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Detection of soil liquefaction from strong motion records
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SUMMARY

During the recent earthquakes in Japan and the U.S.A. a number of records from lique�ed-soil sites
have been obtained. The ground motion parameters from these sites were studied and several methods
for detection of liquefaction from seismic records were developed. The methods, however, focus mainly
on the horizontal ground motion and may interpret as liquefaction-induced some records from soft-soil
deposits or records with dominant surface waves, at which sites the phenomenon was not observed.
Besides, not all of the available records from lique�ed sites were processed. In this paper, after exam-
ination of the ability of di�erent types of ground motion parameters to indicate alone soil liquefaction
we propose a new liquefaction detection method that simultaneously analyses instantaneous frequency
content of the horizontal and the vertical ground acceleration. We also compare performance of the
proposed method with that of the other liquefaction detection methods. The computations are carried
out using a common data set including records from lique�ed and non-lique�ed sites. Results show
that the frequency-related parameters and the proposed method detect more e�ciently the occurrence of
liquefaction from the seismic records. Copyright ? 2001 John Wiley & Sons, Ltd.

KEY WORDS: liquefaction detection; ground motion parameters; strong motion records; mean
instantaneous frequency

1. INTRODUCTION

The 1994 Northridge earthquake in the U.S.A. and the 1995 Hyogoken-Nanbu (Kobe) earth-
quake in Japan corroborated the need for further development of earthquake monitoring and
early damage assessment systems as a keystone of the earthquake disaster management. These
systems collect information about the observed ground motion during or immediately after an
earthquake and analyse it for the purpose of early warning and preliminary damage estimation.
The backbone of such systems is a ground-motion monitoring network, consisting usually of
three-axial accelerometers. Various national organizations, local governments and private com-
panies in Japan and the U.S.A. have launched new seismometer networks or started to expand
their existing ones as a part of real-time earthquake disaster mitigation systems [1]. Early
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Figure 1. Acceleration record at Port Island GL from the 1995 Hyogoken-Nanbu
earthquake. The site was heavily lique�ed.

damage assessment systems within them can predict structural damage not only due to the
ground shaking, but also due to �re, soil liquefaction or tsunami.
Since the 1964 Niigata earthquake, a number of ground motion records from lique�ed-

soil sites have been obtained. The records show that the horizontal ground acceleration alters
uniquely after the onset of liquefaction — its frequency abruptly drops o� to the range 0.5–
1Hz and its amplitudes decrease — while the vertical acceleration is rather stable (Figure
1). This alteration of the horizontal acceleration is triggered by the decreasing of the soil
shear modulus as a consequence of the pore–water pressure buildup under undrained con-
dition. An adequate description of the alteration can be used as a method for detection of
liquefaction from the seismic records. Such a method can operate data from a seismometer
network and identify the occurrence of the phenomenon immediately after an earthquake. It
can also function as a standalone liquefaction sensor in combination with an accelerometer.
Liquefaction has been recognized as the main reason for collapse of earth dams and slopes,
failure of foundations, superstructures and lifelines and its early detection might be of great
interest.
A practical approach to capture the alteration of ground motion is to calculate appropriate

ground motion parameters and compare their values with limit ones that correspond to soil
liquefaction. The advantages of this approach are that the alteration is expressed in terms
of physically meaningful quantities and that computations are simple. The disadvantage is the
incompleteness of the alteration description. Another possible approach is to perform nonlinear
e�ective-stress analysis of the soil. This model-based approach is more comprehensive, but
involves knowledge of soil properties, incident motion and complicated computations. Besides
the surface accelerometers, other liquefaction detectors as downhole piezometers or sensors
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Figure 2. Acceleration record at SC&T from the 1985 Michoacan, Mexico
earthquake. No liquefaction occurred at the site.

measuring the rise of the water level in a hollow pipe, inserted in the ground [2] could also
be e�cient. However, they are costly and with low durability.
The ground motion parameters from lique�ed-soil sites were examined in a number of stud-

ies [3–9] and some of them were employed in several methods for liquefaction judgment from
the strong motion records. Nakayama et al. [10] presented a method, which judges about the
occurrence of liquefaction either positively or negatively. Miyajima et al. [11] proposed a
three-level possibility method trying to distinguish some sites, where the liquefaction occur-
rence was questionable. Ozaki [12] introduced a simple method considering one parameter.
These methods, however, focus mainly on the horizontal ground motion and may interpret
as liquefaction-induced some records from soft-soil deposits or records with dominant surface
waves, at which sites phenomenon was not observed. An example is the record at SC&T from
the 1985 Michoacan, Mexico earthquake, shown in Figure 2. Besides, not all of the available
records from lique�ed-soil sites were processed.
In this paper, we �rst review existing methods for liquefaction detection from the seismic

records. Then we examine the ability of the di�erent ground motion parameters, employed
in the liquefaction judgment methods, to indicate alone occurrence of the phenomenon and
propose a new liquefaction detection method that simultaneously analyses the instantaneous
frequency content of the horizontal and the vertical ground acceleration. Finally, we compare
the performance of the proposed method with that of the other methods. All computations are
carried out using a common data set of seismic records from lique�ed and non-lique�ed sites
in Japan, the U.S.A. and Mexico. We also suggest a classi�cation of the recording sites with
respect to the liquefaction occurrence due to a particular earthquake.

Copyright ? 2001 John Wiley & Sons, Ltd. Earthquake Engng Struct. Dyn. 2001; 30:173–193
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2. REVIEW OF EXISTING METHODS FOR LIQUEFACTION DETECTION USING
STRONG MOTION RECORDS

Existing methods for liquefaction detection are briey reviewed in this section. The methods
are named after the researchers who have proposed them.

2.1. Method of Suzuki

This method processes the two horizontal acceleration components and gives either positive or
negative judgment about liquefaction occurrence. The method considers the following ground
motion parameters:

(1) Peak horizontal ground acceleration (PGA). PGA is the maximal value of the vector sum
of the two horizontal ground acceleration components. Results of Seed and Idriss [3]
show that that the liquefaction occurrence is likely when the maximum ground surface
acceleration is larger than 100 cm=s2.

(2) Maximum spectrum intensity (SImax). De�nition of the spectrum intensity (SI) used here
is

SI =
1
2:4

∫ 2:5

0:1
Sv(T; �) dT (1)

where Sv is the relative-velocity response spectrum of a single-degree-of-freedom system
for a damping ratio � equal to 20 per cent of the critical one and T is the undamped period
of vibration. Towhata et al. [6] found that in situ liquefaction is unlikely to occur when
surface SI is less than 13 cm=s. The maximum value of the spectrum intensity SImax is
obtained by rotating the horizontal acceleration in eight directions equally spaced between
0 and 180◦.

(3) Maximum horizontal ground displacement (Dc). Towhata et al. [6] suggested the maximum
horizontal ground displacement to be computed as

Dc=
2SI 2

PGA
(2)

Here Dc is the displacement due to the harmonic vibration and does not represent the
permanent displacement of the lique�ed soil. It was found that in the case of lique�ed
sites Dc takes relatively large values.

(4) Zero-crossing period (Tz; a). It is de�ned as

Tz; a =
2T
n

(3)

where T is the interval of time and n is the number of acceleration zero-crossings. The
zero-crossing period is calculated within a 10-s window that moves with step of 1 s in the
time interval between occurrence of peak acceleration and 10 s after it. Then the greatest
among the obtained 10 values is found out. Finally Tz; a is determined as the larger of the
maximal zero-crossing periods of the two horizontal acceleration components.
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Occurrence of liquefaction is judged if all parameters exceed certain limit values: (1)
PGA = 100 cm=s2, (2) SImax= 20 cm=s, (3) Dc= 10 cm and (4) 2Tz; a= 2 s.
The method of Suzuki is implemented into new SI sensor, developed by Tokyo Gas Co.,

Ltd. The company plans to install 3600 pieces of this sensor as a part of its real-time disaster
mitigation system SUPREME [13].

2.2. Method of Miyajima

This method analyses the three components of an accelerogram. It distinguishes three possi-
bilities for liquefaction in attempt to identify some cases where the occurrence of liquefaction
was not clear. The method evaluates the following four parameters (computation of some of
them is modi�ed as in Yamamoto et al. [14]:

(1) Maximal ratio of vertical to horizontal acceleration amplitude (AV;max=AH;max). Acceleration
time history is divided into portions of 0.3 s and the ratio is composed from the largest
vertical and horizontal amplitude in each portion. It was found that at lique�ed sites the
maximum of this ratio after occurrence of PGA is larger than 2.0.

(2) Ratio of low-frequency portion to whole area of the Fourier amplitude spectrum (RL). Low-
frequency portion and whole area of Fourier spectrum are de�ned as the areas under the
Fourier amplitude spectrum curve from 0 to 2Hz and from 0 to 10Hz, respectively. The
value of RL indicates the amount of low-frequency motion in the horizontal acceleration
components. In this study RL is the average of the two ratios that correspond to the two
horizontal components.

(3) Averaged predominant frequency (Fp; a). Predominant frequency is the frequency corre-
sponding to the maximum value of the (usually smoothed) Fourier amplitude spectrum.
The time history of the predominant frequency for each horizontal acceleration compo-
nent is calculated using a moving window of length 5 s that moves with a step of 0.5 s.
Then the average value of the resultant time history is obtained within the time interval
between occurrence of the peak acceleration and the time where the greatest amplitude of
the Fourier spectrum becomes less than 10 cm=s. Finally Fp; a is determined as the mean
of the two average values related to each horizontal acceleration component. At lique�ed
sites Fp; a is found not to exceed 1Hz.

(4) Maximal decrease rate of the predominant frequency (�Fp;max). Decrease rate is de�ned
as the negative rate of change. The rate of change of the predominant frequency is the
di�erence of its two consecutive values, divided on the time lag between them. In this
study �Fp;max is the average of the two maximal decrease rates that correspond to the two
horizontal components.

Liquefaction occurrence is judged using a point system. In case that any of the parameters
exceeds a limit value, points are given as follows: AV;max=AH;max= 2:0 — 1 point, RL= 0:25
— 1 point, Fp; a5 1Hz and �Fp;max5 1Hz=s — 1 point, Fp; a= 1Hz and �Fp;max¡1Hz=s —
0.5 points. If the sum of the points is less than 2.0, the possibility for liquefaction is judged
as low. If the sum of points is equal or greater than 2.0 but less than 3.0, the possibility for
liquefaction is determined as high and if the sum of points is equal to 3.0, the possibility for
liquefaction is judged as very high.

Copyright ? 2001 John Wiley & Sons, Ltd. Earthquake Engng Struct. Dyn. 2001; 30:173–193
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2.3. Method of Ozaki and Takada

This method processes the two horizontal acceleration components. It takes into account one
parameter — ratio of Arias intensity of �ltered to non-�ltered acceleration time history (RI).
Arias intensity (Ixx) is de�ned as [15]

Ixx=
�
2g

∫ T0

0
a2x(t) dt (4)

where ax(t) is the ground acceleration time history along the x-axis, T0 is its duration, g is
the gravity constant and t denotes the time. Considering the Parseval’s formula one can notice
that RI indicates the low-frequency content of the power spectrum of the ground acceleration,
i.e. it has same meaning as RL. The �lter used in this method is a low-pass �lter with cut-o�
frequency of 1Hz.
Occurrence of liquefaction is judged according to the value of RI as follows: 0=RI¡0:3

— no liquefaction, 0:35RI¡0:6 — possible liquefaction, 0:65RI5 1 — liquefaction.

3. COMMON DATA SET OF STRONG MOTION RECORDS

In order to compare the performance of the individual ground motion parameters as well as
that of the liquefaction detection methods a common data set of seismic records is developed.
In this study, we concentrate on free-�eld records with PGA larger than 150 cm=s2 and peak
ground velocity (PGV ) bigger than 15 cm=s though some downhole and structure records are
presented.
The fact whether a record is from a lique�ed site is judged from a report about the site

condition after a particular earthquake. Liquefaction occurrence is proved by �eld evidence
like sand boils, ground �ssures �lled with sand, large permanent displacements or vertical
settlements of the soil, uplifting of pipelines or tanks, tilting of buildings, some foundation
failures, etc. Seed et al. [16] pointed out that the liquefaction evidence takes di�erent forms for
di�erent soils and suggested to consider two phenomena — ‘liquefaction’ and ‘cyclic mobility’.
The former involves very large deformations while the latter involves limited amount of cyclic
strain in the soil. Depending on the soil pro�le, however, some liquefaction evidence such as
sand boils may not be observed on the surface, when liquefaction occurs in depth [17].
In accordance with the above considerations, we classi�ed the recording sites with respect

to the liquefaction occurrence due to a particular earthquake in the following three groups:

(1) Lique�ed sites: there was evidence seen for liquefaction at the recording site.
(2) Liquefaction-suspicious sites: there was no evidence seen for liquefaction at the recording

site, but it was observed in its vicinity (up to 50m) or cyclic mobility at the site was
con�rmed by an analytical study.

(3) Non-lique�ed sites: there was no evidence for liquefaction at the recording site and its
vicinity (up to 50m) as well as no conformation about cyclic mobility at the site.

The common data set consists of 74 free-�eld, six downhole and three structure ground
motion records from Japan, the U.S.A. and Mexico. American records are obtained from the
Earthquake Strong Motion CD-ROM, National Geographical Data Centre [18] and from the In-
ternet site of California Strong Motion Instrumentation Program (CSMIP). The early Japanese
data are also obtained from the mentioned CD-ROM and the rest are provided by many
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national organizations, institutes and private companies, including Japan Meteorological Agency
(JMA), Port and Harbour Research Institute (PHRI), Ministry of Transport, Public Works Re-
search Institute (PWRI), Ministry of Construction, Kyoshin net (K-net), National Research
Institute of Earth Science and Disaster Prevention, etc.
For the purposes of the study, the records in the data set are divided in four categories:

lique�ed-site free-�eld (LF), lique�ed-site structure (LS), suspicious-site free-�eld (SF) and
non-lique�ed-site free-�eld (NF). In total 12 lique�ed-site records (LF and LS) and �ve
suspicious-site free-�eld records are con�rmed [19–31] (the information about Amagasaki
bridge is collected by contacting PWRI). The record from Treasure Island during the 1989
Loma Prieta earthquake is classi�ed as SF although the observations of liquefaction were
‘within 100m’ of the seismic station [23]. The sudden amplitude decrease in the horizontal
acceleration around 15 s from its beginning is associated with the liquefaction onset [32]. The
record from Rokko Island, which site is liquefaction-suspicious [29], is put in the LS category.
The downhole records GL-16m and GL-32m at Port Island from the 1995 Hyogoken-Nanbu
earthquake are included in the LF and SF category, respectively, taking into account the
analytical studies that estimate the possible lique�ed layers in depth at that site [31]. This
collection of records from lique�ed sites claims to be the most comprehensive one examined
by now. The non-lique�ed free-�eld records are 66, including four downhole records from
some lique�ed, suspicious and non-lique�ed sites. Table I shows all records in the data set
and the corresponding values of PGA and PGV . Note that it was the 1995 Hyogoken-Nanbu
earthquake from which most of the lique�ed-site records are obtained.
A comment on the structure records is needed. This type of records is not used in the

preliminary damage assessment, but it is put into consideration because all three sites were
lique�ed or liquefaction-suspicious. The Kawagishi-cho record is the �rst ever one obtained
from a lique�ed site. The seismometer was placed in the basement of a four-storey apartment
building with a shallow foundation, next to the three tilted buildings at that site. The instrument
at Kobe Dai 8 is installed on a quay wall and perhaps followed closely the movements of the
ground. The seismometer at Rokko Island is located in the basement of a 40-storey building,
founded with piles of depth 12m. There are more instruments at the upper levels of this
building, but their records follow the structure response.

4. ANALYSIS OF THE GROUND MOTION PARAMETERS USED IN THE METHODS
FOR LIQUEFACTION DETECTION FROM SEISMIC RECORDS

Liquefaction detection methods discussed are successful combinations of selected ground mo-
tion parameters that distinguish lique�ed-site records from these from non-lique�ed sites. E�-
ciency of the method depends on e�ciency of the parameters employed. Hence, it is important
to grasp the ability of the di�erent parameters to indicate alone soil liquefaction. Commonly,
ground motion parameters are divided into four categories: amplitude-, frequency-, energy-
and duration-related ones [17]. Figure 3 illustrates the parameters used in the methods for
liquefaction detection with respect to the above classi�cation. One can see that although the
duration of the ground motion is inuential to liquefaction occurrence, it is not considered as
an e�cient indicator.
Ability of the ground motion parameters employed in the liquefaction judgment methods to

indicate alone soil liquefaction is analysed using both lique�ed- and non-lique�ed-site records

Copyright ? 2001 John Wiley & Sons, Ltd. Earthquake Engng Struct. Dyn. 2001; 30:173–193
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Figure 3. Ground motion parameters employed in the liquefaction detection methods.

from the common data set. It is assumed that a parameter detects liquefaction occurrence
for a particular record if its value is within the range, speci�ed in the corresponding method
(e.g. PGA= 100 cm=s2 as in the method of Suzuki). Accordingly, same parameter detects no
liquefaction if its value is out of that range (e.g. PGA¡100 cm=s2). The representative value of
RI is assumed the larger from the two ratios that correspond to the two horizontal acceleration
components and its range is selected to be RI= 0:3. Decrease rate of the predominant frequency
is not examined.
Figure 4(a) depicts the performance of the amplitude parameters. Because of the data set,

PGA shows almost no e�ciency in the detection of the NF records. However, its threshold
picks all records from lique�ed and liquefaction-suspicious sites. Best recognition is given
by Dc that distinguishes almost two-thirds of the records from non-lique�ed sites and all
LF and SF records. AV;max=AH;max detects even better the NF records but cannot identify one
suspicious-site and one lique�ed-site record. This might be because of the variation of that
parameter with the starting point of its computation.
The results for the energy parameters are given in Figure 4(b). These parameters indicate

all LF, LS and SF records. RI recognizes 75 per cent of the records from non-lique�ed sites
while SImax and RL identify less than the half of them. The e�ciency of RI and RL implies
that some power spectrum characteristics might reect better liquefaction occurrence than the
corresponding Fourier spectrum ones.
Figure 4(c) illustrates the outcomes of the frequency parameters. All of them detect more

than three-quarters of the records from non-lique�ed sites and almost all LF, LS and SF
records. Fp; a shows lower identi�cation ability for the NF records and does not recognize one
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Figure 4. Detection of liquefaction occurrence by di�erent ground motion parameters.

SF record. Tz; a gives better detection of the NF records but does not identify one LF and two
SF records. Both Fp; a and Tz; a are determined through the moving-window technique and have
a threshold of 1Hz (also found in computation of RI).
From the analysis, it is seen that the frequency-related parameters are the most e�cient

among the three groups ground motion parameters employed in the detection of liquefaction
occurrence. Frequency parameters are always combined with amplitude or energy parameters,
which measure the ground-shaking intensity that is related to the magnitude of liquefaction-
inducing stresses in the soil. Energy parameters should be applied carefully since they reect

Copyright ? 2001 John Wiley & Sons, Ltd. Earthquake Engng Struct. Dyn. 2001; 30:173–193



186 M. V. KOSTADINOV AND F. YAMAZAKI

several characteristics of the ground motion and the e�ect of one parameter could be obscured
by the e�ect of another.

5. PROPOSAL FOR A METHOD FOR LIQUEFACTION DETECTION FROM STRONG
MOTION RECORDS

All methods for liquefaction detection, described in Section 2, focus on the frequency content
of the horizontal ground motion. However, the main feature of the lique�ed-site records is not
only that the high-frequency content vanishes in the horizontal components of the accelerogram,
but also that it exists at the same time in the vertical component. This is explained with
the fact that the seismic body waves typically arrive at the ground surface from a nearly
vertical direction. Therefore, we suggest analysing the instantaneous frequency behaviour of
both horizontal and vertical acceleration simultaneously.
The instantaneous frequency behaviour of a given signal, i.e. how the signal frequency

changes over the time is the subject of the joint time–frequency analysis. Taking the Fourier
transform within a moving window, known also as short-time Fourier transform (STFT) is the
simplest among the variety of time–frequency representations [33]. Its square, named STFT
spectrogram is the most used time-dependent power spectrum. Another popular time–frequency
methods are Wigner–Ville distribution and its derivatives — Cohen’s class distributions.
In our proposal, we consider the mean instantaneous frequency (MIF) de�ned as

MIF(t)=
∫
fP(t; f) df∫
P(t; f) df

(5)

where P(t; f) is a time–frequency representation of the acceleration time history, t is the time
and f is the frequency. As a time–frequency representation is used the STFT spectrogram. In
other words, we compute the mean frequency of the power spectrum of the moving window.
Because it is a weighted average of all frequencies present at a given moment, MIF can
quantify the frequency alternation in the ground acceleration records from lique�ed sites. In
the STFT computation a Hamming window of length 256 points is utilized for the acceleration
records with a time increment of 0:01 s. For di�erent time increments, the window length is
changed proportionally in order to maintain similar frequency resolution (i.e. 128 points for
time increment of 0:02 s). The window is moved stepwise within the time interval between the
�rst and last exceeding of 40 cm=s2 of the horizontal acceleration. Figure 5 shows the MIF of
the Higashi-Kobe bridge record during the 1995 Hyogoken-Nanbu earthquake.
Having the MIF computed, we detect the time instants at which it has relatively low value

in any of the horizontal acceleration components and relatively high value in the vertical
acceleration component. The total duration of this state (represented by the number of the time
instants, multiplied by the time increment) is considered as an indicator for soil liquefaction.
MIF limit values are determined empirically. The limit frequency for the vertical acceleration
is set to 3Hz. In order to distinguish the lique�ed-site records form these from liquefaction-
suspicious sites it is assumed that the frequency drop in the former is larger than the frequency
drop in the latter. Respectively, two limits for the horizontal acceleration are introduced —
2=3Hz for the records from lique�ed sites and 1Hz for the records from suspicious sites. The
minimum total duration of low MIF in the horizontal acceleration component and high MIF
in the vertical component is set to 0:1 s.
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Figure 5. Mean instantaneous frequency of the Higashi-Kobe
bridge record from the 1995 Hyogoken-Nanbu earthquake.

In addition to MIF , we employ in our method the peak horizontal ground velocity (PGV )
de�ned as the maximal value of the vector sum of the two horizontal ground velocity com-
ponents. Midorikawa and Wakamatsu [4] calculated the intensities of the ground motion at
lique�ed sites during past earthquakes by a semi-empirical method taking into account the
fault size and the soil pro�le at the site. They concluded that PGV is better correlated with
the occurrence of liquefaction than PGA and suggested that soil liquefaction is likely to occur
when PGV exceeds 10–15 cm=s, which is supported by the observations (see Table I). PGV
is obtained through integration of the ground acceleration time history. Integration by Fourier
transform is utilized after �ltering the original acceleration components with a band-pass �lter
between 0.05 and 33Hz. The ground motion parameters considered in our proposal are also
shown in the classi�cation in Figure 3. Their e�ciency is evaluated in the same manner as
that of the other parameters and the results are illustrated in Figures 4(a) and 4(c).
The proposed method uses the MIF and PGV conditions in conjunction. Occurrence of

liquefaction is judged as follows:

(1) If PGV is equal or larger than 10 cm=s and the total duration satisfying the condition
MIFH5 2=3Hz and MIFV=3Hz is equal or larger than 0.1 s, ‘liquefaction’ is detected.
The index H denotes any of the horizontal components and the index V denotes the
vertical component of the accelerogram.

(2) If PGV is equal or larger than 10 cm=s and the total duration satisfying the condition
MIFH5 1Hz and MIFV=3Hz is equal or more than 0.1 s, ‘liquefaction suspicion’ is
detected. Indices H and V have the same meaning as in item 1).

(3) Otherwise, ‘no liquefaction’ is detected.
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Table II. Relation between the method outputs and the comparison levels.

Method of Suzuki Method of Method of Ozaki Proposed Method
Miyajima and Takada

Level 0 No liquefaction Low possibility No liquefaction No liquefaction
for liquefaction

Level 0.5 — High possibility Possible Liquefaction
for liquefactionn liquefaction suspicion

Level 1 Liquefaction Very high Liquefaction Liquefaction
possibility for
liquefaction

6. COMPARISON OF LIQUEFACTION DETECTION METHODS

Performance of all methods is compared by processing the common data set. For the sake of
comparison, we assumed that the di�erent methods detect same levels of liquefaction occur-
rence. The levels are named ‘Level 1’, ‘Level 0.5’ and ‘Level 0’. The relation between these
levels and the outputs of the liquefaction detection methods is given in Table II.
The results of the detection for each record and method are shown in Table III and sum-

marized in Figure 6. The judgments about the lique�ed-site free-�eld records are shown in
Figure 6(a). The method of Suzuki indicates the Port Island GL-16 record as Level 0 and
the proposed method — as Level 0.5. This is due to the high-frequency content in the hori-
zontal components that result in smaller Tz; a and larger MIFH values. The small value of the
decrease rate of the predominant frequency causes the method of Miyajima to identify the
Higashi-Kobe bridge record as Level 0.5. Same level is judged for the Hachirogata record
due to low AV;max=AH;max. The method of Ozaki and Takada recognizes around half of the LF
records as Level 1 and the rest as Level 0.5. Since this method uses only one parameter, its
thresholds might need additional adjustment.
Figure 6(b) displays the judgments about the lique�ed-site structure records. Both the method

of Suzuki and the proposed method identify the Kawagishi-cho record as Level 0. While the
former method estimates small Dc value, the latter method does not recognize it because the
vertical acceleration component lacks of high-frequency content. Reason for that lack may be
an e�ect of soil–structure interaction or an inability of the employed SMAC-A seismometer to
record high frequencies. The method of Ozaki and Takada detects all these records as Level
1. The method of method of Miyajima gives either Level 0.5 or Level 1 judgments.
The results about the suspicious-site free-�eld records are shown in Figure 6(c). Two of

them, Port Island GL-32 from the 1995 Hyogoken-Nanbu earthquake and Kushiro-G from the
1993 Kushiro-Oki earthquake, are detected by the method of Suzuki as Level 0 again due
to smaller Tz; a value. The Treasure Island record is identi�ed as Level 1 by the methods of
Miyajima and the proposed one, as the Takatori station record by the method of Ozaki and
Takada. Remain four SF records are indicated as Level 0.5 by the methods of Miyajima and
Ozaki and Takada. Note that the Kushiro-G record, at which site cyclic mobility was con�rmed
[25], is judged as Level 0.5 from all three-level methods.
Figure 6(d) depicts the detection of the non-lique�ed-site free-�eld records. The methods

of Suzuki and the proposed one recognize 90 per cent of these records as Level 0 while the

Copyright ? 2001 John Wiley & Sons, Ltd. Earthquake Engng Struct. Dyn. 2001; 30:173–193



DETECTION OF SOIL LIQUEFACTION 189

Table III. Judgments about occurrence of liquefaction.

No. Site Record Method of Method of Method of Proposed
group Suzuki Miyajima Ozaki and method

Takada

1 Kawagishi-cho LS 0 1 1 0
2 Aomori Harbor LF 1 1 1 1
3 Hachinohe Harbor NF 0 0.5 0.5 0
4 Muroran Harbor NF 0 0 0 0
5 Shiogama Harbor NF 0 0 0.5 0
6 Akita-S NF 0 1 0.5 0
7 Hachirogata LF 1 0.5 1 1
8 C. de Abastos Frigori�co NF 1 0 1 0
9 Caleta de Campo NF 0 0 0 0
10 SC&T NF 1 0 1 0
11 Tacubaya, D.F. NF 0 0.5 1 0
12 Tlahuac Bombas NF 1 0 1 0
13 Wildlife GL LF 1 1 0.5 1
14 Wildlife GL-7.5 NF 0 1 0 0.5
15 Chiba Array, IIS NF 0 0 0 0
16 Katsuura (KT552), NIED NF 0 0 0 0
17 Kisarazu (KT521), NIED NF 0 0 0 0
18 Mobara, Stokogyo NF 0 0 0 0
19 Narashino, Takenaka ED NF 0 0 0 0
20 Agnew, Agnews State Hospital NF 0 0.5 0.5 0.5
21 Capitola, Fire Station NF 0 0.5 0 0
22 Corralitos, Eureka Canyon Rd. NF 0 0 0 0
23 Emeryville, 6363 Christie Ave NF 1 0.5 1 0.5
24 Foster City, Redwood Shores NF 0 0.5 0.5 0.5
25 Gilroy #1, Gavilan College NF 0 0 0 0
26 Hollister, South St and Pine Drive NF 0 0.5 0.5 0
27 Santa Cruz, UCSC=Lick Lab. NF 0 0 0 0
28 Saratoga, Aloha Ave. NF 0 0 0 0
29 SF, International Airport NF 0 0 0 0
30 SF, Presidio NF 0 0 0 0
31 Treasure Island SF 1 1 0.5 1
32 Hanasaki-F NF 0 0 0 0
33 Kushiro, JMA NF 0 0 0 0
34 Kushiro-G SF 0 0.5 0.5 0.5
35 Kushiro-GB NF 0 0 0 0
36 Nemuro, JMA NF 0 0 0 0
37 Tokachi-M NF 0 0 0 0
38 Urakawa, JMA NF 0 0 0 0
39 Urakawa-S NF 0 0 0 0
40 Hakodate-F NF 1 0.5 0.5 0
41 Hakodate-FB NF 0 1 0.5 0
42 Hakodate-M NF 0 0.5 0.5 0
43 Suttsu, JMA NF 0 0 0 0
44 LA, Bell Postal Facility, Ground NF 0 0 0 0
45 LA, Gri�th Observatory NF 0 0 0 0
46 LA, Sepulveda Canyon, Ground NF 0 0 0 0
47 LA, Wadsworth VA Hosp., South Site NF 0 0 0 0
48 Newhall, LA County Fire Station NF 0 0.5 0 0.5
49 Pasadena, 535 South Wilson Ave. NF 0 0 0 0
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Table III. Contd.

No. Site Record Method of Method of Method of Proposed
group Suzuki Miyajima Ozaki and method

Takada

50 Tarzana, Cedar Hill Nursery NF 0 0 0 0
51 Topanga, Fire Station, Ground NF 0 0 0 0
52 Santa Monica City Hall, Ground NF 0 0 0 0
53 Sylmar County Hospital NF 0 0 0 0
54 Kushiro, JMA NF 0 0 0 0
55 Nemuro, JMA NF 0 0 0 0
56 Tomakomai, JMA NF 0 0.5 0 0
57 Urakawa, JMA NF 0 0.5 0 0
58 Hachinohe, JMA NF 0 0 0 0
59 Amagasaki Bridge GR-2 SF 1 0.5 0.5 1
60 Amagasaki-G LF 1 1 0.5 1
61 Amagasaki No.3 P.P., KE LF 1 1 0.5 1
62 General Tech. Research Inst. GL, KE NF 1 0.5 0 0
63 Higashi-Kobe Bridge LF 1 0.5 1 1
64 Inagawa GR-1, PWRI NF 0 0 0 0
65 Kobe, JMA NF 0 0.5 0 0
66 Kobe-Dai8-G LS 1 0.5 1 0.5
67 Kobe-JI-S LF 1 1 0.5 1
68 Kobe University, CEORKA NF 0 0 0.5 0
69 JR Nishi Akashi Station NF 0 0 0 0
70 Port Island GL LF 1 1 1 1
71 Port Island GL-16 LF 0 1 0.5 0.5
72 Port Island GL-32 SF 0 0.5 0.5 0.5
73 Port Island GL-83 NF 0 0 0 0
74 Rokko Island City, B3, B1F LS 1 0.5 1 1
75 Shin Kobe S.S., KE NF 0 0 0 0
76 Tadaoka, CEORKA NF 0 0.5 0 0
77 JR Takarazuka Station NF 0 0 0 0
78 JR Takatori Station SF 1 0.5 1 0.5
79 Yotsubahsi GR-1, PWRI NF 0 0.5 0.5 1
80 Akune (KGS004) NF 0 0 0 0
81 Miyanojoh (KGS005) NF 0 0 0 0
82 Ohkuchi (KGS003) NF 0 0 0 0
83 Sendai (KGS007) NF 0 0 0 0

methods of Miyajima and Ozaki and Takada identify around 75 per cent of them. The record
at Tachibuya D. F. from the 1985 Michoacan, Mexico City earthquake is judged as Level 1
by the method of Ozaki and Takada though PGA at this site is equal to 37 cm=s2. This low
level of ground shaking implies that the liquefaction occurrence is unlikely. The judgment
would be correct if an amplitude parameter has been used in addition to the energy one. It
should be also noted that all methods interpret the record at Emeryville, 6363 Christie Ave
from the 1989 Loma Prieta earthquake as Level 1 or Level 0.5. The record from this soft-
soil site exhibits low-cycle acceleration with no frequency drop in the horizontal components
but relatively high-frequency content in the vertical component and it is believed to reect
possible soil–structure interaction e�ect [34]. The site was also close to area of considerable
liquefaction [35].
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Figure 6. Detection of liquefaction occurrence by di�erent methods.

7. CONCLUSIONS

Ability of the di�erent types of ground motion parameters to indicate alone liquefaction oc-
currence is analysed and a new method for detection of liquefaction from the ground motion
records is proposed. A comparative study on the performance of the di�erent liquefaction
detection methods is also conducted. The computations are carried out using a common data
set of seismic records that are divided in four categories: lique�ed-site free-�eld, lique�ed-site

Copyright ? 2001 John Wiley & Sons, Ltd. Earthquake Engng Struct. Dyn. 2001; 30:173–193



192 M. V. KOSTADINOV AND F. YAMAZAKI

structure, suspicious-site free-�eld and non-lique�ed-site free-�eld. From the results of this
study the following conclusions are derived:

(1) Proposed method shows more e�cient detection ability regarding the free-�eld records. It
recognizes all lique�ed and liquefaction-suspicious free-�eld records, as do the method of
Miyajima and the method of Ozaki and Takada. In addition, proposed method identi�es
the most non-lique�ed free-�eld records, nearly 90 per cent of them, as do the method of
Suzuki.

(2) Most successful ground motion parameters for detection of liquefaction from seismic
records are the frequency-related parameters that are time-dependent. Frequency alter-
ation in the horizontal ground acceleration is the main indicator for the occurrence of
liquefaction. Amplitude parameters show variable detection ability but seem to be an im-
portant part of the liquefaction detection methods in order to verify the intensity of the
ground shaking. Energy parameters should be applied carefully since they reect several
characteristics of the ground motion and the e�ect of one parameter could obscure the
e�ect of another.

There is still discussion which record can be considered from a lique�ed site. In this paper, a
classi�cation of the recording sites with respect to liquefaction occurrence due to a particular
earthquake is suggested. Opinion of the authors is that future records from lique�ed sites
might change some threshold values of the ground motion parameters used in the liquefaction
detection methods.
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