function and the constant term is decayed by an exponential
J—
function of 1 — e~ ZF7 ",

The constant value of CR; can be determined from the instrument calibration.
The nominal C Ry value with the manufacturer-designed integrator corner frequency
of 0.1 Hz can be calculated as

10
CRy = — =157
= or

The CRy value of the integrator for the SMA-2/EMA in this test is based on the
—1
calibration results. After ¢; seconds, the constant term will be decayed by 1—e s .

When t; = 2 seconds and CRy¢ = 1.4 seconds, the amount of decay will be
l—e Ta=1-e07 =75%
when t; = 3 seconds and C'Ry = 1.4 seconds, the amount of decay becomes

1 —-6'_% = 88%
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Since the exponential part of the noise error is generated by the transducer and
an amplifier, it is corrected by the instrument correction. After instrument correction,
the long-period noise errors, which have been assumed to be a low-order polynomial

function, still exist in the record.

The long-period noise errors are associated with a non-physical trend of the
record since the actual baseline should be aligned to zero. To better observe the
long-period errors, an integration is performed on the instrument-corrected acceler-
ation time history to obtain a velocity time history. The non-physical trend in the
velocity time history is identified by applying a least-mean-square fit to a segmented
polynomial function. As the polynomial baseline is found, it is subtracted from the
velocity time history. The remaining part of the velocity time history represents the

actual ground velocity.

The baseline could be a continuous or segmented polynomial function. In the
case of three segments, the first and third segments are adjusted forcing the velocity
time history to zero since the ground motion must start and end at zero. The second
segment is then smoothly connected the first and third segments. The integral of the
velocity time history represents the final displacement offset, which may be zero or

some finite value.

The length of the segment is determined by careful examination of the earth-
quake record. Since P-wave travels faster than S-wave, the vertical transducer of
the instrument first starts to record significant ground motion. The two horizontal
transducers are generally actuated at the same time as the vertical transducer. After
a short period of time, which is proportional to the fault-to-station distance, the hor-
izontal transducers begin to record the strong ground motion. Hence, the horizontal
recording before the arrival of the S-wave gives an estimate of the zero ground motion
state. This is especially true if the instrument has a pre-event memory. The baseline

correction should, on average, correct this part of record to zero.

When the ground motion ceases, the instrument continues to run for a certain
amount of time before stopping. This part of the recording also represent a zero
ground velocity state. The baseline correction should correct this part of the average

velocity to zero. Figure 5.2 is a schematic diagram to show a segmented polynomial
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“baseline correction, where t; roughly represents the S-wave arrival time and t repre-
sents the approximate time at the end of the strong motion phase of the record. The
time t; and ¢, are determined by a visual examination of the record. Though the
selection of t; and 5 is not exact, the whole baseline procedure results in a physically

correct picture close to the actual ground motion.

In summary, the baseline corrections are completed in two steps: 1) remove any
linear baseline trend from the recorded acceleration before the instrument correction
is performed. The baseline is obtained by applying a linear least-mean-square fit
to the accelerogram. For records from EMA transducers, skip the first 2 seconds
of the transient response, 2) remove the polynomial baseline from the instrument-
corrected data. The polynomial baseline is obtained by applying a continuous or
segmented polynomial least-mean-square fit to the velocity time history. The velocity
time history is directly integrated from the instrument corrected accelerogram by a

trapezoidal rule with an appropriate time interval.

5.4.3 Summary of the Proposed Data Processing Procedure

To describe the data processing procedure more clearly, a flow chart of Figure
5.3 is made to show the details of the proposed data processing scheme. The whole

data processing scheme is summarized in the following steps:

1) Apply a linear least-mean-square fit to the uncorrected accelerograms (raw data)
and remove the straight baseline from the uncorrected accelerograms.

A straight baseline is first removed from the uncorrected accelerograms. For
the tape-recorded accelerograms from the instrument with EMA transducers, the
first 2 seconds may contain an exponential transient response of the baseline shift
introduced by the integration amplifier. The linear least-mean-square baseline fit is
performed on the acceleration time history after the first 2 seconds. For the film-
recorded accelerograms from instruments such as the SMA-1, the straight baseline
fit is performed on the whole acceleration time history. After removal of the straight

baseline, the ground acceleration is indicated as (Z4); in Figure 5.3.

2) Apply instrument correction.
The instrument correction corrects two parts of the errors: the error from the
transducer response and the error from the integrator output. For the instrument

with EMA transducers, these errors can be removed by executing Equation (3.58) or
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(3.59) with the input acceleration signal (£4); on the left side of the equation. The
pa,rameteré of Equation (3.58) are determined from the laboratory test or calibration
of the SMA-2/EMA (refer to Chapter 4). Similarly, for the SMA-1 instrument, Equa-
tion (3.9) is used to perform the instrument correction. If calibration data are not
available, the nominal parameters provided by the manufacturer are used. A central
difference scheme and a trapezoidal integration rule are used in performing the dif-
ferentiation and integration involved in the instrument correction. After instrument

correction, the ground acceleration is indicated as (Z4)2 in Figure 5.3.

3) Integrate to obtain velocity.

Direct integration of (Z4)2 gives the velocity (Zg)2. A trapezoidal integration
rule is used in performing the integration and a zero initial velocity is assumed. At
this stage, higher order errors (higher than first order) still exist in the data since

only a linear baseline is removed in the first step.

4) Segmented polynomial baseline correction to the velocity.

The existing displacement offset in the near-field earthquake ground motion
requires that the integration of the velocity time history should not be averaged to
zero as is the case for conventional data processing. Based on the fact that the ground
velocity starts at zero and ends at zero, a segmented polynomial function is fit to
the initial and final portions of the velocity time history to remove any non-physical

trend. The corrected velocity at this step is then indicated as (Z,)s in the flow chart.

5) Direct integration to obtain displacement.

Since the velocity is corrected based on the understanding of the ground motion
in a physical sense, the integrated displacement is believed to be true. Direct inte-
gration of the velocity (£4)3, assuming that the initial displacement is zero, gives the

displacement (z4)3.

6) Subtract the derivative of the velocity correction from the acceleration time history.

The derivative of the segmented polynomial function from the velocity correction
is equal to the non-physical trend of the acceleration time history. After the accel-
eration baseline correction, the corrected acceleration is denoted as (%,)s in Figure
5.3.

The above data processing procedures use a trapezoidal integration rule and

a central difference differentiation scheme. These numerical computations will also
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introduce errors at each computational step. The accuracy of the numerical calcula-

tions is discussed in the next section.

The proposed data processing procedure is verified by the processing of the
simulated long-period earthquake data. The detailed discussions are shown in the

last section of this chapter.

5.5 Accuracy of the Numerical Calculations

One of the major concerns of the computational accuracy in the data processing
procedure is aliasing. For example, high frequency information in earthquake data
may be lost or distorted when the sample rate of the earthquake accelerogram is not
high enough to represent the wave form. It is easy to show [44] that aliasing can be
avoided by choosing a sample interval At, which is equal to one-half the reciprocal

of the highest frequency of interest, fy. That is

At = m (5.10)

The fn in Equation (5.10) is known as Nyquist frequency. In strong-motion data
processing, the time interval of the data should be small enough so that the Nyquist
frequency of the digital signal is high enough to at least include the frequency range
of interest in structural response. Since most strong ground motions contain energy
within the frequency range of 25 Hz, a time step of 0.02 seconds is usually considered

sufficient to represent the wave form of a strong-motion accelerogram.

Another concern in the data processing procedure are the errors introduced by
numerical integrations and differentiations. It will be shown in the following that a
time interval of 0.02 seconds is not small enough for the data to perform an accurate
numerical calculation. In the proposed data processing procedure, a central differ-
ence scheme is adopted to perform the numerical differentiations and a trapezoidal
rule is selected to calculate the numerical integrations. Since the numerical calcu-
lation results are not exact, the accuracy of the computational results of the data
processing needs to be studied and controlled within an acceptable range by choosing

an appropriate time interval for the digitization of an earthquake record.

This section discusses the accuracy of each numerical calculation applied in the

earthquake data processing. The numerical calculations involved are the first- and
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second-order differentiations and the integration. Since each computational step
can be viewed as a filter, the judgement of the computational-accuracy is made
by comparison of the numerical and analytical results of the filters for the same
computation. This procedure is completed through the transfer functions of those
filters. The accuracy of those numerical filters and their performance is discussed in

the following.

1. First-order differentiation.

The numerical scheme of the central difference representation for the first-order
differentiation is:

1 v
Yi = 2—5-5($¢+1 —zi1) (5.11)

The transfer function of this formula, denoted by Hx(fx), can be represented by:
Hy(fi) = — sm(27rkat) k=0,1,2,..N —1 (5.12)

where fi 4i4s the discrete frequency for £ = 0,1,2,...N — 1, and At is the time interval
between z; and ;4. Substituting At in terms of the Nyquist frequency, Equation

(5.12) can be written as

Hy(fr) =1 2fn sin(%‘) (5.13)

Since the exact representation for the first-order differentiation filter at discrete

value fy is
H(fk) = ’i27ffk, (514)

The absolute error E, in the numerical differentiation filter of Equation (5.13), which
is the deviation of the Hy(f) from H(fi), can be calculated and obtained by

E,=—=( 7rfk) + fourth order and higher (5.15)
6\ fn

Assuming that fy is small compared with fy, the high order terms of (%) can be

neglected. To control the error within a small number ¢, the following inequality

should be satisfied

i

fx
< (5.16)

2. Second-order differentiation
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A second-order central difference scheme is used to perform the second-order

differentiation. This numerical scheme is formulated as
1 ,
Yi = 7z (@ie1 = 2%‘ + 1) (5.17)

The transfer function of Equation (5.17) is obtained as

T fx
2 fn

The exact transfer function for second-order differentiation at a discrete frequency

Hn(fx) = —16f% sin ( (5.18)

fx is represented by
H(fi) = —(27fr)? (5.19)

Then, the absolute error of the numerical calculation represented by Equation (5.18)
is
_ 4 ( T f k

) + fourth order and higher (5.20)

Neglecting the high order terms, the largest acceptable frequency f; which controls

the error within € should satisfy the relationship

Je 2\/_

5.21
fN m (5:21)
3. Integration
The trapezoidal numerical integration scheme is represented by
At
Yiel = Yi + _5‘(331' + Tit1) (5.22)
The transfer function of Equation (5.22) is then
1 T fi
H ct an(—-— 5.23
The exact transfer function of Equation (5.22) at discrete frequency fi is
H(fi) = = (5.24)
I '

Then, the absolute error in the numerical filter of Equation (5.23) is estimated as

1 .7m fey2 .
E.=-:(21
; 3 ( 5 fN) + fourth order and higher (5.25)
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Neglecting the higher order term of (% %), the maximum acceptable fi for the

integration filter with the computational errors controlled within ¢ is

£<2\/§

fn = 0w

(5.26)

All of the numerical schemes presented above are non-recursive filters and no
phase shift occurred in those filters. So the error controls are on their amplitudes.
By comparison of the inequalities of Equation (5.16), (5.21) and (5.26), the common
criterion of error control for the differentiations and integration is concluded to be

fe _ Vbe

s < — (5.27)

For example, to control the error within 10% in the frequency range of 0 to 25 Hz,
the Nyquist frequency of the data should be four times larger than this frequency

range, which means that the time interval should be not larger than 0.005 seconds.

Based on the above analysis, the instrument correction filter for the SMA-
2/EMA instrument can also be derived. The numerical and analytical instrument

correction filters for this instrument are:

Hy(fo) = [26 30 41— fN) sin? (24E)]

fn f'n 2fN
fcr f i 7rfk 7chr 7rfk
T [(_n +2(n) P (fN ) - 2w Cta“(gf—N)] (5.28)
and, 5 ; i ;
— cr _ ___’i cr
H(fi) = [2Cnf +1 (fn) ] +i [(f fk] (5.29)

To compare the numerical and the analytical instrument correction filters, the am-
plitudes of their frequency response and the phase shifts are calculated and plotted
in Figure 5.4. Three cases with sampling periods of At=0.02, 0.01 and 0.005 seconds
are considered. The Nyquist frequencies for those sampling periods are then fy=25,
50 and 100 Hz respectively. The other parameters in the instrument filters are taken
from their nominal or optimal design values, which are f,, = 25 Hz, ¢, = 0.6, fer = 0.1
Hz. Figure 5.4 shows that the accuracy of the numerical instrument correction filter

is very good in the low frequency range. In the high frequency range, the distortion

of the numerical filter increases rapidly as frequency increases.
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The frequency range in which the errors are controlled under 5% and 10% for
different sampling periods are calculated and listed in Table 5.1. The results show
that in order to control the error under 5% and 10% in a frequency range of 20 Hz
to 25 Hz, a sampling period of 0.005 seconds is required. Any other timé interval
lower than that will reduce the high frequency information by 10% or more during
the numerical calculations. For the SMA-2/EMA instrument, the analog signal is
retrieved at a sample rate of 256 samples per second. The Nyquist frequency is
then 128 Hz which gives the frequency range of about 25 Hz to an accuracy within -
10%. Hence, a sample rate of 256 samples per seconds is sufficient for the numerical
computations in data processing of the earthquake data recorded on the SMA-2/EMA

accelerograph.

5.6 Application of the Proposed Method to Simulated Earthquake Data

Since the displacements of a simulated earthquake data are known a priori, the
proposed new data processing scheme can be verified by its application to simu-
lated earthquake data. Several cases are selected to discuss this new data processing
method. As described in Section 4.3.4, the simulated earthquakes were generated
manually by moving the SMA-2/EMA instrument. Three types of the simulated
earthquake accelerograms were generated to have displacement time histories with
the shapes of Figure 4.10(a)(b)(c).

A first look is taken at the simulated earthquake record #3. It was generated by
horizontally moving the instrument in the longitudinal direction of the transducer.
The instrument was moved 6 feet (183 cm) in a positive direction and 3 feet (91
cm) in the negative direction, and then stopping. The generated displacement time

history belongs to Type One in Figure 4.10(a).

To test the proposed data processing scheme, several different cases of process-
ing are investigated. They are: 1) direct integration without correction, 2) inte-
gration with baseline correction but without instrument correction, 3) integration
with instrument correction but without baseline correction, and 4) integration with

both instrument correction and baseline correction. The results are shown in Figure
5.5(a)(b)(c)(d) for the four different cases.
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The results from the case 1) processing are shown in Figure 5.5(a). These results
are obviously not true since the velocity baseline is not zero and the final displacement
is not constant after the stopping of the instrument. The errors result from the
imperfect transducer response as well as the baseline shift from the recording and

playback.

Figure 5.5(b) is the results of the case 2) processing on the same simulated
ground motion. In this case, two baseline corrections are applied to the recorded
data. First, a linear baseline correction is performed on the acceleration. Second,
a segmented polynomial baseline correction is applied to the velocity time history
after the integration. With one more integration, the displacement time history is
obtained. In this way, it is hard to make a correct judgement as to whether the
processed results are correct or not, providing the instrument displacement is not
known a priori. But in this test, the shape of the displacement time history of
simulated earthquake record #3 is known. Comparing the displacement time history
in Figure 5.5(b) to the displacement time history in Figure 4.10(a), it can be seen
that the processed result is obviously different from the real instrument motion. The
final displacement from the “corrected data”shows a negative offset, while the real
offset should be positive according to the instrument performance during the test.
So, only applying a baseline correction is not sufficient to give the correct results,
especially for the long-period earthquake records recorded on the instruments with
EMA transducers.

Figure 5.5(c) presents the results of the case 3) processing, still for the same
simulated earthquake. The record is instrument corrected but not baseline corrected.
After instrument correction and integration, a velocity time history is obtained and
shown in the second plot of Figure 5.5(c). The velocity time history shows that the
instrument distortion is recovered so that the polynomial baseline shift can be clearly
observed from the velocity time history. So, without baseline correction, the tail
portion of the velocity time history will be nonzero and the integrated displacement

time history will be distorted.

Figure 5.5(d) shows the results of the case 4) processing which is an application
of the proposed data processing method including all the steps shown in Figure 5.3.
The results are very much like they should be. The magnitude of the pulse and the

final displacement are very close to what were measured from the test. The errors
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from the calculated displacement are about 10% which is considered acceptable. This
case proves that the new data processing method is successful and taking off either
step of baseline or instrument correction from the data processing procedure will lead

to wrong results.

Some other simulated earthquake records are also processed with the new pro-
posed method. Records #4 and #7 were recorded by the longitudinal transducer of
the instrument. These records represent ground displacements with the characteris-
tics of parallel and perpendicular motions relative to the fault. The same procedures
of the four different cases are performed on these two records. The processed results
are shown in Figure 5.6(a)(b)(c)(d) and Figure 5.7(a)(b)(c)(d). These figures also
show that only the results from case 4) processing present good agreements to the
real instrument motions. The errors in the calculated displacements are also around
10%. These examples further prove that both the baseline and instrument corrections

are very important in data processing.

It can be seen from the above case studies that the baseline correction serves to
remove the curved baseline shift from the records, while the instrument correction
serves to recover the amplitude and phase distortion which cannot be observed as
obviously as the baseline shift. The amplitude and the phase distortions are caused
by imperfection in the transducer design. The correction of these distortions is very
important for the SMA-2/EMA instrument correction, especially when it records

long-period information.

The above examples show that the proposed data processing technique works
fairly well on correcting the simulated accelerograms. The results of the case studies

are suflicient to show that the proposed method can also work well on real earthquake

accelerograms.

5.7 Summary and Conclusions

This chapter presents the study of the possible error sources associated with the
data processing of strong-motion accelerograms and proposes a new data processing
method to recover these errors. The new data processing method is verified using
simulated long-period accelerograms. In addition, the accuracy of the numerical

calculations is also discussed and the maximum sampling period is selected to control
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the computational errors to an acceptable level. The study leads to the following

conclusions:

(1).

(2).

It is possible to recover long-period information from near-field strong-motion
accelerograms by the proposed data processing scheme. The new method uses
special baseline and instrument correction procedures which are based on an
understanding of the physics of the earthquake and the nature of the instrument

as well as the data recording and retrieving procedure.

The use of filters is not recommended in the data processing of the near-field
strong-motion accelerograms since the filtering procedure will distort the signal
information. This has also been concluded from the conventional processing of

the Lucerne Valley record in Chapter 2.

. The sampling period of digitized earthquake data should not be larger than

0.005 seconds so that the numerical calculation errors can be controlled to be
less than 10% in the frequency range of interest. Otherwise, a better numerical
differentiation and integration scheme than the central difference differentiation

and trapezoidal integration rule should be employed.
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Sampling Period

Errors under 5%

Errors under 10%

0.005 sec 20.2 Hz 25.1 Hz
0.01 sec 14.6 Hz 17.3 Hz
0.02 sec 11.1 Hz 13.4 Hz

Table 5.1 The Frequency Range of the Numerical Filter

with Errors Less Than 5% and 10% for Different
Sampling Periods
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Polynomial Baseline

Velocity Time History

Figure 5.2 Schematic Diagram of Segmented Polynomial Baseline Correction.
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Figure 5.5(a) Case 1) Processing of Simulated Earthquake Record #3 Without Any
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Figure 5.5(b) Case 2) Processing of Simulated Earthquake Record #3 With Baseline
Correction but Without Instrument Correction.
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Figure 5.5(c) Case 3) Processing of Simulated Earthquake Record #3 With Instru-
ment Correction but Without Baseline Correction.
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Figure 5.5(d) Case 4) Processing of Simulated Earthquake Record #3 With Both
Instrument Correction and Baseline Correction.
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Figure 5.6(b) Case 2) Processing of Simulated Earthquake Record #4 With Baseline
Correction but Without Instrument Correction.
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Figure 5.6(c) Case 3) Processing of Simulated Earthquake Record #4 With Instru-
ment Correction but Without Baseline Correction.
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Figure 5.6(d) Case 4) Processing of Simulated Earthquake Record #4 With Both
Instrument Correction and Baseline Correction.
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Figure 5.7(b) Case 2) Processing of Simulated Earthquake Record #7 With Baseline
Correction but Without Instrument Correction.
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Figure 5.7(c) Case 3) Processing of Simulated Earthquake Record #7 With Instru-
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Chapter 6

Data Processing of the Landers Earthquake Data

6.1 Introduction

As described in Chapter 2, the Landers earthquake (M = 7.4) was the largest
event in the past 50 years and the Lucerne Valley record was one of the first recorded
near-field ground motions. Large offsets on the fault near the station were observed
from the field investigation. Another important fact is that the fault-to-station dis-
tance of the Lucerne Valley record, 2 km, is one of the closest in strong-motion
recording history. In this chapter, the new data processing scheme developed in
Chapter 5 is employed to process the Lucerne Valley record, and the instrument pa-
rameters obtained in Chapter 4 are used for the instrument correction. The response

spectra and the Fourier spectra of the new and conventional processed record are

also presented and discussed.

6.2 Data Processing of the Lucerne Valley Record

By applying the new data processing procedure described in Section 5.2.2, the
acceleration, velocity and displacement of the Lucerne Valley record are obtained
and shown in Figure 6.1. The baseline corrections for the three velocity components
are also displayed in Figure 6.2. A segmented polynomial baseline is obtained by the
least-mean-square fit to each of the velocity time histories which are integrated from
the instrument corrected accelerograms. Figure 6.2 shows that the polynomial base-
line represents the nonphysical trend of the velocity time history in a good manner.

After subtracting the polynomial baseline, the calculated velocity time history and
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the integrated displacement time history present a reasonable ground behavior of the

earthquake (see Figure 6.1).

6.2.1 Comparison of the New and Conventional Data Processing‘

The results of new data processihg (Figure 6.1) are obviously different from
the results of conventional data processing (Figure 2.10). The new data processing
gives maximum displacements of about 75 cm (longitudinal component) and 260
cm (transverse component) while conventional data processing only gives maximum
displacements of 3.5 cm and 9 cm respectively. The final offsets of 72 cm (longitudinal
component) and 180 cm (transverse component) that are shown in the results of
new data processing do not appear in the results of conventional processing. The
maximum peak-to-peak velocities for the two horizontal components are around 50
cm/sec (longitudinal) and 200 cm/sec (transverse) from the new data processing
but are around 40 cm/sec and 80 cm/sec from the conventional data processing
respectively. Also, the maximum peak velocity from the new data processing, which
is 146 cm/sec, is much larger than that from the conventional processing, which
is 49 cm/sec. In Table 6.1 are listed the peak values of acceleration, velocity and
displacement from the results of the new data processing and those from the results

of conventional data processing (shown in the parentheses).

In summary, the major differences between the results of the new data processing
and conventional data processing are: 1) the results of the new data processing show
large displacement offsets and the results of conventional data processing show a
zero displacement offset for each component which is inconsistent with the geological
data obtained from the field, and 2) the maximum peak velocity of the horizontal
components from the new data processing also differs from that from the conventional
data processing. This quantity is believed to be the major concern in causing large

strains in structures subject to earthquakes.

6.2.2 Rotations of Horizontal Components

Since it is more instructive to view ground motion in the direction parallel and
perpendicular to the fault, rotations of the two horizontal components are performed
and the results are shown in Figure 6.3. A permanent offset of 150 cm is shown

in the fault-parallel displacement and a permanent offset of 118 cm is shown in the
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fault-perpendicular displacement. The maximum velocities for the fault-parallel and
-perpendicular components are 83 cm/sec and 129 cm/sec respectively. It should be
mentioned here that the transverse transducer was not aligned perpendicular to the
longitudinal transducer in the Lucerne Valley instrument. The angle between the two
transducers was about 85°. This fact has been taken into account when performing

the rotations of the horizontal components of the processed record.

The fault orientation near the Lucerne Valley station is slightly different from
the global fault orientation (see Figure 2.1). The local fault direction near the sta-
tion was measured to be about N55°W, while the global direction of the fault is
about N45°W. Assuming that the ground motion mainly follows the global fault di-
rection, then, the two horizontal components of the processed record are rotated to
the directions N45°W and S45°W respectively. The N45°W displacement compo-
nent presents a positive permanent offset and the S45°W one shows a positive large
pulse perpendicular to the fault. These are exactly the expected properties of the
near-field ground motion of an earthquake on a strike-slip fault. Compared to syn-
thetic earthquake records generated for a strike-slip fault by Hartzell and Heaton [4],
the resulting perpendicular component does not come back to the origin but shows
an offset, probably because the local fault near the Lucerne Valley station is kinked
(Figure 2.1).

The maximum velocity direction is found to be approximately S80°W. The ve-
locity time history in that direction is plotted in Figure 6.4, which is almost the same
as the original transverse velocity time history since the maximum velocity direction
is nearly the same. The value of the maximum velocity is 146 cm/sec. This kind
of velocity pulse can generate very large strain forces in structures and should be

considered in structural design.

6.2.3 Particle Trajectory of the Lucerne Valley Station

To investigate the ground motion more directly, the particle ground displacement
and velocity trajectory of the Lucerne Valley station are plotted in Figure 6.5 and
6.6. The time interval between the solid diamond squares is 0.16 seconds for both

displacement and velocity plots.

The plots show that the ground motion in the vicinity of the fault shows a large

~single pulse. The particle motion starts from the original position, moving away
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from the fault and then coming back to the fault, towards northwest direction. The
pulse is almost perpendicular to the fault direction. It can also be seen that the
maximum velocity occurs approximately in the same direction as the displacement
pulse direction. Since the station is on the left side of the fault, the particle motions
of the ground show a right-lateral strike-slip fault behavior. The results also show
that the velocity components are very similar to the synthetic earthquake records

generated by the strike-slip seismic model studied by Heaton [7].

6.3 Response Spectra

Response spectrum is one of the methods to measure the strength of earthquake
ground motion. It is widely used for structural design purposes. Response spectra
are defined as the maximum responses of a SDOF damped oscillator subjected to
an earthquake. The maximum response is usually either the maximum absolute
value of the relative displacement, relative velocity or absolute acceleration of the
SDOF oscillator. In engineering practice, a pseudo-velocity spectrum is commonly
used for design criteria. It is often graphed on a tripartite logarithmic paper so
that the maximum relative displacement (SD), maximum pseudo-velocity (PSV) and
maximum pseudo-acceleration (PSA) values can be read from one plot. This is
because these quantities can be approximately calculated from each other by the

relationship -

oy

In the following sections, the PSV spectra for the Lucerne Valley record are calcu-

SD = 2 (PSV) = (%)Q(PSA) (6.1)

lated and plotted in a tripartite logarithmic form. The PSV spectra calculated from
the data corrected by the new data processing are compared with the PSV spectra
calculated from the uncorrected data as well as the data corrected by the conventional

data processing.

6.3.1 Response Spectra of Corrected and Uncorrected Record

The response spectra for the three components of the Lucerne Valley record are
calculated for the damp ratios of 0%, 2%, 5% and 10% respectively, and the results
are shown in Figure 6.7. The solid lines represent the response spectra calculated
from the records corrected by the new data processing method and the dotted lines

represent the results calculated from the uncorrected record. The two sets of results
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are very close in the short-period range of the response spectra. However, in the long-
period range, the two set of the results are very different. In the long-period range
near 10 seconds, the response spectra of the new processed data are higher than that
of the uncorrected data, which indicated that the long-period distortions in that range
have been corrected; while in the long-period range beyond 20 seconds, the response
spectra of new processed record are lower than that of the uncorrected record, which
means that the new data processing effectively filters out the low frequency noises.
The high frequency noise does not seem to be filtered out by any noticeable amount
from the new data processing. This has been proved to be acceptable for the reasons
that: 1) the signal-to-noise ratio for the Lucerne Valley record is as high as 100 (see
Figure 4.9) in the short-period range, which implies that the high frequency signal
mostly represents the real ground motion, and 2) the instrument correction filter
suppresses the response amplitude of high frequency beyond 25 Hz by more than
10%. So, it is unnecessary to apply a filter on the Lucerne Valley record during data

processing.

6.3.2 Response Spectra of New and Conventional Processed Record

The PSV spectra calculated from the record corrected by the proposed data pro-
cessing method are also compared with the PSV spectra calculated from the record
corrected by the conventional data processing method. The results are plotted in
Figure 6.8 to 6.10. The solid lines represent the PSV spectra calculated from accel-
erations corrected by the proposed data processing procedure, and the dotted lines
represent the PSV spectra calculated from accelerations corrected by the conventional
data processing procedure. The plots show that the solid lines are considerably higher
than dotted lines in both the high and low frequency range. This is because the ap-
plication of high- and low-pass filters in the conventional data processing eliminates
high and low frequency information from the original records. Based on the analy-
sis presented in this study, the author believes that the conventional method filters
out real information. More importantly, the response spectra of the conventional
processed record result in lower design loads which will lead to a less conservative

design.

Not only is real information lost from the record of conventional data processing,

but also the response spectra do not in general have an asymptotic displacement that
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is equal to the maximum displacement of the time history (compare the maximum
displacement in Figure 2.10 and the dotted lines in Figure 6.8 to 6.10 at long-period
ends). This is because the application of the filters in the conventional data processing
distorts the velocity and displacement signals. In the conventional data processing
procedure, the band-pass filters are not only applied to the acceleration time history
but also to the velocity and displacement time histories. In this way, the integral of
the acceleration will not be equal to the velocity and the integral of the velocity will
not be equal to the displacement. The same discrepancies can also be observed from
the pseudo-velocity spectra in CIT Vol III and the others calculated from the records

processed by the conventional data processing method.

The PSV spectra calculated from the record corrected by the proposed data
processing method show that the maximum acceleration in each of the three com-
ponents asymptotically approaches the peak acceleration when the natural period
of the structure tends to zero, and the maximum displacement asymptotically ap-
proaches the peak displacement when the natural period of the structure tends to a
large value. These can be observed from comparing the maximum values in Figure

6.1 to the solid lines in Figure 6.8 to 6.10 at both short- and long-period ends.

6.4 Fourier Spectra

Like the response spectrum, the Fourier spectrum is another method of mea-
suring the strength of the earthquake ground motion. It is implemented by use of
the fast-Fourier-transform algorithm. The Fourier spectra of ground accelerations
represent the frequency content of the acceleration time histories. The area under
the Fourier spectrum actually measures the energy of the ground motion. It is closely
related to the relative velocity response spectrum of an undamped oscillator. In gen-
eral, the velocity spectrum is always greater than the Fourier spectrum. Here, the
Fourier spectra are calculated for both the corrected and uncorrected Lucerne Valley

records.

The Fourier spectra of ground accelerations corrected by the new data processing
(solid lines) and the Fourier spectra of uncorrected data (dotted lines) are calculated
and shown in Figure 6.11. The two sets of results do not show obvious differences in

the high frequency range. In low frequency range, especially near the zero frequency,



126

the Fourier amplitudes are reduced significantly by the new procedure. This implies
that a large amount of baseline shift has been corrected, though a small amount of
errors still exist due to the numerical calculations. In the frequency range near 0.1
Hz, the Fourier amplitudes of the new processed record are in general higher than
that of the uncorrected record, which implies that the low frequency distortions in

that frequency range have been recovered.

Figure 6.12 presents plots of Fourier spectra for the new processed record (solid
lines) and those of the conventional processed record (dotted lines). Similar to the
comparisons made for response spectra, the Fourier amplitudes of the new processed
record are considerably higher in both the high and low frequency ranges than those

of the conventional processed record.

6.5 Conclusions

The corrected Lucerne Valley record from the Landers earthquake is believed to
be the first successfully processed near-field earthquake record that shows the dy-
namic behavior of the typical characteristics of near-field ground motion. It provides
valuable information for seismological studies of the earthquake mechanism as well

as engineering studies of earthquake resistant design.

The present investigation shows that the new data processing method main-
tains more useful information in the earthquake record than the conventional data

processing method in the following aspects:

(1). The maximum peak values of the new processed record are significantly larger
than those of the conventional processed record. In conventional data processing,
- the large velocity pulses are under-represented and the displacement offsets are

not presented in the corrected data.

(2). The response spectra and the Fourier spectra calculated from data corrected by
the two methods show that the response spectra of the conventional processed
record are considerably lower than those of the new processed record in both
the high and the low frequency range for the Lucerne Valley record. The use of

response spectra derived from conventional processed records may lead to less

conservative structural design.
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(3). Using the proposed algorithm, the maximum accelerations or displacements ob-
tained from the pseudo-velocity spectra asymptotically approach the peak accel-
era,tion. or displacement when the period of the oscillator tends to zero or infinite.
The same spectra calculated using conventional methods are not consistent on

this point.

The long-period information in a strong-motion record can be very important
for structural engineers in the analysis of long-period structures. The large pulse
presented in the velocity component of near-field ground motion is believed capable
of generating significant strain forces or shears in structures and may cause serious

structural damages.
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Components Peak Acc Peak Vel Peak Disp

Longitudinal (N15W) | -0.83 (-0.88) g 33 (22) cm/s 75 (-4) cm
Transverse (S80W) -0.75 (0.63) g 146 (49) cm/s 260 (9) cm
Vertical (Up) 0.92 (-0.68) g -41 (-33) cm/s 41 (7) cm

Table 6.1 Peak Values of Acceleration, Velocity and Displacement
of the Three Components of the Lucerne Valley Record
from the Landers Earthquake
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Chapter 7

Summary and Recommendations

The new data processing method is believed to be better than existing con-
ventional methods in that the new method is developed based on a physical un-
derstanding of the earthquake ground motion plus a detailed evaluation of the in-
strument performance. Earthquake ground motion is rather complex due to many
deterministic and indeterministic factors such as faulting type, epicentral or hypocen-
tral distance, station-fault distance, soil condition, and wave path. Recorded strong
ground motions, or accelerograms, are also affected by the instrument type and in-
strument conditions. Therefore, to design a good data processing scheme, one needs
to understand the nature of the ground motion as well as the characteristics of the
instrument which is used to record the motion. The new data processing scheme is
.aimed at retaining real information and removing nonphysical trends in the recorded
earthquake data, and therefore provides a reliable data for seismologists to pursue
ground motion studies as well as for engineers to perform dynamic analysis of the
structures response. Since the primary purpose of the study is to provide a basis for
engineering analysis, the discussions and the suggestions in the following are focused

on engineering applications.

The development of the new data processing scheme was motivated by the need
to process accelerograms from near-field ground motions. The applications of the
new data processing scheme to simulated earthquake data and the Lucerne Valley
record show that it can recover long-period information such as displacement offsets
and large pulse-like waves from near-field earthquake records. For an earthquake
associated with strike-slip fault, the ground motion near the vicinity of the fault

presents a permanent offset along the fault and large pulse-like motion perpendicular
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to the fault. For other types of earthquake mechanism, the near-field ground motions
are most likely to be combinations of these two types of motions. Therefore, the new
data processing scheme should also work for the near-field records from other types of
earthquake mechanism. This needs further applications of the method to the various
near-field earthquake data. Some refinements for the new data processing method
may be needed for different applications, but the basic idea should not be far from

the proposed data processing scheme.

It should be pointed ocut that the instrument correction should be treated dif-
ferently for different types of transducer, especially for those which do not respond
perfectly in the low-frequency range. It is suggested that if the instrument character-
istics are unknown, an experimental test on the instrument should be conducted to see
whether the instrument response is represented by a standard instrument correction
formula. In processing the Lucerne Valley record, the instrument correction formula
is different than what has been used in the conventional data processing due to an
electro-magnetic tape recording instrument. The integration amplifier in the EMA
transducer reduces the amplitudes of long-period waves. It is especially important
to consider the effects of integration amplifiers in correcting near-field earthquake
records since near-field ground motion may be dominated by long-period compo-
nents. In conclusion, the new data processing scheme requires that the instrument

correction be varied subjected to the instrument type.

As mentioned, the purpose of the study is to develop a new data processing
scheme so as to provide reliable ground motion data for structural response studies.
Many accomplishments have been made in the past in establishing design criteria that
can prevent the collapse of a building during an earthquake. But little has been done
for structures to resist an earthquake at a close fault location. Preliminary study
has shown that the near-field ground motion has much greater damage potential
to structures. To resist near-field ground motion, higher demand design criteria
should be implemented. The recent Northridge earthquake (M; = 6.4) on Jan 17,
1994 caused significant damage to the highway system as well as to highly densed
residential areas. The earthquake had a blind fault with a fault plane of 10 x 10
miles, a dipping angle of 35° to 45°, and a fault depth of 3 to 12 miles. Since the
earthquake had shallow focus and the fault plane was right underneath the city,

numerous structures suffered near-field ground motion. This example tells us that
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the study of structural effects of near-field ground motion is an important task for

structural engineers and research workers.

The important conclusions obtained from this thesis are included at the end of
each chapter. The most important conclusion of this study is: the data processing
of the Lucerne Valley record with the proposed data processing method shows that
it is now possible to recover long-period information from near-field ground motions.
Furthermore, the processed Lucerne Valley record can be used for many structural
and earthquake engineering studies. The record is particularly important in the sense
that:

1) It is a typical record of near-field ground motion and presents high damage
potential to the structures, especially the long-period structures. All the other
important records obtained in the past, including the El Centro earthquake

record, lack information in the low frequency range.

2) The typical geological behaviors of large displacement and pulse-like motion
may generate unexpected large strain in structures, and also cause base-isolated
structures to move beyond the displacement control level for the base-isolators.
These important investigations would be difficult to perform using earthquake

records corrected by the conventional data processing method.

3) Current design criteria may need to be revised to consider the effects of near-field
ground motions. The Lucerne Valley record may be used as a basis earthquake

to test the safety of a structure in its lifetime.
Finally, future studies based on this investigation are recommended as follows:

1. Application of the new data processing scheme to records from other important
earthquakes such as the Northridge earthquake.

Study various fault mechanisms and investigate their geological behaviors during
the data processing. If the instrument transducer cannot be simply represented
by a SDOF oscillator or as an EMA type transducer, an appropriate instrument
correction filter should be derived for instrument correction and the possible error

sources introduced by the particular instrument should be considered.

2. Use of processed Lucerne Valley record to study the structural effects of near-field

ground motion.
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A preliminary study [8] has shown that the pulse-like near-field ground motion is
a major contributor to large strain in structures. The large strain energy may cause
tremendous shear force in the base of a structure or cause drift between the stories of
a high-rise building. To better understand how structures respond to the near-field

ground motion, further study and analysis are needed.

3. Use of the processed Lucerne Valley record to study the dynamic behavior of
| base-isolated structures.

The basic idea of base-isolation is to build a structure on soft isolators so that
part of the energy transferred from the earthquake ground motion is absorbed by the
isolators and the vibration of the structure is reduced. Since the building is relatively
rigid compared to the base-isolators, a base-isolated structure can often be modeled
as a SDOF oscillator with very soft springs. When the ground shakes, the motion
of the building will lag behind the ground motion due to the inertia of the building
mass. The gap between the building and the displacement control barrier should be
larger than the maximum displacement of the building during an earthquake. Since
near-field ground motion is characterized by large displacement motion, impact of
the barrier and the building may be unavoidable for base-isolated structures which

are located in the near-field area. Solving this problem needs further investigations.

4. The Lucerne Valley record may also be used to study various dynamic problems
such as dynamic response of nonlinear structures, structural control system, and

other structural dynamic systems.
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