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ABSTRACT

In physics, acceleration, velocity, and displacement should be convertible with each other. However, many strong-
motion data do not meet this requirement; the double integration of a disseminated acceleration might not be the same as
the corresponding disseminated displacement. This data incompatibility influences not only on the waveform but also on the
derived terms from acceleration, such as response spectra. This can become a serious problem in the calculation of a nonlinear
response (Pecknold and Riddell 1978, 1979). We show that the non-zero initial value of waveforms is the direct source of the
dada incompatibility, and propose a numerical algorithm to solve the problem by adding a prefix acceleration impulse. We
suggest a polynomial function of order of three as the impulse function. The coefficients of this polynomial function can be
determined by initial acceleration, velocity and displacement which can be obtained by routine data processing. Numerical
tests show this added impulse can effectively remove the data incompatibility and cause negligible effects on waveforms and

response spectra.
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1. INTRODUCTION

For ground motion, in principle, acceleration, velocity,
and displacement should be interchangeable. The integra-
tion of an acceleration waveform results in a velocity time
history while displacement can be obtained by the integra-
tion of the velocity waveform or a double integration of the
acceleration waveform. However, this basic principle of
physics is not valid for many disseminated data from various
strong-motion data providers. Some examples are shown in
Fig. 1. From the top to the bottom there are three sets of
three-component waveforms disseminated by the Berkeley
Digital Seismic Network (BDSN), the National Strong-
Motion Program of the US Geological Survey (USGS),
and the California Strong-Motion Instrumentation Program
of California Geological Survey (CGS). The waveforms
in columns 1 and 2 are disseminated acceleration and dis-
placement waveforms provided by The Consortium of Or-
ganizations for Strong-Motion Observation Systems (COS-
MOS) data center. The displacements in the third column
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are obtained by taking double integration of the acceleration
waveforms in column 1 and assuming zero initial velocity
and displacement. All waveforms in column 3 are different
from the corresponding waveforms in column 2 and show a
significant linear baseline drift.

This incompatibility not only appears in displacement
waveforms, but also affects the terms derived from accelera-
tion, such as the long-period portion of the response spectra
(Malhotra 2001). Pecknold and Riddell (1978, 1979) also
found that incompatible acceleration might cause a low fre-
quency distortion in the calculation of structural response
and that effect becomes more serious in nonlinear cases
(Pecknold and Riddell 1978).

Several possible causes have been reported to be respon-
sible for this incompatibility. Pecknold and Riddell (1978,
1979) attributed the data incompatibility to an incomplete
(truncated) record in analog-type data. Chiu (1997) showed
that the linear-trend baseline error found in the displace-
ment waveform is due to existing non-zero initial velocity.
Boore (2005) pointed out that wrap-around pollution (Press
et al. 1992), and pad-stripped data are two other effects that
might also cause incompatibility.



172 Hung-Chie Chiu

-200

100

o

-100
200

-
IV B APV

[cm]

)
@

-200 -5
= 0 10 20 30
S

(b) USGS-UPSARO1 )

o
o E
-
5 o’#————— 0
o
2 200 -2
O 200 5
O
9 N
< 0
ko]
0]
D -200 -5

100 1
= U
£
0] 0 0
n
[0}
A -100 -1

0 50 100 150

(c) CGsS-36535
00

Disseminated Displacement [cm]
o
Uncorrected Displacement

N
OW.
-200
100
U
0
-100
200
E
0
-200
0 10 20
Time - [s]

Fig. 1. Three sets of the 2004 Parkfield earthquake data with incompatible waveforms. Three columns of waveforms from left to the right are the
disseminated acceleration, disseminated displacements and the uncorrected displacements obtained by taking a double integration of acceleration

waveforms in column 1.

In order to remove or minimize the effects of the data
incompatibility found in disseminated strong-motion wave-
forms, Pecknold and Riddell (1978, 1979) suggested adding
a prefix acceleration impulse. They defined the impulse as
a three-term function which corresponded to the initial ac-
celeration, velocity and displacement respectively. In their
approach each term is multiplied by a third order influence
function. This influence function is complicated and lacks
a clear physical meaning. Boore (2005) suggested adding
adequate zero pads before filtering and retaining the pad-
ded sections in subsequent processing. Adding zero pads

only reduce the effects of the non-zero initial value and it
requires a long pad to effectively reduce the waveform in-
compatibility. To reduce the effect of incompatibility on the
long-period response spectra, Malhotra (2001) combined
equilibrium equations for both stiff and flexible systems to
obtain a new equation that could work well in calculating
response spectra for both a stiff, high-frequency system and
a flexible, low-frequency system. Malhotra’s approach only
reduces the effects of waveform incompatibility on the cal-
culation of response spectra and did nothing with regard to
removing data incompatibility in waveforms. In this study,
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we show that the non-zero initial velocity is the direct source
of data incompatibility and propose a numerical algorithm
to solve this problem.

2. CAUSES OF DATA INCOMPATIBILITY IN
STRONG-MOTION DATA

The pattern of the baseline drift shown in the wave-
forms of Fig. 1 is a vital clue for understanding the causes
of data incompatibility. The nearly linear baseline drift im-
plies that the major baseline drift in these waveforms re-
sults from a non-zero initial velocity. This non-zero initial
value is very common in disseminated strong-motion data
because of random noise (Chiu 1997) and the waveform
truncation of triggered-type recordings (Pecknold and Rid-
dell 1978, 1979; Chiu 1997). However, a non-zero initial
acceleration doesn’t cause a significant baseline drift in
velocity waveforms because most disseminated accelera-
tion waveforms have been high-pass filtered which forces
both ends of the integrated velocity waveform to be zero. If
the initial ground velocity is not zero, the integrated veloc-
ity waveform will produce a constant drift from the true
ground velocity and result in a displacement waveform
with a linear trend by taking another integration of this ve-
locity waveform.

A large non-zero initial value happens very often in an
incomplete data which missing first P waves or both first
P and S waves. This type of data is found largely in ana-
log data from triggered-type recordings where the data was
truncated due to the mechanical delay of the starter. In some
cases, the truncated primary P wave can be found in digital
data when the recorder was triggered by later arrivals and
the pre-event memory was insufficiently long. Fortunately,
data truncation is no longer a problem with modern digital
recorders as these problems can be solved by selecting the
proper pre-event memory. Even for the digital data, the non-
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zero initial value is still true because of the existing of back-
ground noise in all records. However, these initial values are
at the level of background noise which is much smaller than
that in the truncated waveforms.

The truncation of waveform is often found at the tail
in a strong-motion record. Although the design of modern
trigger-type recorders allows the recording to be sustained
for an extended time period (post-event time) after the
ground shaking drops below the trigger level, the ground
motion in most cases does not totally cease shaking prior to
the end of record. In general, ground motion in the tail of a
recording is larger than that in the pre-event portion because
additional seismic waves are added to background noise.
For example, for a set of digital accelerations, velocity and
displacement waveforms are shown in Fig. 2a and their en-
larged waveforms of the first and last 12 seconds are given
in Fig. 2b and c respectively. Apparently, the amplitudes of
waveforms in Fig. 2c are much larger than that of the cor-
responding waveforms in Fig. 2b.

Although non-zero values are found in both ends of the
record, data incompatibility is mainly due to the non-zero
initial value. To show the effects of initial velocity on the
final displacement offset, a numerical test was performed
and the results are shown in Fig. 3. All six displacement
traces in this figure are derived from the same disseminated
acceleration waveform by double integrating the waveform.
However, different starting points were selected for making
the numerical integration. The starting time #; (in seconds)
for each trace is marked at the end of the trace. All six start-
ing times are within the pre-event recording where ground
acceleration is below 0.3 cm s s and velocity less than
0.03 cm s™'. The results indicate that the significant baseline
offset and large variation in baseline are mainly due to the
small differences in initial values.

To show the relationship between the initial values and
the final offset in displacement, a similar test was carried
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Fig. 2. One of the typical digital accelerations and its velocity and displacement waveforms are shown in (a). The enlargement of their first 12-sec-
ond records is shown in (b), and the enlargement of the last 12-second records is shown in (c).
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Fig. 3. Displacement waveforms obtained by double integration of the same acceleration waveforms as those in Fig. 2 with various starting points

at 1, and the corresponding #, (in seconds) is marked at the tail of each trace.

out, but with an increased number of measurements and a
change in plotting format. The calculations were for each
0.1 second increasing from the starting time from O to 12
seconds, giving a total of 121 measurements. Results are
shown in the left portion of Fig. 4. It can be seen that the fi-
nal displacement offset is proportional to the initial velocity,
suggesting that the initial velocity is the only major source
of displacement offsets.

A similar test for measuring the effect of a truncated
tail is shown in the right portion of Fig. 4. Keeping the same
starting point (#; = 0) and cutting the tail in lengths from 0
to 12 seconds for each 0.1-second step, again we measured
the final displacement for each sample. Instead of measur-
ing the initial velocity in the left plot, the final velocity was
measured after cutting data points at the tail of a record. As
shown in the plot, the final displacement is almost constant
for all 121 samples and the constant value depends on the
initial velocity while the small variation in final displace-
ment is due to the small difference in data length and ground
motion variation at the end point. This result shows that the
truncation at the end of a record does not contribute much
to the final offset of the incompatible displacement wave-
form.

To summarize the causes of data incompatibility dis-
cussed above, results suggest that the incompatibility of dis-
seminated strong-motion data is primarily due to non-zero
initial velocity. This conclusion implies that removing or
minimizing the waveform incompatibility can be done by

modifying these initial values to be zero or close to zero.

3. METHOD

Since the incompatibility comes from the non-zero ini-
tial value of the disseminated data, we can either drop data
at the beginning of a record to let the new initial value to be
close to zero or add a prefix impulse to have a zero initial
value. Since selecting a new initial value close to zero only
reduces the effect of incompatibility, we choose the second
method for removing the data incompatibility by adding a
prefix impulse. In the following discussion, a set of pro-
cessed data based on the 1997 algorithm (Chiu 1997) is used
for demonstrating the proposed method. The basic principle
underlying this method is adding a prefix impulse to the dis-
seminated acceleration waveforms so that these waveforms
have zero initial values. If the initial velocity becomes zero,
corrections in the 1997 Algorithm for removing the effects
of initial velocity become unnecessary and the data auto-
matically become compatible.

To distinguish various waveforms that appear in the
following discussion, the corrected acceleration, velocity,
and displacement arising from traditional methods are
named as disseminated data, whilst the integration and dou-
ble integration of the disseminated acceleration are named
as uncorrected velocity and displacement. The waveforms
after the correction, using the proposed method, are called
corrected waveforms.
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Fig. 4. Relationship between the final displacement and initial velocity (bottom left). The starting point to calculate the displacement is selected for
every 0.1 of a second from O to 12 s and the corresponding velocity waveform is given in the top left. The relationship between the final displace-
ment and final velocity are shown in the bottom right. The last data point in each calculation of the displacement is selected for every 0.1 of a second
from 78 to 90 s and the corresponding velocity waveform is given in the top right.

Selecting the acceleration impulse in this study uses a
more general and more straightforward approach than that
suggested by Pecknold and Riddell (1979). We chose the
impulse to satisfy the following two conditions:

(a) The initial values of the impulse acceleration 7, (0), the
impulse velocity /, (0) and the impulse displacement 1,
(0) are all zero.

(b) If [ is the impulse length, the final values of the accelera-
tion impulse 1, (I), velocity impulse 7, (I) and displace-
ment impulse /, (/) should be equal to the corresponding
initial values of the disseminated acceleration a,, veloc-
ity v, and displacement d.

In general, these two conditions have six unknowns
and require a set of six linear equations to provide a unique
solution. However, the number of unknowns can be reduced
to three if we properly select the base functions and let them
satisfy condition (a). Many combinations of linear equations
can satisfy this requirement. Any function and its integration
and double integration that have zero initial values can be
selected as the base functions. If ¢ is the time variable, then
any power function of ¢ belongs to this family. However, a
high-order power function will result in a large-amplitude
and a complicated impulse function, which is undesirable.
In this study, we suggest selecting a third order polynomial
equation as the acceleration impulse:

L=et+ft’+gt €))

where e, fand g are three unknowns to be determined. Inte-
grating and double integrating /, by assuming 7, (0) = 0 and
1,(0) =0 result in:

D USRI UM R

L—2a+3ﬂ+4g 2)
S O NP YR T

I, = 6et +712ft +720 gt (3)

These three equations automatically satisfy condition (a). If
we apply condition (b) to these equations, we obtain:

ao=el+fI"+gl’

_ep, S 8

vO—21+3l+4l (@)
_ €7 S o 8 g4

d“’6l+T§l+§6l

For a given impulse length /, this system of equations has a
unique solution for coefficients e, fand g. After solving this
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system of equations, we can substitute these three coefficients
back to (1) and give the required impulse acceleration.

4. RESULTS AND DISCUSSION

Since the proposed method is built on the 1997 Algo-
rithm, it was expected to work well for those waveforms
processed using the 1997 Algorithm. Two sets of three
component data, as shown in Fig. 5, were selected to show
the performance of the proposed method. The disseminated
displacement waveforms corrected using the 1997 Algo-
rithm are shown in the first column while the corresponding
uncorrected and corrected displacements are shown in the
second and third columns. The first (Fig. 5a) set of data has
a smaller baseline drift while the second (Fig. 5b) set of data
shows significant baseline drifts. Regardless of the initial
values, both sets of the corrected displacements match the
disseminated waveforms equally well.

Next, the 2004 Parkfield strong-motion data recorded
at USGS station 1797 and processed by COSMOS were
used as another example to demonstrate the proposed meth-
od. Although there is no visual difference between the dis-
seminated and uncorrected velocity waveforms (Fig. 6a),
the significant baseline drift appears in the uncorrected

displacement waveforms (Fig. 6b). On the other hand, both
disseminated and corrected data have identical velocity
(Fig. 6a) and displacement (Fig. 6b) waveforms, except that
the corrected data have a prefix impulse.

To show what had been modified on the corrected ac-
celeration waveform and the effects of correction on the
velocity and displacement waveforms, we plot the first 1.5
seconds (0 ~ 1.5 s) of three types (disseminated, uncorrected
and corrected) waveforms and the 1-second prefix (-1 ~ 0 s)
added in the proposed method as shown in Fig. 7. In the first
row are three-component acceleration waveforms. There is
no difference among these three types of waveforms except
the 1-second acceleration impulse in the corrected accelera-
tion waveforms. The shape and amplitude of these impulses
are different between components because they were de-
termined by the initial values of acceleration, velocity and
displacement of the corresponding component. A compari-
son of velocity waveforms is shown in second row. Again,
the disseminated and corrected waveforms are the same
except the later has a velocity impulse. The disseminated
and the corrected waveforms are still identical in displace-
ment except that the latter has a prefix while the difference
between these two types of waveform and the uncorrected
displacement waveform is an extra linear trend. Overall,
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Fig. 5. Two sets of the typical digital strong-motion data recorded at station ILA066 of the Taiwan TSMIP strong-motion network are selected to
demonstrate the performance of the proposed methods. The displacement waveforms in the first column are corrected using the 1997 Algorithm.
The displacement waveforms without and with compatibility correction are shown in columns 2 and 3 respectively.
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Fig. 6. A set of three-component strong-motion data set recorded at USGS station 1797 in the 2004 Parkfield Earthquake is selected to show the
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upper corner. Each plot includes three types of data which are disseminated, uncorrected and corrected data. The uncorrected data is obtained by
taking integration or a double integration of the disseminated acceleration.
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Fig. 7. Comparisons of the first 1.5 s waveforms among the disseminated (thick line), uncorrected and corrected data. Three rows from top to bottom
are acceleration, velocity and displacement waveforms and the three columns from left to the right are EW, NS, and vertical components.
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the proposed method is an exact correction algorithm. The
proposed method adds a prefix impulse to the acceleration
waveform so that the end point of impulse matches the ini-
tial value of disseminated waveform while the remainder of
the waveforms stays the same.

Since an extra impulse is added to the disseminated ac-
celeration waveform for removing data incompatibility, it

is better to keep the amplitude of this impulse as smaller as
possible. According to Eq. (4), ‘I’ is the only variable that
can change the amplitude of impulse. In the following test,
we will examine the effect of the impulse length on the am-
plitude of impulse.

Impulse waveforms for three cases with impulse
lengths of 1, 2 and 5 s are given in Figs. 8a, b, and c re-
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Fig. 8. The effects of the impulse length on the shape and amplitude of prefix impulse. This figure has a similar format to that of Fig. 7. The impulse

lengths in (a), (b), and (c) are 1, 2 and 5 s, respectively.
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spectively. Results show that the increasing impulse length
not only reduces amplitude but also changes the shape of
impulse. The amplitude reduction is very fast as the length
of the impulse increases. For impulse lengths of 1,2 and 5 s,
the peak amplitude of the impulse in the E component are
1.0586,0.2087 and 0.0468 cm s! s°!, respectively. Thus, se-
lecting a longer length for the prefix impulse can effectively
reduce its amplitude.

Finally, the effect of a prefix impulse on response spec-
tra should be checked because it is of great concern in en-
gineering applications. Since our corrections do not have
major modifications on the acceleration waveform, it is
expected that the proposed correction has a limited effect
on the response spectra. A numerical verification is given
in Fig. 9. Three components of the disseminated and cor-
rected acceleration are plotted in the top three seismic traces
and the 5% pseudo velocity spectra are shown in the bottom
of Fig. 9. Each panel in the figure has two traces. Except
for the small difference in the long period, these spectra are
almost identical for most periods. As expected, the effect

of impulse on the calculation of response spectra can be ig-
nored.

5. CONCLUSIONS

This study has shown that data incompatibility, found
in many of the disseminated strong-motion data, is mainly
due to the non-zero initial velocity and the proposed method
can effectively remove the data incompatibility by adding a
prefix impulse in acceleration waveforms. In general, there
are several ways to construct an acceleration impulse for
removing incompatibility. However, a polynomial function
of an order of 3 is good and simple enough for our purpose.
The coefficients of this polynomial function depend on the
initial acceleration, velocity, and displacement which can be
obtained by routine data processing.

The proposed method does not change the waveforms
of the disseminated data. A specific prefix impulse is added
to the disseminated acceleration so that the velocity and
displacement waveforms, obtained by the integration and
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Fig. 9. Comparisons of three-component waveforms and their 5% pseudo spectral velocities between the disseminated and the corrected accelera-

tions using the proposed method.
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double integration respectively, are exactly the same with
the disseminated waveforms after the prefix impulse. Since
the prefix impulse is much shorter and much smaller than
the seismic signal, the effects of this extra impulse on both
the waveform and response spectra are negligible.
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