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ABSTRACT: In previous studies, it was suggested that integrating the vertical component
of strong acceleration records in time domain often yields a residual velocity, which is
always negative. This study proposes a generation mechanism of this residual velocity
V,on; at the moment of the action of a horizontal inertia force, the sensor is tentatively tilted
in that direction and the horizontal inertia force multiplied by sin 8 is felt by the vertical
sensor, where 6 is the tilt angle. The tilt of the sensor can be either due to the shear
deformation of the ground or the tilt of the house. The apparent residual velocity generated
by this mechanism is always negative. It was shown for the K-NET records for which the
effect of the housing is small that the proposed mechanism can readily explain the order of
magnitude of the observed V},,,, values.
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1. INTRODUCTION

There have been interesting reports) that the vertical components of recently-obtained large-
amplitude accelerograms often result in a negative residual velocity once they are integrated in time
domain. One of the reports® shows that there are 26 records with a residual velocity exceeding 5 cm/s.
Among them are records observed by various observation networks such as K-NET?, KiK-net? and the
JMA network, and records of various types of earthquakes such as crustal, interplate and intraslab
earthquakes. The hypocentral distance also ranges from 11-319 km. The author of this article also
integrated those records in time domain and confirmed that they result in negative residual velocities, with
absolute values as large as in the previous report®.

The previous reports!™ also investigated the generation mechanism of this negative residual
velocity. Although the previous reports did not give a complete physical and quantitative explanation of
the phenomena, the reports did suggest the effects of soil dilatancy because of the following reasons. 1.
The predominant frequencies for the vertical components were twice as large as those for the horizontal
components for the records, which is symptomatic of soil dilatancy in which the soil changes its volume
under shear””®, 2. This tendency of predominant frequency was not observed for the record at KiK-net
IWTH25 during the 2008 Iwate-Miyagi Nairiku earthquake for which no evident residual velocity was
observed in spite of the large amplitude. The previous reports’- 3 also suggested that the negative



residual velocity V,,, can be used to detect the nonlinear amplification of vertical ground motions.

The author of this article also agrees that these records were somehow affected by soil nonlinearity
referring to the characteristics of the records mentioned above, and does not disagree with the
involvement of soil dilatancy. However, it should be emphasized here that the residual values appear in
the velocity waveforms rather than the displacement waveforms. If this showed the actual behavior of
the ground, the results would indicate that the ground continued subsiding even after the ground shaking
with a velocity greater than 5 cm/s, which would then result in a subsidence of 3 m in one minute, which
is unrealistic. Even if soil dilatancy is involved in the process, the residual velocity is not representing
the actual subsidence due to soil dilatancy. Thus, the residual velocity V,,,, is apparent. This study
investigated the generation mechanism of V},,,, with a premise that it is an apparent value.

One interesting feature of V,,, is that the residual velocity is always negative (as long as the
upward acceleration is measured as positive). In general, in the case of small-amplitude accelerograms,
it is not surprising that integrated velocities are susceptible to errors dur to electronic noise in low
frequencies. However, if electronic noise is causing the residual velocity, it could be either positive or
negative. Therefore, electronic noise is excluded from the candidate mechanisms. Another interesting
feature of V,,, is that it is widely observed as mentioned above. This indicates that the mechanism
leading to the generation of V,,,,, isnot arare special phenomenon but a widely-occurring phenomenon.
Thus, the generation mechanism of V,,, should satisfy the following two conditions. 1. The
mechanism should always lead to a negative residual velocity. 2. The mechanism is a widely-occurring
phenomenon.

This study newly proposes a generation mechanism of 1},,,, that satisfies the above two conditions;
at the moment of the action of a horizontal inertia force, the sensor is tentatively tilted in that direction
and the horizontal inertia force multiplied by sin8 is felt by the vertical sensor, where 6 is the tilt
angle. The tilt of the sensor can be either due to the shear deformation of the ground in the case of a
sensor buried in the ground or attached to a foundation which is buried in the ground, or due to the tilt
of the house in the case of a sensor installed in a house. Although another mechanism can also be
considered in which the gravitational acceleration felt by the vertical sensor is tentatively decreased due
to the tilt of the sensor, the effect of this mechanism is limited as the gravitational acceleration is
multiplied by (1 — cos ) in this mechanism as pointed out in the previous reports®” (this point will
also be confirmed in this article). The mechanism in which the horizontal inertia force is partly felt by
the vertical sensor has not been considered in previous studies and therefore it is worthwhile
investigating it in this study. This mechanism satisfies the above two conditions because the
phenomenon can widely occur and also the apparent residual velocity caused by this mechanism is
always negative.

It is important to investigate whether the proposed mechanism can explain the order of magnitude
of the observed V,,,, values. Therefore, in this study, the V},,, values were calculated based on the
proposed mechanism for the cases in which the tilt of the sensor is caused by the shear deformation of
the ground.

In the ensuing sections, the generation mechanism of V;,,,, will be explained in 2. The calculation
method of the V,,,, values based on the proposed mechanism will be explained in 3. The calculation
results will be presented in 4. Discussion will be made in 5. Conclusions will be described in 6.

2. THE GENERATION MECHANISM OF V,,, PROPOSED IN THIS STUDY

In this section, the generation mechanism of 1;,,,, will be explained, mainly focusing on the cases in
which the tilt of the sensor is caused by the shear deformation of the ground. Figure 1 shows the near-
surface ground repeatedly subject to positive and negative horizontal accelerations. Figure 1 (a) shows
the situation in which the ground displacement to the left is maximized, with the horizontal inertia force
pointing left. At this moment, due to the action of the shear force, the ground will be deformed to form
a parallelogram as shown in Fig. 1 (a). If we assume that the sensor is buried in the ground and follows
the shear deformation of the ground, the sensor will be inclined and the horizontal inertia force



multiplied by sin@ will be felt by the vertical sensor, where 8 is the tilt angle. This force will
inevitably be pointing upward and conceived by the vertical sensor as resulting from a downward
acceleration. Integrating this acceleration yields a residual negative velocity. Figure 1 (c) shows the
situation in which the ground displacement to the right is maximized. Due to symmetry, the force felt
by the vertical sensor will again be pointing upward and conceived by the vertical sensor as resulting
from a downward acceleration. On the other hand, in the situations shown in Fig. 1 (a) and (c), the
gravitational acceleration felt by the vertical sensor is tentatively decreased due to the tilt of the sensor.
However, its effect is limited as the gravitational acceleration is multiplied by (1 — cos8) in this
mechanism as pointed out in the previous reports?-? (this point will also be confirmed in this article).
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Fig. 1 The generation mechanism of V,,, proposed in this study
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Fig. 2 Typical observation station of K-NET (after Fig. 2 of Aoi et al.”; unit: mm)

In the above explanation, it was assumed that the sensor is buried in the ground to explain the
generation mechanism of V,,,. Alternatively, if the sensor is attached to a foundation which is buried
in the ground as typically seen in K-NET stations (Fig. 2), if the foundation follows the shear
deformation of the ground, the tilt of the sensor will generate V},,,,. Even if the sensor is installed in a
house, if the tilt of the house is in phase with the action of the horizontal inertia force as shown in Fig.



1, the same mechanism will generate V,,,y,.

Because of the simplicity of the proposed mechanism, the phenomenon can widely occur and the
mechanism is advantageous to explain the fact that V},,, has been observed under various
circumstances. In addition, the mechanism always results in a negative residual velocity.

3. CALCULATION MEHOD OF V,,,, BASED ON THE PROPOSED MECHANISM

In the following, it will be investigated if the proposed mechanism can explain the order of magnitude
of the observed V},,, values. There are K-NET, KiK-net and JMA records with the V},,, values
exceeding 5 cm/s¥. Among them, the surface sensors of KiK-net are installed in houses according to
Aoi et al.” which makes it difficult to evaluate the tilt of the sensors without information on the size,
etc. of the individual houses. In addition, the author does not have detailed information on the installation
conditions of the JMA sensors. On the other hand, for the K-NET stations, the sensors are either fixed
on a concrete foundation buried in the ground (Fig. 2) or fixed in a pit inside a concrete foundation
buried in the ground for cold regions®, except for the stations that existed prior to the establishment of
K-NET and the ocean-bottom stations (Aoi, personal communication). The sensor foundation is
independent from the foundation of the house, which makes the effect of the house negligible for the K-
NET stations. Therefore, in the following, the focus is on the K-NET records. There are 16 K-NET
records with the V,,,,, values exceeding 5 cm/s as show in Table 1. These records will be the target of
the following analyses.

The calculation method of V,,, based on the proposed mechanism is shown below. Because the
foundation shown in Fig. 2 is 1 m high, the shear strain of the ground at a depth of z = 0.5 m is taken
as a representative value of the shear strain and assumed to determine the tilt of the foundation.
Assuming that the ground acceleration is uniform for the shallowest layer with a thickness of 0.5 m, the
following relation can be derived among the peak ground acceleration @, 4y, the peak shear stress 7,4
at z = 0.5 m and the density p:

Tmax = PZAmax- (D

The relation between the peak shear stress and the peak shear strain ¥4, 1s given as follows:

Tmax = GVmax 2

where G isthe shear modulus during strong shaking. One the other hand, the relation between the linear
shear modulus and the linear shear wave velocity is given as follows:

Go = pBo° 3)

Equations (1)—(3) yields the following relation:

(G/Go) * Ymax = Zamax/ﬁo2 “4)

The right-hand side of Eq. (4) can be determined from the observation record and the soil data. Therefore,
Eq. (4) represents a hyperbola in the G/G,—y plane. Although this equation uses the shear wave
velocity at z =0.5 m, due to the limited resolution of the published soil data, the shear wave velocity at
the shallowest layer (Table 1) will be used in the following analyses unless mentioned otherwise. The
thickness of the shallowest layer in Table 1 shows the thickness for which the same shear wave velocity
is assigned in the data. For the same reason, the soil type at the shallowest layer (Table 1) will be used
in the following analyses. The thickness of the shallowest layer in Table 1 does not show the thickness
for which the same soil type is assigned in the data.



Table 1 K-NET records with the V,,,, values exceeding 5 cm/s>

Station Year, Type M ] Hypoc | Vyon? | Peak ground acceleration | Vs* Thic | Soil
code month, entral | (cm/s) | (cm/s?)® (m/s) | knes | type”
day distan EW NS UD s
ce (m)
(km)

HKDO086™ | 20030926 | Plate 8.0 127 76.7 801 728 271 120 1 | Gravel
boundary

MYGO004™ | 20110311 | Plate 9.0 177 335 1269 2699 1880 100 1 | Clay
boundary

IBRO13 20110311 | Plate 9.0 303 19.2 1072 1352 811 100 4 | Fill soil
boundary

TCG009 20110311 | Plate 9.0 319 17.4 1185 1017 493 100 4 | Fill soil
boundary

IBR0O03 20110311 | Plate 9.0 259 139 1185 1599 1166 100 3 | Fill soil
boundary

FKSO016 20110311 | Plate 9.0 261 13.8 949 1295 441 50 1 | Fill soil
boundary

HKD127 20180906 | Crustal 6.7 45 134 907 1003 1591 130 2 | Sand

HKD100 20030926 | Plate 8.0 94 12.6 970 809 461 100 2 | Volcanic
boundary clay

NIG019™ 20041023 | Crustal 6.8 15 12.6 1314 1144 820 100 3 | Fill soil

TCGO14 20110311 | Plate 9.0 295 9.4 1205 710 494 225 3 | Volcanic
boundary clay

MYGO004™ | 20110407 | Intraslab 7.2 118 9.0 886 1241 476 100 1 | Clay

MYGO11™ | 20030526 | Intraslab 7.0 92 6.5 1114 1101 825 130 1 | Fill soil

MYG002 20110311 | Plate 9.0 139 6.1 659 641 362 140 1 | Sand
boundary

IWT009 20110311 | Plate 9.0 164 52 512 570 299 130 2 | Fill soil
boundary

HKDO066 20030926 | Plate 8.0 230 52 492 430 157 60 3 | Fill soil
boundary

IBRO13 20110311 | Plate 7.6 82 5.0 924 556 347 100 4 | Fill soil

B™ boundary

* Vs, thickness, and soil type correspond to the shallowest layer.
** For the records obtained at a station before migration, the soil data corresponds to the station before the migration.
**% 201103 11B shows the largest aftershock of the 2011 Tohoku earthquake.

As an example, the curve in Eq. (4) was obtained from the NS component accelerogram of the record
at MYGO004 during the March 11, 2011, Tohoku earthquake, which produced one of the largest
Von values, and plotted in Fig. 3. By finding the intersection of this curve and a G/G,—y curve
obtained from laboratory tests, G/G, and y can be determined. Although it is a common practice to
use the effective strain yerr = 0.65¥mqx for a G/Go—y curve, Ypmg, will be directly used in this
study because the shear modulus at the moment of the peak acceleration is concerned. Among various
G/Gy—y curves, the curves proposed by Imazu and Fukutake”- ' for various soils will be used, because
Imazu and Fukutake showed not only the average curves but also the range of the curves and, by showing
that the observed V},,, values can be explained within the possible range of the G/Gy—y curves, it
can be shown that the proposed generation mechanism of V,,,, is plausible. Figure 3 shows the Imazu-
Fukutake G/Gy—y curves for clay, because the shallowest layer at MY G004 was a clay layer before
the migration of the station. Using different G/G,—y curves results in different intersections with the
curve in Eq. (4), i.e., different G/G, and y values, and consequently results in different V;,,, values.
It should be noted that, in the Imazu-Fukutake curves, p+o corresponds to a smaller stiffness, and p—c
corresponds to a larger stiffness.

Once G /G, is determined, it will be applied to the entire time history. This aspect of analyses is
similar to equivalent linear analyses. For a given horizontal acceleration time history a(t), the time
history of shear stress at z =0.5 m is given by
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Fig. 3 Curve in Eq. (4) obtained from the NS component accelerogram of the record at MYG004
during the March 11, 2011, Tohoku earthquake (green line). The Imazu-Fukutake G/Gy—y
curves for clay”- !9 are also plotted (black lines).

T(t) = —pza(t) )

and the time history of shear strain at z =0.5 m is given by

v =2 = -5 alt) (©)

Equation (6) also represents the time history of the tilt of the foundation, and the time history of the tilt
of the sensor fixed to the foundation. In other words, sin6 can be approximated by y(t). Then, the
horizontal acceleration multiplied by y(t) will be felt by the vertical sensor as a downward acceleration.
The time history of the apparent acceleration &, (t) will be

za(t)? (7)

ay(t) = a(®)y(t) = = 7oy5m

and the time history of the apparent velocity #,(t) will be

7, (t) = zf a(t?dt’ ®)

(G/G )Bo

The tilt of the sensor can occur in both horizontal directions. Thus, #,(t) calculated for two
horizontal directions will be summed. The residual value of #,(t) after the summation will be adopted
as V,on. This method was applied to all the records in Tabel 1. The trapezoidal rule was used for the
integration in Eq. (8).

4. CALCULATION RESULTS OF V,,,,, BASED ON THE PROPOSED MECHANISM

The two horizontal accelerograms of the record at MYG004 during the March 11, 2011, Tohoku
earthquake, which produced one of the largest V,,,, values, were baseline corrected using the average
accelerations in 0-5 s and integrated in time domain with the trapezoidal rule. Each of the obtained
velocity waveforms can be approximated by two straight lines intersecting at the significant part of the
time history as shown in Fig. 4. The bend in the velocity waveform indicates the involvement of a
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Fig.4 Velocity waveforms obtained by baseline correcting and integrating in time domain the two
horizontal accelerograms of the March 11, 2011, Tohoku earthquake at MY G004
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Fig. 5 Velocity waveform obtained by baseline correcting and integrating in time domain the vertical
accelerogram of the March 11, 2011, Tohoku earthquake at MY G004 (black lines, common in
top and bottom panels) and the time histories of the apparent velocity #,(t) considering the tilt
of the sensor. The Imazu-Fukutake G/G,—y curves for clay for u (top) and the average of p
and pt+o (bottom) were used. The apparent velocity was calculated from the EW (solid green
line) and NS (dashed green line) components. The red line shows the summation.

step-like signal in the accelerogram. This could be due to the residual tilt of the sensor during strong
shaking'!. This phenomenon observed in the horizontal accelerograms will not be discussed hereinafter,
because this is not the topic of this article. On the other hand, the vertical accelerogram of the same
record was baseline corrected and integrated in time domain, in the similar way as the horizontal
components, and plotted in Fig. 5. The tendency is quite different from the horizontal components; the



velocity does not increase or decrease linearly but has a residual value. This is the V;,,, value found in
the previous reports!). In the following, it will be investigated if the proposed mechanism can explain
this residual value. Throughout this study, the baseline correction of the accelerograms will be conducted
using the average accelerations in 0-5 s. As an exception to this, the accelerograms of the largest
aftershock of the 2011 Tohoku earthquake at IBRO13 were baseline corrected using the average
accelerations in 50-100 s, because the initial part was contaminated by signals from another event.

Figure 5 shows the time histories of the apparent velocity #,(t) considering the tilt of the sensor
based on the method described in 3. The Imazu-Fukutake G/Gy—y curves for clay for p (top) and the
average of u and pto (bottom) were used. The apparent velocity was calculated from the EW (solid
green line) and NS (dashed green line) components based on Egs. (7) and (8). The red line shows the
summation, which is likely to be observed. When the G/Gy—y curve for u was used, approximately
50% of the observed V},,, value was reproduced. When the G/G,—y curve for the average of p and
uto was used, the observed V,,, value was almost reproduced. The observed accumulation of the
apparent velocity with time was also reproduced. Therefore, the proposed mechanism in which the
horizontal inertia force is partly felt by the tilted vertical sensor is plausible as the generation mechanism
of Vaon-

For other records shown in Table 1, the time histories of the apparent velocity 7,(t) were
calculated considering the tilt of the sensor based on the same method and compared with the velocity
waveform integrated from the vertical accelerogram in time domain. The results are summarized in
Table 2.

Figure 6 shows the results for the record of the September 26, 2003, Tokachi-oki earthquake at
HKDO086. The Imazu-Fukutake G/G,—y curves for gravel were used because the shallowest layer at
HKDO086 was a gravel layer before the migration of the station. The observed V;,,, value was not
successfully reproduced in this case. The possible cause of this result will be discussed later. Figure 7
shows the results for the record of the March 11, 2011, Tohoku earthquake at IBR0O13. The shallowest
layer at IBRO13 was categorized as fill soil with no further detailed information. If we use the Imazu-
Fukutake G/G,—y curves for sand, the observed V,,, value was successfully reproduced with the
curve for p. Figure 8 shows the results for the record of the March 11, 2011, Tohoku earthquake at
TCGO009. The shallowest layer at TCG009 was categorized as fill soil with no further detailed
information. If we use the Imazu-Fukutake G/G,—y curves for sand, the observed V,,, value was
underestimated for the curve for u and overestimated for the curve for the average of n and pto. It will
be reasonable to postulate that the actual behavior was between them. Figure 9 shows the results for the
record of the March 11, 2011, Tohoku earthquake at IBR0O03. The shallowest layer at IBR0O03 was
categorized as fill soil with no further detailed information. If we use the Imazu-Fukutake G/Gy—y
curves for sand, the observed V;,,,, value was underestimated for the curve for the average of p and p-
o and overestimated for the curve for p. It will be reasonable to postulate that the actual behavior was
between them. Figure 10 shows the results for the record of the March 11, 2011, Tohoku earthquake at
FKSO016. The shallowest layer at FKS016 was categorized as fill soil with no further detailed information.
Because the shear wave velocity of the shallowest layer is as small as 50 m/s and the hyperbola of Eq.
(4) is located in the top-right of the G/Gy,—y plane, if we use the Imazu-Fukutake G/Gy—y curves for
sand, the intersection cannot be found. Therefore, the Imazu-Fukutake G/G,—y curves for clay were
used. The observed V,,,,, value was successfully reproduced with the curve for the average of pn and p-
o. Figure 11 shows the results for the record of the September 6, 2018, Hokkaido Eastern Iburi
earthquake at HKDI127. The Imazu-Fukutake G/G,—y curves for sand were used because the
shallowest layer at HKD127 was a sand layer. The observed V;,,, value was not successfully
reproduced in this case. The possible cause of this result will be discussed later. Figure 12 shows the
results for the record of the September 26, 2003, Tokachi-oki earthquake at HKD100. The Imazu-
Fukutake G/Gy—y curves for clay were used because the shallowest layer at HKD100 was a volcanic
clay layer. The observed V,,, value was not successfully reproduced in this case. The possible cause
of this result will be discussed later. Figure 13 shows the results for the record of the October 23, 2004,
Mid Niigata Prefecture earthquake at NIGO19. The shallowest layer at NIGO19 before the migration of
the station was categorized as fill soil with no further detailed information. If we use the Imazu-Fukutake



Table 2 Reproducibility of the V,,,, values based on the proposed mechanism

Station Year, Vion> Soil* Reprodu | G /Gy—y curve that can | Possible cause of unsatisfactory
code g:;nth, (cm/s) type (c)lt}nhty reproduce Vo reproduction of V;,,,
** Vion™™
HKDO086 20030926 76.7 | Gravel Bad — Liquefaction of the backfill soil
and the tilt of the foundation
MYG004™ | 20110311 33.5 | Clay Very Clay, the average of p and
good uto
IBRO13 20110311 19.2 | Fill soil Very Sand, p
good
TCG009 20110311 174 | Fill soil | Very Sand, between p and the
good average of u and pto
IBR0O03 20110311 13.9 | Fill soil | Very Sand, between p and the
good average of p and p-c
FKS016 20110311 13.8 | Fill soil | Very Clay, the average of p and
good U-c
HKD127 20180906 13.4 | Sand Good Sand, pto
HKD100 20030926 12.6 | Volcanic | Bad — Excess pore water pressure
clay generation in the unsaturated
volcanic clay
NIGO19™ | 20041023 12.6 | Fill soil | Very Sand, the average of p and
good uto
TCGO14 20110311 9.4 | Volcanic | Bad — Excess pore water pressure
clay generation in the unsaturated
volcanic clay
MYGO004™ | 20110407 9.0 | Clay Very Clay, pto
good
MYGO11™ | 20030526 6.5 | Fill soil Very Sand, pto
good
MYGO002 | 20110311 6.1 | Sand Bad — Upward propagation of the
excess pore water pressure
IWT009 20110311 5.2 | Fill soil Good Sand, pto
HKDO066 20030926 5.2 | Fill soil Very Sand, p
good
IBRO13 20110311 5.0 | Fill soil | Very Sand, the average of p and
B™ good utoc

* Soil type corresponds to the shallowest layer.

** For the records obtained at a station before migration, the soil data corresponds to the station before the migration.

*#% 20110311B shows the largest aftershock of the 2011 Tohoku earthquake.

**** “Very good” means reproducible with the published Vs for the shallowest layer. ‘Good’ means reproducible with the
depth dependent Vs.

G/Gy—y curves for sand, the observed V},,, value was successfully reproduced with the curve for the
average of p and pto. Figure 14 shows the results for the record of the March 11, 2011, Tohoku
earthquake at TCG014. The Imazu-Fukutake G/Gy—y curves for clay were used because the shallowest
layer at TCGO14 was a volcanic clay layer. The observed V,,,, value was not successfully reproduced
in this case. The possible cause of this result will be discussed later. Figure 15 shows the results for the
record of the April 7, 2011, intraslab earthquake at MY G004. The Imazu-Fukutake G/G,—y curves for
clay were used because the shallowest layer at MY G004 before the migration of the station was a clay
layer. The observed V;,,, value was successfully reproduced with the curve for pt+oc. Figure 16 shows
the results for the record of the May 26, 2003, intraslab earthquake at MYGO11. The shallowest layer at
MYGO11 before the migration of the station was categorized as fill soil with no further detailed
information. If we use the Imazu-Fukutake G/G,—y curves for sand, the observed V,,, value was
successfully reproduced with the curve for p+o. Figure 17 shows the results for the record of the March
11, 2011, Tohoku earthquake at MYGO002. The Imazu-Fukutake G/Gy—y curves for sand were used
because the shallowest layer at MYGO002 was a sand layer. The observed V,,, value was not
successfully reproduced in this case. The possible cause of this result will be discussed later. Figure 18
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Fig. 6 Velocity waveform obtained by baseline correcting and integrating in time domain the vertical
accelerogram of the September 26, 2003, Tokachi-oki earthquake at HKDO086 (black lines,
common in top and bottom panels) and the time histories of the apparent velocity 7, (t)
considering the tilt of the sensor. The Imazu-Fukutake G/G,—y curves for gravel for p (top)
and the average of p and p+o (bottom) were used. The apparent velocity was calculated from
the EW (solid green line) and NS (dashed green line) components. The red line shows the
summation.
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Fig. 7 Velocity waveform obtained by baseline correcting and integrating in time domain the vertical
accelerogram of the March 11, 2011, Tohoku earthquake at IBR0O13 (black lines, common in top
and bottom panels) and the time histories of the apparent velocity 7,(t) considering the tilt of
the sensor. The Imazu-Fukutake G/Gy—y curves for sand for p (top) and the average of p and
pto (bottom) were used. The apparent velocity was calculated from the EW (solid green line)
and NS (dashed green line) components. The red line shows the summation.
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Fig. 8 Velocity waveform obtained by baseline correcting and integrating in time domain the vertical
accelerogram of the March 11, 2011, Tohoku earthquake at TCGO009 (black lines, common in
top and bottom panels) and the time histories of the apparent velocity #,(t) considering the tilt
of the sensor. The Imazu-Fukutake G/Gy—y curves for sand for p (top) and the average of p
and pto (bottom) were used. The apparent velocity was calculated from the EW (solid green
line) and NS (dashed green line) components. The red line shows the summation.
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Fig. 9 Velocity waveform obtained by baseline correcting and integrating in time domain the vertical
accelerogram of the March 11, 2011, Tohoku earthquake at IBR003 (black lines, common in top
and bottom panels) and the time histories of the apparent velocity 7,(t) considering the tilt of
the sensor. The Imazu-Fukutake G/G,—y curves for sand for the average of u and p-c (top)
and p (bottom) were used. The apparent velocity was calculated from the EW (solid green line)
and NS (dashed green line) components. The red line shows the summation.
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Fig. 10 Velocity waveform obtained by baseline correcting and integrating in time domain the vertical
accelerogram of the March 11, 2011, Tohoku earthquake at FKS016 (black lines, common in
top and bottom panels) and the time histories of the apparent velocity #,(t) considering the tilt
of the sensor. The Imazu-Fukutake G/G,—y curves for clay for the average of p and p-c (top)
and p (bottom) were used. The apparent velocity was calculated from the EW (solid green line)
and NS (dashed green line) components. The red line shows the summation.
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Fig. 11 Velocity waveform obtained by baseline correcting and integrating in time domain the vertical
accelerogram of the September 6, 2018, Hokkaido Eastern Iburi earthquake at HKD127 (black
lines, common in top and bottom panels) and the time histories of the apparent velocity 7, (t)
considering the tilt of the sensor. The Imazu-Fukutake G/G,—y curves for sand for p (top) and
pto (bottom) were used. The apparent velocity was calculated from the EW (solid green line)
and NS (dashed green line) components. The red line shows the summation.
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Fig. 12 Velocity waveform obtained by baseline correcting and integrating in time domain the vertical
accelerogram of the September 26, 2003, Tokachi-oki earthquake at HKD100 (black lines,
common in top and bottom panels) and the time histories of the apparent velocity 7, (t)
considering the tilt of the sensor. The Imazu-Fukutake G/G,—y curves for clay for p (top) and
pto (bottom) were used. The apparent velocity was calculated from the EW (solid green line)
and NS (dashed green line) components. The red line shows the summation.
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Fig. 13 Velocity waveform obtained by baseline correcting and integrating in time domain the vertical
accelerogram of the October 23, 2004, Mid Niigata Prefecture earthquake at NIG019 (black
lines, common in top and bottom panels) and the time histories of the apparent velocity 7, (t)
considering the tilt of the sensor. The Imazu-Fukutake G/G,—y curves for sand for p (top) and
the average of p and p+o (bottom) were used. The apparent velocity was calculated from the
EW (solid green line) and NS (dashed green line) components. The red line shows the
summation.
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Fig. 14 Velocity waveform obtained by baseline correcting and integrating in time domain the vertical
accelerogram of the March 11, 2011, Tohoku earthquake at TCGO014 (black lines, common in
top and bottom panels) and the time histories of the apparent velocity #,(t) considering the tilt
of the sensor. The Imazu-Fukutake G/Gy—y curves for clay for p (top) and p+o (bottom) were
used. The apparent velocity was calculated from the EW (solid green line) and NS (dashed green
line) components. The red line shows the summation.
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Fig. 15 Velocity waveform obtained by baseline correcting and integrating in time domain the vertical
accelerogram of the April 7, 2011, intraslab earthquake at MY G004 (black lines, common in top
and bottom panels) and the time histories of the apparent velocity 7,(t) considering the tilt of
the sensor. The Imazu-Fukutake G/G,—y curves for clay for p (top) and p+o (bottom) were
used. The apparent velocity was calculated from the EW (solid green line) and NS (dashed green
line) components. The red line shows the summation.
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Fig. 16 Velocity waveform obtained by baseline correcting and integrating in time domain the vertical
accelerogram of the May 26, 2003, intraslab earthquake at MYGO11 (black lines, common in
top and bottom panels) and the time histories of the apparent velocity #,(t) considering the tilt
of the sensor. The Imazu-Fukutake G/G,—y curves for sand for p (top) and p+o (bottom) were
used. The apparent velocity was calculated from the EW (solid green line) and NS (dashed green
line) components. The red line shows the summation.
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Fig. 17 Velocity waveform obtained by baseline correcting and integrating in time domain the vertical
accelerogram of the March 11, 2011, Tohoku earthquake at MY G002 (black lines, common in
top and bottom panels) and the time histories of the apparent velocity #,(t) considering the tilt
of the sensor. The Imazu-Fukutake G/G,—y curves for sand for p (top) and p+o (bottom) were
used. The apparent velocity was calculated from the EW (solid green line) and NS (dashed green
line) components. The red line shows the summation.
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Fig. 18 Velocity waveform obtained by baseline correcting and integrating in time domain the vertical
accelerogram of the March 11, 2011, Tohoku earthquake at IWT009 (black lines, common in
top and bottom panels) and the time histories of the apparent velocity #,(t) considering the tilt
of the sensor. The Imazu-Fukutake G/G,—y curves for sand for p (top) and p+o (bottom) were
used. The apparent velocity was calculated from the EW (solid green line) and NS (dashed green
line) components. The red line shows the summation.

2003/9/26 HKD066 UD

Velocity (cm/s)

2003/9/26 HKD066 UD

Velocity (cm/s)
o
|

0 50 100 150 200 250 300
Time (s)

Fig. 19 Velocity waveform obtained by baseline correcting and integrating in time domain the vertical
accelerogram of the September 26, 2003, Tokachi-oki earthquake at HKDO066 (black lines,
common in top and bottom panels) and the time histories of the apparent velocity 7, (t)
considering the tilt of the sensor. The Imazu-Fukutake G/G,—y curves for sand for p (top) and
the average of p and p+o (bottom) were used. The apparent velocity was calculated from the
EW (solid green line) and NS (dashed green line) components. The red line shows the
summation.
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Fig. 20 Velocity waveform obtained by baseline correcting and integrating in time domain the vertical
accelerogram of the largest aftershock of the March 11, 2011, Tohoku earthquake at IBRO13
(black lines, common in top and bottom panels) and the time histories of the apparent velocity
7, (t) considering the tilt of the sensor. The Imazu-Fukutake G/G,—y curves for sand for p
(top) and the average of p and p+o (bottom) were used. The apparent velocity was calculated
from the EW (solid green line) and NS (dashed green line) components. The red line shows the
summation.

shows the results for the record of the March 11, 2011, Tohoku earthquake at IWT009. The shallowest
layer at IWT009 was categorized as fill soil with no further detailed information. If we use the Imazu-
Fukutake G/Gy—y curves for sand, the observed V},,, value was not successfully reproduced in this
case. The possible cause of this result will be discussed later. Figure 19 shows the results for the record
of the September 26, 2003, Tokachi-oki earthquake at HKD066. The shallowest layer at HKD066 was
categorized as fill soil with no further detailed information. If we use the Imazu-Fukutake G/Gy—y
curves for sand, the observed V,,,, value was successfully reproduced with the curve for p. Figure 20
shows the results for the record of the largest aftershock of the March 11, 2011, Tohoku earthquake at
IBRO13. The shallowest layer at IBR013 was categorized as fill soil with no further detailed information.
If we use the Imazu-Fukutake G/Gy—y curves for sand, the observed V,,,, value was successfully
reproduced with the curve for the average of p and p+o.

Thus, for 10 out of 16 records listed in Table 1, the observed V;,,, values were successfully
reproduced within the possible range of the G/Gy—y curves (‘very good’ in Table 2), which shows that
the generation mechanism of V;,,, proposed in this study is plausible. However, for the remaining 6
records, the V;,,, values were not successfully reproduced. This point will be discussed in the next
section.

5. DISCUSSION

In this section, the possible cause for the unsatisfactory reproduction of the V,,, values for the 6
records will be discussed.

Because the square of 8, is involved in the denominator of the right-hand side of Eq. (4), for a
small B, value, the hyperbola of Eq. (4) is located in the top-right of the G/G,—y plane and the
intersection of the hyperbola and the G/G,—y curve shifts to the right and the G/G, value becomes
smaller. In the right-hand side of Eq. (7), which is used to calculate the apparent acceleration, not only
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the square of B, but also G/G, appears in the denominator, which means that the apparent
acceleration is very strongly dependent on f,. Therefore, possible errors involved in 8, will result in
significant errors in V},,,,. On the other hand, shear wave velocity of the soil is generally dependent on
the mean effective stress. As shown in Table 7.4 of Yoshida'?, the shear modulus of sand and clay are
often assumed to be proportional to the square root of the mean effective stress. If we assume that the
shear modulus is proportional to the n™ power of the mean effective stress, the n value ranges from 0.45
to 0.574 for sand for 9 out of 10 documents listed in Table 7.4 and from 0.5 to 0.6 for clay for 4
documents listed in Table 7.4. If the shear modulus is proportional to the square root of the mean
effective stress, the shear wave velocity is proportional to the mean effective stress to the power of 1/4.
If we assume a ground in which the shear wave velocity [ is proportional to the mean effective stress
to the power of 1/4 as

B =P (Z/Z1)1/4 )

and if we define the averaged shear wave velocity as the thickness divided by the propagation time, the
averaged shear wave velocity for a surface layer with a thickness h will be given by

B=n/ly e =npi/i(2) " = ()" (10

Z1

which is also proportional to the mean effective stress to the power of 1/4.

Then, in the case of HKD127 where the shallowest layer with a shear wave velocity of 130 m/s has
a thickness of 2 m, if we interpret the shear wave velocity of 130 m/s as the averaged shear wave velocity
for the top 2 m and the real shear wave velocity has a depth dependence, the averaged shear wave
velocity for the top 1 m can be reevaluated as 109 m/s. Based on this value and if we use the Imazu-
Fukutake G/Gy—y curves for sand, the observed V},,, value was reproduced with the curve for pto
(Fig. 21). The correction of the shear wave velocity from 130 m/s to 109 m/s, which does not seem
significant, greatly improved the results from Figs. 11-21. Similarly, in the case of IWT009, if we
reevaluate the averaged shear wave velocity for the top 1 m as 109 m/s and if we use the Imazu-Fukutake
G/Gy—y curves for sand, the observed V,,, value was reproduced with the curve for pto (Fig. 22).
The improvement is significant from Figs. 18-22.

For the rest 4 records, the 1},,, values could not be reproduced even if we consider the depth-
dependence of the shear wave velocity. Among these records, for the record of the September 26, 2003,
Tokachi-oki earthquake at HKD086, there is no room for correction of the shear wave velocity because
the published data suggests the shear wave velocity for the top 1 m of 120 m/s. According to Kinoshita'?,
the backfill soil liquefied and the foundation tilted at HKD086 during this earthquake. Kinoshita'? also
estimated the time history of the tilt of the seismometer. The amount of the tilt shown by Kinoshita'?
was equivalent to a ground strain exceeding 5%. On the other hand, the analyses in this study using
G/Go—y curves (Fig. 6) only yielded a ground strain of 0.2%. In general, when liquefaction occurs, the
shear strain of the ground far exceeds the values expected from G/G,—y curves. Therefore, it could be
reasonable to assume that, at HKDO0S86, the tilt of the sensor was enhanced by the soil liquefaction,
resulting in a large V},,,, value.

The remaining three records for which the V,,, values could not be reproduced are those of the
September 26, 2003, Tokachi-oki earthquake at HKD100 and the March 11, 2011, Tohoku earthquake
at TCGO014 and MYGO002. For the MYGO002 record, the shallowest layer is a presumably unsaturated
sand layer because the compressional wave velocity was less than 1500 m/s. However, excess pore water
pressure in the lower layers could have propagated to the shallowest layer resulting in liquefaction of
the shallowest layer and a large 1},,,, value if we consider the fact that the HKDO086 site was liquefied
even though the compressional wave velocity for the shallowest layer was less than 1500 m/s. The
shallowest layers at HKD100 and TCGO014 are presumably unsaturated volcanic clay layers. There are
laboratory test data which indicate the generation of excess pore water pressure in unsaturated volcanic
clay'®. At HKD100 and TCGO014, the generation of excess pore water pressure could have resulted in
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Fig. 21 Time histories of the apparent velocity #,(t) for the record of the September 6, 2018,
Hokkaido Eastern Iburi earthquake at HKD127 assuming the averaged shear wave velocity for
the top 1 m of 109 m/s and the Imazu-Fukutake G/G,—y curves for sand for u+o. The apparent
velocity was calculated from the EW (solid green line) and NS (dashed green line) components.
The red line shows the summation. The results were compared with the velocity waveform
obtained by baseline correcting and integrating in time domain the vertical accelerogram (black
line).
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Fig. 22 Time histories of the apparent velocity #,(t) for the record of the March 11, 2011, Tohoku
earthquake at IWT009 assuming the averaged shear wave velocity for the top 1 m of 109 m/s
and the Imazu-Fukutake G/Gy—y curves for sand for pto. The apparent velocity was
calculated from the EW (solid green line) and NS (dashed green line) components. The red line
shows the summation. The results were compared with the velocity waveform obtained by
baseline correcting and integrating in time domain the vertical accelerogram (black line).

decrease in shear modulus, increase in shear strain and a large V,,,, value.

As mentioned in 1, in addition to the mechanism proposed in this study in which the horizontal
inertia force is partly felt by the vertical sensor, another mechanism can also be considered in which the
gravitational acceleration felt by the vertical sensor is tentatively decreased due to the tilt of the sensor.
The effect of this mechanism is actually limited as the gravitational acceleration is multiplied by
(1 — cos9) in this mechanism as pointed out in the previous reports®: ¥, In the following, the record of
the March 11, 2011, Tohoku earthquake at MYG004 will be analyzed for confirmation purposes. The
tilt of the sensor was evaluated for each of the EW and NS components as in Fig. 5, the vector sum was
taken, and the time history of the apparent velocity was calculated considering the tentative decrease in
the gravitational acceleration felt by the vertical sensor. As shown in Fig. 23, this mechanism cannot
reproduce the observed V,,,, value at all.

6. CONCLUSIONS

Paying attention to the reports’ that the vertical components of recently-obtained large-amplitude
accelerograms often result in a negative residual velocity once they are integrated in time domain, this
study investigated the generation mechanism of this negative residual velocity V},,,. Because the

-19-



20

10 2011/3/11 MYGO004 UD

-10 -
-20 —
-30 4

Velocity (cm/s)

-40 -

0 50 100 150 200 250 300
Time (s)

Fig. 23 Time history of the apparent velocity #,(t) for the record of the March 11, 2011, Tohoku
earthquake at MYG004 assuming the Imazu-Fukutake G/Gy—y curve for clay for the average
of n and p+o and considering the tentative decrease in the gravitational acceleration felt by the
vertical sensor (red). The result was compared with the velocity waveform obtained by baseline
correcting and integrating in time domain the vertical accelerogram (black line).

residual values appear in the velocity waveforms rather than the displacement waveforms, this study
was based on a premise that V},,,, is apparent and not representing the actual ground behavior.

One interesting feature of 1},,,, is that it is widely observed for various earthquake types, at various
hypocentral distances and by various observation networks. This indicates that the mechanism leading
to the generation of V},,, is not a rare special phenomenon but a widely-occurring phenomenon.
Another interesting feature of V,,,, is that the residual velocity is always negative. The generation
mechanism of V,,, should also satisfy this condition. This study newly proposed a generation
mechanism of V},,,,, that satisfies the above two conditions; at the moment of the action of a horizontal
inertia force, the sensor is tentatively tilted in that direction and the horizontal inertia force multiplied
by sin @ is felt by the vertical sensor, where 6 is the tilt angle. The tilt of the sensor can be either due
to the shear deformation of the ground in the case of a sensor buried in the ground or attached to a
foundation which is buried in the ground, or due to the tilt of the house in the case of a sensor installed
in a house. This mechanism can be widely-occurring and the apparent residual velocity caused by this
mechanism is always negative. In other words, the rocking motion of the sensor or the foundation is the
cause of V,on.

There are K-NET, KiK-net and JMA records with the V},,,, values exceeding 5 cm/s®. Among the
records, the K-NET records were used to investigate whether the proposed mechanism can explain the
order of magnitude of the observed V;,,,, values, because the sensor foundation is independent from the
foundation of the house and the effect of the house is negligible at the K-NET stations. In the analyses,
it was assumed that the shear strain in the shallowest layer of the ground determines the tilt of the
foundation. The G/Gy—y curves proposed by Imazu and Fukutake®- '? for various soils were used. As
a result, for 12 out of 16 records, the observed V,,,, values were successfully reproduced within the
possible range of the G/G,—y curves if we consider the depth dependence of the shear wave velocity
(Table 2), which shows that the generation mechanism of 1, proposed in this study is plausible. The
previous reports" suggested the relation between V,,,,, and soil dilatancy in which the soil changes
its volume under shear. The result of this study does not deny the occurrence of soil dilatancy at the
stations where 1},,, was observed. However, the result of this study does indicate that V},,, can be
readily explained by only considering the well-known phenomena such as the decrease of the shear
modulus during strong shaking and liquefaction, without considering soil dilatancy.

In this study, 4 records remained for which the V},,,, values could not be reproduced. One of the
records is known to have been affected by liquefaction. Therefore, it could be reasonable to assume that
the liquefaction resulted in a shear strain far exceeding the values expected from G/G,—y curves,
resulting in a large V},,,, value for this record. For the other 3 records, liquefaction and the generation
of excess pore water pressure could have resulted in a shear strain exceeding the values expected from
G/Go—y curves, resulting in large V,,, values. Detailed analysis of this aspect is a subject for future
study. In addition, the characteristics of the fill soil after the installation of the station could be different
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from those in the published borehole data. This remains as a subject for future study, because this study
is dependent on published borehole data.

In addition, this study did not consider the sensors installed in houses. According to Aoi et al.”, the
surface sensors of KiK-net are installed in houses. Even if the sensor is installed in a house, if the tilt of
the house is in phase with the action of the horizontal inertia force, the same mechanism as proposed in
this study will generate V,,,. In other words, the rocking motion of the house can cause V,,,,,. However,
there are two types of house rocking motion, one with tipping and the other without tipping. When the
rocking motion accompanies tipping, the tilt of the house and the action of the horizontal inertia force
can be out of phase and the generation of V},,,, can be suppressed. If we assume that the sensor is
attached to a house and the house rotates about its center of gravity, we can understand that the timing
of the tilt of the house and the action of the horizontal inertia force can vary depending on the location
of the sensor. Therefore, when the rocking motion accompanies tipping, the generation of V;,,,, can be
suppressed. In fact, it was found in the previous reports? that V,,,, was not observed for the record
at KiK-net IWTH25 during the 2008 Iwate-Miyagi Nairiku earthquake in spite of the large amplitude,
although V;,,,, was observed at other KiK-net stations. Ohmachi et al.'"¥ suggested that house rocking
motion with tipping occurred at IWTH2S5 during the 2008 Iwate-Miyagi Nairiku earthquake. Figure 24
shows the three components of surface accelerograms including the time interval of tipping following
Ohmachi et al.'¥. The positive peak in the vertical acceleration after 19.0 s was interpreted as due to the
collision of the house and the ground'¥. Based on this interpretation, the time interval around 19.0 s
with the negative vertical acceleration corresponds to the tipping of the house. In other words, this is the
time interval for which the tilt of the sensor is large. For this time interval, the horizontal accelerations
are not necessarily large. Thus, it can be concluded that, at IWTH25 during the 2008 Iwate-Miyagi
Nairiku earthquake, the tipping of the house resulted in the phase difference of the tilt of the house and
the action of the horizontal inertia force and suppressed the generation of V,,,,. In summary, the
generation of V},,,, at KiK-net stations should be investigated considering the tipping of the house,
based on the information on the size, etc. of the individual houses.
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Fig. 24 Three components of surface accelerograms at IWTH25 during the 2008 Iwate-Miyagi Nairiku
earthquake
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