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ABSTRACT

To maintain and improve the seismic safety of nuclear power plant (NPP) buildings, accurately evaluating
their current seismic performance is critical. To this end, installing a large number of seismometers in
NPP buildings and analyzing their vibration characteristics from seismic observations can be effective.
However, this is not economical or easy from the standpoint of cost and construction work. Therefore,
herein, we installed seismometers with built-in power supply that can measure vibrations autonomously
and independently of one another inside the buildings. This eliminates the need to connect the
seismometers with cables or through wireless technologies, and multipoint measurements can be
performed simply by installing the seismometers. One disadvantage of this measurement method is that
time synchronization of the measurement records of the seismometers cannot be performed. To address
this problem, we have developed a method to analytically perform time synchronization from the
measurement records. This paper provides an overview of this analytical time-synchronization method
and reports the results of its verification using seismic observation records of the reactor building of
Fukushima Daiichi NPP from the “Great East Japan Earthquake” of 2011. The verification confirmed that
the proposed method could achieve time synchronization of the measurement records with sufficient
accuracy for practical use.

INTRODUCTION

In Japan, where large earthquakes occur frequently, maintaining and improving the seismic safety of
nuclear power plant (NPP) buildings is a critical issue; to implement this, accurately evaluating the
seismic performance of the buildings under real-life operational conditions is necessary. One method for
conducting a detailed seismic performance evaluation is to capture the vibration characteristics of
buildings via seismic observations, using a large number of seismometers. However, it is not easy, in
practice, to perform measurements using a large number of seismometers because of the costs and
construction work involved. For example, installing a seismometer in an NPP building, entails connecting
the seismometer to a data logger. When installing several such seismometers in a large building, the cost
of cable materials and construction time involved can be very high. As mentioned by Yi et al. (2022),
measurement systems that use wireless devices, instead of cables, have emerged in recent years; however,
connecting the seismometers wirelessly is ineffective owing to the thick walls of NPP buildings;
furthermore, actively using them can be difficult because of the concerns about their negative effects on
power generation equipment, which arise from the need to connect the measuring instruments to one
another. Therefore, herein, we propose installing autonomous seismometers with built-in power supply in
these buildings to conduct seismic observations. One disadvantage of this idea is its inability to handle
data collection and time synchronization of the observation records; nevertheless, the data collection
problem can be overcome if data stored in the seismometer at the site can be directly collected. Regarding
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the time synchronization of the observation records, we propose analyzing time synchronization using
observation records.

Examples of conventional analytical time-synchronization methods include the one proposed by
Tomoaki et al. (2013), which focuses on the phase difference between the low-frequency bands of two
vibration meter records for time synchronization; however, this requires setting the frequency band to be
used by considering the natural frequency of the building, and it can only respond to a relatively small
time-shift. Additionally, Yi et al. (2022) proposed that time synchronization be performed after evaluating
the vibration characteristics, such as mode shape, from the measurement records. Time synchronization
involves several steps, and setting the variables to capture the vibration characteristics is crucial.
Generally, conventional methods require certain building vibration characteristics, and analysts must set
different variables for each building. Considering this background, this paper proposes a time-
synchronization method that does not require information on the vibration characteristics of buildings or
variable settings for each building. Additionally, we report the results from the verification of the
proposed method, using the seismic observation records of Fukushima Daiichi NPP building from “the
Great East Japan Earthquake” of 2011.

PROPOSED TIME-SYNCHRONIZATION METHOD

Herein, we describe a method for analytically synchronizing the time observations of seismometers that
are not time-synchronized. In this method, the transfer function of any two seismometers installed in a
building is calculated with one as the input and the other as the output, and by focusing on the phase
difference between the two waves. The time shift between the seismometers is calculated, and based on it,
a time correction is applied.

Basic Concept
The Fourier transform F[f (t — 7)] of a function f(t — 7), in which the function f(t) of time t advances

by a time shift 7 [s], is expressed as the basic equation for the time shift of the Fourier transform
(Equation 1), using the imaginary unit i, Napier number e, and angular frequency w. The absolute value

and argument of e ~'“7 in Equation 1 are as shown in Figure 1. The absolute value of e /7 is always 1,
and the slope of the argument with respect to frequency is determined by t.
Flf(t — D] = FIf(D)]e ™" (1)
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Figure 1. Absolute value and declination of e !% with respect to frequency.
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Next, we consider a one-degree-of-freedom model, as shown in Figure 2. If the input and output
accelerations are ¥, (t) and X(t) + ¥,(t), respectively, the transfer function H' (w), when the output wave
is T s ahead of the input wave, can be expressed as Equation 2. As the product of complex numbers can be
expressed as the product of absolute values and sum of arguments in polar form, e ~i% affects only the
phase of the transfer function, as shown in Figure 1. As an example, Figure 3 shows the transfer function
when 7 is —0.5 s. Here, (a) represents a case, wherein the input/output wave is time-synchronized, while
(b) represents a case, in which the time shift is —0.5 s. The bottom row displays the phase multiplied by 2.

Fl% + Jiole ™"

H'(w) = Hw)e™'*T = F o]

(2)

— X+ Jo

Yo —
Figure 2. One-degree-of-freedom model.
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Figure 3. Effect of time shift on the transfer function of a one-degree-of-freedom model.

In a system, in which the equations of motion are expressed by second-order differential
equations, as shown in Figure 2, the phase is concentrated at 0 or 180°, except at the resonance point,
when time is synchronized. This can be rephrased as follows: When the phase is doubled, as shown in the
bottom row of Figure 3, the phase is concentrated at 0°, except for the resonance point. However, if the
time is not synchronized, the phase will not be concentrated at 0°. Therefore, the degree of concentration
in the 0° direction can be calculated by assuming various 7 values for the phase multiplied by 2, and the T
with the highest degree of concentration can be adopted as the estimated value 7, of T.

Next, we describe a method for quantitatively evaluating the degree of concentration at 0°. The
degree of concentration of N angle data 8, is obtained by Equation 3, given by Fisher (1995). This
implies that the magnitude of the resultant vector, when considering the angle as a unit vector on the
complex plane, is evaluated by dividing the length by the number of data points. This standardized
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resultant vector is called the mean resultant vector. However, because the entity of interest here is the

degree of concentration in the 0° direction of the angle data multiplied by 2, that is, the degree of

concentration on the real axis, the actual calculation is performed by Equation 4, using the phase 8, of

the transfer function. Note that the real part is used rather than the absolute value. Furthermore, when the

seismometer is capable of measuring along three axes, the estimation accuracy of the time shift can be
improved by further averaging the calculations these axes, as shown in Equation 5:

Even though the above explanation was given using a one-degree-of-freedom system as an
example, we believe that it applies for multi-degree-of-freedom systems as well. This is because even in a
multi-degree-of-freedom system, in which multiple resonance points exist, the phase of the transfer
function that moves 180° at the resonance point does not change, and the premise is the same in that the
phases other than the resonance point are concentrated at 0 and 180°. Additionally, when calculating the
transfer function between two seismometers in a building, no ambiguity exists as to which record is
considered as the input wave. This is because, even if the input and output of the transfer function are
swapped, only the phase sign is inverted, and the evaluation result of Equation 4 is not affected.
Furthermore, because the input wave does not imply the input of the seismic motion of the building, this
theory holds good between any two points in the building.

1 N-1
R =|— 0
N e 3)
k=0
N-1 N-1
’ 1 i-260 1
R' = Re N etsm | = C0S 26,, . (4)
m=0 m=0
_,:R’X+R’Y+R’Z' )

where, R'y, R'y and R’ are the magnitudes of the mean resultant vectors along X, Y, and Z directions,
respectively.

Actual Calculation Procedure

Here, we describe the actual calculation procedure for the time-shift estimation of two seismometers. We
assume that the seismometers are capable of three-axis measurements and that the orientations of all the
axes are the same. Additionally, if seismic observations are performed individually by each seismometer,
the data lengths may not match; however, in this case, zeros are added after the shorter seismic
observation record to match its length with that of the longer data.

The time-shift estimation procedure is as follows:

1. A cross-correlation function for the vertical-direction recording of the building is used to
calculate the approximate time shift. At this point, we assume that at least the time deviation
can be estimated within a +1 s error from the true time shift. The reason for using the vertical
recording is that the natural frequency is generally large compared with that in the horizontal
direction, and the proportion of the building resonance component in the waveform is
considered to be small.

2. In the range of £1 s, assuming a 7 equal to the measurement-time interval or less (e.g., 1/10 of
the time interval), R’ in Equation 5 is evaluated for each 7. Of these, the T that maximizes R’
is adopted as T,5:. Because this numerical exploration can be performed in the frequency

4
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domain using the properties of Equation 2 and the Fourier transform need not be performed

one-by-one, it can be calculated at a high speed.

3. Using this 7.4, the time correction of the observation record is performed, by adjusting the

number of data points in the time history, or by performing a time shift in the frequency
domain using the property of Equation 1 and then returning to the time history.

VALIDATION USING ACTUAL OBSERVATIONAL RECORDS

We verified the proposed method using seismic observation records of Fukushima Daiichi NPP Unit 6
during the main shock of the Tohoku earthquake, which occurred on March 11, 2011. The arrangement of
the seismometers is shown in Figure 4. Except at P11, the accelerations in the three axial directions were
measured at these points. Additionally, the seismometers were time-synchronized using a wired
connection. Unit 6 was selected because it has the largest number of publicly available seismic
measurements. The measurement-time increment was 0.01 s. All the seismic observation records and
related figures used in this study were provided by Tokyo Electric Power Company Holdings, Inc.

For verification, as shown in Table 1, the time of each seismometer recording was randomly
shifted within a range of £10 s. A positive sign indicates a delay in the time from its original state,
whereas a negative sign indicates advancing the time. For example, because P1 was +9.39 s and the
measurement time interval was 0.01 s, 939 zeros were added at the beginning of the measurement record
of P1. Conversely, P2, which had a negative value, was advanced from its original time by removing 714
pieces of data from its beginning. This indicates that P1 was 16.53 s behind P2. Under these random time-
shift conditions, we verified whether estimating the time lag of each seismometer record would be
possible. Because P11 was a single-axis measurement and 6-R2 was close to P3, they were excluded from
this verification.
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Figure 4. Seismometer layout map (Fukushima Daiichi NPP Unit 6).

Table 1: Time shift caused by seismometer records.

No. P1 P2 P3 P5 P8 P10
Time shift [s] +9.39 —7.14 —4.66 +3.23 -1.23 —8.68
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As an example, we checked the estimation results of the time shift of P1 with respect to P3.

Figure 5 shows the waveforms in each direction over time. In the time-shift estimation, the approximate

time lag was first estimated, using the cross-correlation function of the vertical records. The vertical

cross-correlation function is shown in Figure 6. Because the true value of the time lag of P1, as seen from

P3 was +14.05 s, and the time lag, at which the maximum value of the cross-correlation function occurred
was +14.07 s, we could confirm that the estimation was performed with an error of +0.02 s.
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Figure 5. Seismic observation records (Fukushima Daiichi NPP Unit 6).
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Figure 6. Time-lag estimation results using cross-correlation function.

Next, we performed an accurate time-shift estimation using the mean resultant vector in the range
of £1 s, centered on the estimation result +14.07 s. Here, 1/10 (0.001 s) of the measurement time interval
(0.01 s) was the numerical exploration time increment. Figure 7 shows the values of the real parts of the
mean resultant vectors corresponding to the time shifts. The maximum value of these occurred at +14.053
s, which was the estimated time shift of P1 with respect to P3. Because the error was 0.003 s with respect
to the true value, which was smaller than the measurement time interval of 0.01 s, it was considered to
have sufficient estimation accuracy for practical use. The seismometer was subjected to a 30-Hz low-pass
filter, and the mean resultant vector was calculated using the phase data of the transfer function from 0 to
30 Hz.
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Figure 7. Time shift estimation results using mean resultant vector.
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As a reference, Figure 8 shows the transfer function of P1 with respect to P3: The plots show the

time-synchronized version of the cross-correlation function results and time-synchronized result of the

mean resultant vector. The bottom rows represent the phases multiplied by two, and the mean resultant

vector was calculated for this phase. The transfer functions of these figures were averaged their improved
visibility; however, the raw phase was used in the time-shift estimation.
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Figure 8. Transfer function of P1 with respect to P3.

The results of the time-shift estimation for other combinations of seismometers were also
confirmed. Because six seismometers were used, 15 two-seismometer combinations would be available.
Regarding the error between the estimated and true values, Figures 9 and 10 show the results of the cross-
correlation function and mean resultant vector, respectively. Additionally, the only variable in this
proposed method is the frequency band used for calculation. To confirm its effect, the calculation results
for three frequency bands of 0—10 Hz, 0-20 Hz, and 0-30 Hz are presented. The frequency bands used to
calculate the cross-correlation function and mean resultant vector were the same. In Figures 9 and 10, no
error values were observed outside the considered ranges. The reason for the thickness of the histogram
bars to be different between Figures 9 and 10 is that Figure 9 estimations were obtained from 0.01-s
increments, while Figure 10 estimations were from 0.001-s increments.

From Figure 9, we confirmed that the cross-correlation function could estimate a time lag within
the range of 1 s with respect to the true value; however, the estimation accuracy could not be ensured in
the measurement-time interval or less. In contrast, in the case of the mean resultant vector, although some
outliers were present, we could confirm that the time deviation could be estimated with an error of less
than the measurement-time interval in most cases.
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Figure 9. Results of time-shift estimation by cross-correlation function:
(a) 0-10 Hz; (b) 0-20 Hz; (¢) 0-30 Hz.
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Figure 10. Results of time-shift estimation by mean resultant vector:
(a) 0-10 Hz; (b) 0-20 Hz; (¢) 0-30 Hz.

Extraction of Seismometer Combinations Used for Time Synchronization

In the above, the time shift estimation for all combinations of seismometers was performed; however,
only five time-shift information points were required to synchronize the time of six seismometers. Here,
we describe which time-shift information estimated by brute force should be used to perform time
synchronization.

Figure 11 shows three seismometers Sy, S,, and Sz, and the time-shift estimation result of S, with

respect to S; is expressed as 7,,. If all the time shifts were correctly estimated, the sum of the time shifts
Toum (= T12 + T3 + 731) should be 0, and if results with large estimation errors were included, the sum
would likely deviate from 0. Based on this idea, the sum of the estimated time shifts was calculated for all
three-seismometer combinations (20 combinations); Table 2 shows the sums in the order of their absolute
values. In this table, the combination of seismometers was extracted from top to bottom using the
following method:

1. If T5ym is less than the measurement time interval, we infer that the estimation accuracy is good, and

2.

the combination of No. 1 ~ No. 12 is considered.

For each of the 12 combinations, we count the number of times each seismometer combination —
S>/81, S3/S,, and S;/S; appear. However, S,/S; and S;/S, are considered to be the same
combination.

. As in No.1 ~ No.3, we adopt seismometer combinations in the order of the number of occurrences

among groups with the same absolute 7,,,. If the number of repetitions is the same, one is selected at
random. This is because the higher the number of appearances, the more likely it is, that the estimation
accuracy is better.

If they are selected in this order, combinations that are not necessary for time synchronization may be
selected. For example, if the same lines of S,/S; and S3/S, are adopted, then S; /S5 is an unnecessary
combination. Whether the information is unnecessary can be automatically processed by a program
using the concept of a tree in graph theory as explained by Robin (2010).

. Following the above procedure, we extract combinations from top to down until all seismometers are

included in one of the combinations.

T T _
31 12 Toum = T12 + T3 + T34

(S ()

Figure 11. Sum of time shifts of the three seismometers (T¢ym)-
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Table 2: List of 74, values and combinations of seismometers used for time synchronization.

(Example of calculation in the band of 0 —30 Hz)

Number of appearance Extracted
No. $1-52-53 Lsum S,/S;. | Ss/S, | Su/S combination
2/91 3/92 1/93

1 P2-P3-P5 —0.001 4 3 3 P3/P2
2 P1-P2-P5 0.001 4 3 3 P2/P1, P1/P5
3 P1-P10-P5 —0.001 2 3 3 P5/P10
4 P2-P10-P3 0.002 3 2 4

5 P1-P2-P8 0.002 4 2 2 P1/P8
6 P1-P2-P10 —0.002 4 3 2

7 P2-P10-P5 —0.004 3 3 3

8 P1-P8-P3 —0.004 2 2 3

9 P10-P3-P5 0.005 2 3 3

10 P1-P3-P5 —0.006 3 3 3

11 P1-P2-P3 0.006 4 4 3

12 P2-P8-P3 —0.008 2 2 4

13 P1-P10-P3 0.010

14 P8-P3-P5 0.012

15 P2-P8-P5 —-0.021

16 P1-P8-P5 —0.022

17 P1-P10-P8 —0.057

18 P2-P10-P8 —0.061

19 P10-P8-P3 —-0.071

20 P10-P8-P5 —0.078

Figure 12 shows the estimation accuracy of the five seismometer combinations extracted using
this procedure. Regardless of the frequency band used, it was confirmed that all estimation errors were
less than the measurement time interval. Therefore, regardless of the value of the variable setting, with the

proposed method sufficient analytical time synchronization would be possible for practical use.

Additionally, if the number of target seismometers increases in future and combinations that
correct the time shifts of a large number of seismometers in a single chain are selected, errors may
accumulate in the estimated time shifts. In other words, the time-shift error of the seismometer at the end
point from that at the starting point will possibly increase. In such a case, for example, time
synchronization is performed by a group of seismometers that are close to one another, and then time
synchronization between the groups is considered.



28" International Conference on Structural Mechanics in Reactor Technology
Toronto, Canada, August 10-15, 2025

Division IV
é-lislogmm of errors from true time shift (0Hz-10Hz) 15—1islogmm of errors from true time shift (0Hz-20Hz) lfll-Iistng,ram of errors from true time shift (0Hz-30Hz)
8 8 8
z‘? 41 ;‘T 4 E 44
- 2 | - 2 - 24
0 L \" 0 T ”'u | T 0 T le T
0.10 —0.05 0.00 0.05 0.10 0.10 —0.05 0.00 0.05 0.10 0.10 —0.05 0.00 0.05 0.10
Lrror from true time shift [s] Error from true time shift [s] Lrror from true time shift [s]
(a) (b) (©)
Figure 12. Errors between estimated time shifts by extracted seismometer combinations
and the true values: (a) 0-10 Hz; (b) 0-20 Hz; (c) 0-30 Hz;
CONCLUSION

To reduce the installation costs incurred in conducting seismic observations using a large number of
seismometers in NPP buildings, we proposed placing the seismometers independently, without any
interconnections. In this case, because time synchronization between seismometers is not possible, we
proposed a method to perform time synchronization analytically from the observation records. This
method does not require complicated variable settings, and can be applied to any building for time
synchronization.

By utilizing this method, expanding the existing observation network is possible; for example, by
synchronizing the times of an existing wire-connected seismometer with an independent seismometer. If a
wired system is built at important points, and independent seismometers are installed at other points,
realizing a system that balances quality and quantity at a low cost would be a reality. Furthermore, as this
method is theoretically applicable not only to seismic observation records, but also to micro-tremor
measurement records. Large-scale micro-tremor measurements that temporarily use a large number of
vibration meters are also conceivable. In the future, we plan to conduct multipoint vibration
measurements using this method to further elucidate the vibration characteristics of NPP buildings, and
ultimately, maintain and improve their seismic safety.

In this study, we used seismic observation records provided by Tokyo Electric Power Company
Holdings, Inc., to whom we would like to express our gratitude.
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