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Liquefaction Limit during Earthquakes and Underground Explosions:

Implications on Ground-Motion Attenuation

by Chi-Yuen Wang, Alex Wong, Douglas S. Dreger, and Michael Manga

Abstract Liquefaction of saturated soils and sediments documented during earth-
quakes shows an empirical relation log Rmax � 2.05 (�0.10) � 0.45 M, where Rmax

is the liquefaction limit in meters (i.e., the maximum distance from liquefaction site
to the hypocenter) and M is the earthquake magnitude. Combining this with an em-
pirical relation between M and the seismic energy of an earthquake, we obtain a
relation between the liquefaction limit and the seismic energy: E � A Rb

max. The
prefactor corresponds to a threshold energy for liquefaction ranging from 0.004 to
0.1 J/m3; the exponent, ranging from 3.2 to 3.3, implies that the energy density of
ground motion attenuates with distance according to 1/r3.2–3.3, where r is the distance
from the hypocenter. The value of the threshold energy suggests a preliquefaction
degradation of the shear modulus of soils by more than 3 orders of magnitude.
Liquefaction documented during underground explosions is characterized by a
threshold energy several orders of magnitude greater than that for liquefaction during
earthquakes but shows a similar functional relation between E and Rmax as that for
liquefaction during earthquakes and implies a similar attenuation relation between
ground-motion energy density and distance.

Introduction

Large earthquakes often cause saturated soils to lose
their rigidity and become fluidlike—a phenomenon widely
known as liquefaction and a major source of seismic hazard
(Seed and Lee, 1966; Terzaghi et al., 1996). Field and lab-
oratory studies show that the occurrence of liquefaction de-
pends on many factors, such as earthquake magnitude, shak-
ing duration, peak ground motion (acceleration/velocity),
depth to the groundwater table, basin structures, site effects
and liquefaction susceptibility of sediments (e.g., Youd,
2003). Thus, the occurrence of liquefaction is difficult to
predict on a theoretical basis; empirical approaches are
adopted as a rule in assessing the liquefaction potential of
an area. In engineering practices, the assessment method
used most often is the ground-penetration test (e.g., Bardet,
2003). Such tests are usually applied at specific sites of en-
gineering importance, even though in some metropolitan ar-
eas (e.g., Los Angeles and Memphis) penetration tests are
widely applied to assess the liquefaction potential. On a
broader scale, empirical relations between the magnitude of
ground shaking and liquefaction (e.g., Wang et al., 2003)
may be combined with numerical simulations of ground
shaking during an earthquake (e.g., Stidham et al., 1999) to
evaluate the liquefaction potential of a large area. Such ap-
plication, however, requires extensive information about
sediment properties and subsurface structures of the area of
interest, and both are often unavailable.

In areas where such data are not available, a simpler
approach may be applied to set some limits to the expected
extent of liquefaction during potential earthquakes. Field ob-
servations show that, for earthquakes of a given magnitude
M, the occurrence of liquefaction is confined within a par-
ticular distance from the earthquake focus, that is, the liq-
uefaction limit, Rmax, beyond which liquefaction may not be
expected (e.g., Kuribayashi and Tatsuoka, 1975; Ambraseys,
1988; Papadopoulos and Lefkopulos, 1993; Galli, 2000).
The liquefied sites at the liquefaction limit are likely to be
those with the optimal conditions for liquefaction, that is,
saturated soils with high liquefaction susceptibility. Thus the
application of the liquefaction limit to an area without prior
information on its liquefaction susceptibility may only be
taken as an estimate of the maximum likelihood of liquefac-
tion occurrence during a potential earthquake. Sites at closer
distances may include less optimal conditions but are ex-
posed to greater seismic input.

In this study we show, based on updated compilation of
worldwide data, a new relation between the liquefaction
limit and earthquake magnitude. This relation allows us to
derive, for the first time, a relation between the liquefaction
limit and the seismic energy, which in turn allows us to
formulate an attenuation relation of seismic energy density
with distance and to estimate the threshold seismic energy
density required for soil liquefaction. By comparing these
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results with similar results for liquefaction during under-
ground explosions, we attempt to decipher the differences
and similarities between earthquake and underground explo-
sion in their effects on soil liquefaction.

Liquefaction Limits

Kuribayashi and Tatsuoka (1975) compiled liquefaction
data for Japan and showed that, for earthquakes of magni-
tude M, there was a limiting distance to the earthquake, that
is, the liquefaction limit Rmax, within which liquefaction may
occur; they further showed that a linear relation may exist
between M and log Rmax. Ambraseys (1988) summarized
worldwide liquefaction data from 1848 to 1980 and pro-
posed a relationship among M, log Rmax, and Rmax; the in-
clusion of the last term resulted in a second-order correction
to the linear relationship between M and log Rmax. Papado-
poulos and Lefkopulos (1993) found that a linear relation
between M and log Rmax provides a better fit to data for
liquefaction in Greece. Galli (2000) also reported a linear
relation between M and log Rmax for liquefaction in Italy
from both historical and instrumental records. These results
are generally consistent with the understanding that the in-
tensity of ground motion increases with earthquake magni-
tude and attenuates with epicentral distance. Although the
attenuation of seismic energy is also known to be a function
of the style of faulting (Boore et al., 1997), the directivity
of fault rupture (Sommerville et al., 1997), and distance to
the ruptured fault, the majority of reports on liquefaction did
not document the directivity of the earthquake, the style of
faulting, or the closest distance to the ruptured fault. We are
therefore forced to use earthquake magnitude and hypocen-
ter distance as the only two parameters to quantify the liq-
uefaction limit. In a later section, however, we will argue
that these two parameters may indeed be the most important
in affecting liquefaction occurrence and may have embedded
within themselves some other parameters as mentioned pre-
viously. Because a large amount of historical data is included
in the present analysis, which did not make a distinction
among different magnitude scales, we are forced to neglect
the distinction among different magnitude scales. Estimate
of the relationship between earthquake magnitude and liq-
uefaction limit could also be made for prehistorical earth-
quakes (e.g., Obermeier, 1999), but the present analysis will
be limited to historical and instrumental data.

By combining the aforementioned datasets and adding
some recent liquefaction data (Table 1) we obtain a substan-
tially larger dataset than any of the previous studies. Fig-
ure 1 shows the hypocentral distance of liquefaction against
the earthquake magnitude M. For earthquakes of a given
magnitude M, liquefaction generally occurs within a range
of hypocentral distances. The maximum of this range is de-
fined as the liquefaction limit Rmax. A least-square fit of data
for Rmax versus M yields the following relation:

log R � 2.05 (�0.10) � 0.45 M , (1)max

where Rmax is in meters and the standard error in determining
Rmax for a given earthquake magnitude is shown in the pa-
rentheses.

To relate Rmax to the seismic-wave energy of an earth-
quake Eeq, we use the classical Gutenberg-Richter relation
between Eeq and M (Gutenberg and Richter, 1956):

log E � 4.8 � 1.5 M , (2)eq

where Eeq is in joules. Another widely known relation be-
tween Eeq and M is by Bath (1966):

log E � 5.24 � 1.44 M . (3)eq

We use both (2) and (3) in the following analysis to provide
an estimate of the uncertainty due to the uncertainty in the
M � Eeq relations. Combining (1) and (2) we obtain:

3.3E � A� R , (4)eq max

where A� � 0.004–0.02 J/m3. Combining (1) and (3) we
obtain

3.2E � A� R , (5)eq max

where A� � 0.03–0.10 J/m3. Thus the exponent in the Eeq

versus Rmax relation appears to be insensitive to the uncer-
tainty in the M � Eeq relations.

Liquefaction has also been documented in many under-
ground explosions, both chemical (e.g., Ivanov, 1967; Char-
lie, 1978) and nuclear (e.g., Banister et al., 1976; Blouin,
1978). Explosive compaction is commonly used to densify
cohesionless soils and is known to induce local liquefaction
(e.g., Green and Mitchell, 2004). Charlie et al. (1996) sum-
marized these observations and obtained the following em-
pirical relation existing between the liquefaction limit and
the explosive yield of the explosions Y:

1/3R � 260 Y , (6)max

where Y is the yield of underground explosion in kilotons of
TNT (kt) and Rmax in meters. Or, in units of joule (1 kt �
4.186 � 1012 J), we have

1/3R � 0.016 Y . (6�)max

Using an empirical relation between the yield of under-
ground explosion and the equivalent seismic magnitude for
alluvium (Bolt, 1976), we may convert (6) to a relation be-
tween Rmax and the equivalent seismic magnitude for under-
ground explosions:

log R � 0.28 � 0.44 M . (7)max

Note that the slope of this relation is nearly identical
with that in equation (1), whereas the intercept terms in the
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Table 1
Maximum Epicentral Distance from Documented Liquefaction Sites and Focal Depth for Some Large Earthquakes Since 1983

Earthquake Magnitude

Epicentral
Distance

(km)

Focal
Depth
(km) Source

1983 Nihonkai-Chubu, Japan 7.7 160 15 http://www.ce.berkeley.edu/�hausler/sites/NKC001.pdf
1988 Udaipu Gahri, India 6.6 100 10 http://asc-india.org/gq/udaipur.htm
1989 Loma Prieta, California 7.1 93 18 Bardet and Kapuskar (1993)
1994 Northridge, California 6.7 50 19 www.lafire.com/famous_fires/940117_NorthridgeEarthquake/quake/02_EQE_geology.htm
1995 Manzanillo, Mexixo 7.3 150 30 http://sun1.pue.upaep.mx/servs/carrs/GIIS/manzanillo.html
1995 Kobe, Japan 6.9 40 10 http://www.jrias.or.jp/public/Hanshin_Earthquake/q1-2e.html
1999 Izmit, Turkey 7.8 61 17 Rothaus et al. (2004)
1999 Duzce, Turkey 7.5 56 10 http://geoinfo.usc.edu/turkey/
1999 Chi-Chi, Taiwan 7.6 80 8 Yu et al. (2000)
2001 Gujarat, India 7.7 260 17 Rajendran et al. (2001)
2001 Nisqually, Washington 6.8 75 52 Pierepiekarz et al. (2001)
2002 Denali, Alaska 7.9 300 4.2 Kayen et al. (2002)
2003 Colima, Mexico 7.7 60 30 http://geoinfo.usc.edu/gees/

Figure 1. Diagram showing hypocentral distance
of liquefaction documented during earthquakes ver-
sus earthquake magnitude. Different symbols show
data from different sources: squares, Galli (2000); cir-
cles, Ambraseys (1988; including data in Kuribayashi
and Tatsuoka [1975]); triangles, electronic supple-
ment. Hypocentral distances are calculated from re-
ported epicentral distance and focal depth; if focal
depth is not reported, an average focal depth of 10 km
is assumed. Solid line shows the liquefaction limit as
a function of earthquake magnitude (equation 1); an
outlier (in parentheses) has bare minimum informa-
tion (Ambraseys, 1988) and is not included in the
definition of the liquefaction limit. Dashed line shows
the extrapolated relation between liquefaction limit
and equivalent earthquake magnitude during under-
ground explosions (equation 10).

two relations differ significantly (Fig. 1). This difference in
intercept suggests that, at an equivalent M, the liquefaction
limit for underground explosion is about two orders of mag-
nitude smaller than that for earthquakes. This difference in
the liquefaction limit is consistent with the general notion
that shearing may be much more effective than compression
in triggering liquefaction. Because most of the seismic en-
ergy generated by explosion occurs in compression, there is
much less shear energy in explosions than in earthquakes of
an equivalent magnitude. The difference in the liquefaction
limit may also be due to a difference in the frequency content
in ground motion between earthquake and explosion. Fi-
nally, the difference in the liquefaction limit between earth-
quake and underground explosion may be related to the dif-
ference in the duration of shaking which is known to affect
the stress level for the occurrence of liquefaction (e.g., Seed
and Lee, 1966); that is, the duration of ground shaking is
much shorter during underground explosions than during
earthquakes of an equivalent magnitude (e.g., Bolt, 1976).
On the other hand, we caution that the liquefaction limits
documented during explosions were all smaller than 1 km
(i.e., the dash line in Fig. 1 is an extrapolation of the empir-
ical relation from field data), whereas all the documented
liquefaction limits during earthquakes were greater than
10 km (Fig. 1); hence, a strict comparison between (1) and
(7) is necessarily fraught with uncertainty.

Most of the energy in underground explosions is spent
in fracturing, heating, melting, and vaporizing the surround-
ing rocks (Bolt, 1976; Johnson and Sammis, 2001); only a
very small fraction is converted to seismic energy. The frac-
tion of the total energy that goes into seismic energy is a
measure of the seismic efficiency of explosions, which
ranges from 10�3 to 10�2 for sediments and solid rocks,
respectively (Bolt, 1976). Assuming a seismic efficiency of
10�3 for sediments and soils we obtain from (6�) the seismic
energy in underground explosions (Eex),
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Figure 2. Schematic drawing illustrating
the conceptual model of attenuation of the seis-
mic energy with distance. e(r) is the strong-
motion energy in a unit volume at hypocentral
distance r. At the earthquake source e(r � 0)
� E(M), which lies in the plane defined by the
axes of earthquake energy E and earthquake
magnitude M, and eth is the threshold energy
for liquefaction at r � Rmax.

3E � 240 R , (8)ex max

where Eex is in joules.
Because equations (4), (5), and (8) all have the same

functional form, we may summarize them into a single re-
lation for the convenience of discussion:

bE � A R , (9)max

where E is the seismic energy of the source and stands for
either Eeq or Eex, b ranges from 3 to 3.3, and A ranges from
0.004 to 0.1 J/m3 for earthquakes and is �240 J/m3 for un-
derground explosions.

Threshold Energy

We interpret Rmax as the distance at which the seismic
energy density e(r), that is, the seismic energy in a unit vol-
ume, has decayed to a threshold energy density eth (Fig. 2)
required to trigger liquefaction of soils or sediments under
the most favorable condition (i.e., saturated soils with high
liquefaction susceptibility). What is this threshold energy
density? In view of the functional form of (9), we assume
the following functional form for the attenuation of ground-
motion energy density with distance:

E
e(r) � (10)a(r � 1)

where r is the distance from the earthquake source in meters,
E stands for either Eeq or Eex, and � is an empirical constant

to be determined; the term “�1” is included so that the
seismic energy in a unit volume at r � 0, that is, e(r � 0),
is equal to the total seismic energy of the earthquake or un-
derground explosion, that is, E. Replacing E in the preceding
expression by the expression in (9) and r by Rmax, we obtain
the seismic-energy density at the liquefaction limit, that is,
the threshold energy:

b ��e � e(R ) � (AR ) (R � 1)th max max max (11)
b ��� (AR ) R .max max

Because the threshold energy eth is a soil property and should
be independent of Rmax, � � b, which ranges from 3 to 3.3,
and eth � A, which ranges from 0.004 to 0.1 J/m3 for liq-
uefaction during earthquakes and is �240 J/m3 for liquefac-
tion during underground explosions. The several orders of
magnitude difference in the threshold energy between earth-
quakes and underground explosions is consistent with our
earlier suggestion that the triggering of liquefaction during
earthquakes and underground explosions is sensitive to the
relative duration of ground shaking, the frequency content
in ground motion, and the relative amount of shear energy
in the induced ground motion.

Ground-Motion Attenuation

The previous analysis of liquefaction limit has led to the
inference that the overall attenuation of the ground-motion
energy density during earthquakes and underground explo-
sions may follow the functional form



Short Notes 359

E E
e(r) � � , (12)3 3.3r r

where E is the total seismic energy in an earthquake or an
underground explosion and r is the distance from the source.

Because ground-motion attenuation relationships have
long been developed on seismological basis and widely used
in seismic-hazard analysis, it would be interesting to com-
pare the preceding relation based on liquefaction limit with
the seismological relations. Most seismological attenuation
relations describe the expected peak ground motions as a
function of earthquake magnitude, distance to the source re-
gion, and local site characterization (Boore et al., 1993,
1994; Abrahamson and Silva, 1997; Campbell, 1997). Some
relations also include the style of faulting (Boore et al.,
1997) and directivity effects (Somerville et al., 1997). A
useful review is given by Campbell (2003). Numerous vari-
ables, such as basin effects (e.g., Graves et al., 1998; Ka-
wase, 1996), site effects (Campbell, 2003), and seismic
waves, critically reflected off the Moho and other crustal
layers (Somerville and Yoshimura, 1990; Catchings and
Kohler, 1996), may cause significant changes in the ground-
shaking intensity during any earthquake. Thus, it is difficult
to determine how ground motion may attenuate with dis-
tance, and a wide variety of relations has been proposed.
Boatwright et al. (2003) suggested that the peak ground ac-
celeration (PGA) and the peak ground velocity (PGV) for
nine large earthquakes and 95 moderate earthquakes in
northern California may attenuate with distance more rapidly
than a simple power law would predict, whereas Catchings
and Kohler (1996) showed that the overall profile of the PGV
along the San Francisco Peninsula during the 1989 Loma
Prieta earthquake decreases according to 1/r2 for direct ar-
rivals and 1/r for reflected arrivals. Applying an inversion
scheme, Cua (2004) decomposed and parameterized the
ground-motion envelopes of about 30,000 strong-motion re-
cords of Southern California earthquakes and developed the
corresponding strong-motion attenuation relationships. The
results show that, at soil sites, the amplitude of the horizontal
S-wave velocity envelope declines with distance according
to �1/r1.59. Because the amplitude of the horizontal S-wave
velocity envelope usually corresponds to the horizontal PGV
of the record, this result implies

1.59PGV � 1/r . (13)

Because of the large numbers of earthquakes used in Cua’s
(2004) study, we will compare the liquefaction-based atten-
uation relation against her result.

Although seismologists characterize the attenuation re-
lationship by the decline of the PGA or PGV with distance,
liquefaction of soils is caused by the cumulative deformation
of saturated soils and sediments during ground shaking.
Thus the attenuation relation (12) inferred from liquefaction
limit represents the attenuation of the time-cumulative en-
ergy in the ground motion. To evaluate the cumulative

ground-motion energy from the strong-motion records, we
adopt the Arias intensity (Arias, 1970; Jennings, 2003) from
earthquake engineering, which is a measure of the total
amount of energy imparted to a spectrum of single-degree
simple harmonic oscillators, that is,

� �

e � ü(t) ẋ(x, t) dt dx (14)Ar � �
0 0

where x(x, t) is the displacement of a single-degree simple
harmonic oscillator, of natural frequency x, responding to
(or driven by) ground acceleration ü(t) during an earthquake.
In computing the response of the simple harmonic oscillators
we assumed a 5% damping, following the usual practice in
earthquake engineering. Plotting eAr against PGV for the
2004 Mw 6.0 Parkfield and the 2003 Mw 6.5 San Simeon,
California, earthquakes (Fig. 3a, b) we obtain, respectively,
the following linear relationships between log (eAr) and log
(PGV),

log e � �1.24 � 1.82 log PGV, (15)Ar

at r2 � 0.95, and

log e � �1.66 � 2.04 log PGV, (16)Ar

at r2 � 0.76. These results demonstrate that eAr for horizon-
tal S waves is closely proportional to the square of PGV.
Thus the relationship PGV � 1/r1.59 for horizontal S waves
in Southern California (Cua, 2004) implies that the cumu-
lative ground-motion energy density attenuates with distance
according to e �1/r3 at soil sites. Thus the attenuation re-
lationship from the present liquefaction limit study, (12), is
consistent with the strong-motion records.

Ground motion during underground explosions has
been documented both in the United States and in the then
Soviet Union. Olsen and Peratt (1994) and Smith (1994)
reported the ground motion during a 1-kt underground
chemical explosion in the Nevada Test Site at distances up
to 1 km, which may be characterized by a decline of PGV
with distance according to �1/r1.6, and Kostyuchenko et al.
(1974) reported the ground motion during nuclear explo-
sions in central Asia at distances up to 100 km, which may
be characterized by a decline of the PGV with distance ac-
cording to 1/r1.75. The difference between these results may
either reflect a real difference in the attenuation relations
between the different tectonic regions, or it may simply re-
flect the uncertainty in the empirical relations. Assuming the
same relation between PGV and the cumulative energy for
ground motion during underground explosions, we may in-
fer that the ground-motion energy density attenuates with
distance according to 1/r3.2 for underground explosions in
the Nevada Test Site, which is consistent with the attenua-
tion relation (12) obtained on the ground of the liquefaction
limit and according to 1/r3.5 for underground explosions in
central Asia.
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Figure 3. (a) Plot of logarithm of Arias intensity
against logarithm of PGV of horizontal S waves for
the 2004 Parkfield, California, earthquake. Straight
line shows the best fit to data (see text). (b) Plot of
logarithm of Arias intensity against logarithm of PGV
of horizontal S waves for the 2003 San Simeon, Cali-
fornia, earthquake. Straight line shows the best fit to
data (see text).

Discussion

Because of the importance of liquefaction as a seismic
hazard, a great deal of work has been done in earthquake
engineering toward studying the liquefaction susceptibility
of soils and sediments, and a large body of literature has
been accumulated (e.g., National Research Council, 1985).
In the field, numerous ground-penetration tests have been
carried out in areas of engineering importance to assess the
local liquefaction susceptibility (e.g., Bardet, 2003; Youd,
2003). In laboratories, numerous experiments with cyclic

stresses were carried out to determine how various environ-
mental factors may affect the occurrence of liquefaction in
soils and sediments during earthquakes (e.g., Terzaghi et al.,
1996). These studies have resulted in a plethora of empirical
liquefaction models (e.g., Martin et al., 1975; Booker et al.,
1976; Finn, 1988; Byrne, 1991; Green, 2001). A review of
these works would be beyond the scope of the present article.
Thus, we shall only discuss a particular work which bears
on the result of the present study. Green and Mitchell (2004)
integrated experimental stress-strain hysteresis loops up to
initial liquefaction and estimated an energy density of 0.03–
0.19 kJ/m3 required to induce liquefaction, which is 3 to 4
orders of magnitude greater than the threshold energy den-
sity estimated on the basis of the liquefaction limit. We in-
terpret this difference because the liquefaction limits in Fig-
ure 1 and equation (1) are based on worldwide data and thus
represent soil conditions with the optimal liquefaction sus-
ceptibility, whereas Green and Mitchell’s result was for par-
ticular soils. Thus, for particular soils that may or may not
have the optimal liquefaction susceptibility, the liquefaction
limit (and the required energy density for liquefaction ini-
tiation) presented in this study may only be used to provide
an estimate of the maximum likelihood of liquefaction oc-
currence during a potential earthquake.

A large amount of laboratory measurements for a vari-
ety of saturated soils under cyclic shearing, as summarized
in Dobry et al. (1982) and Vucetic (1994), has shown that,
pore pressure begins to increase at a shear-strain threshold
of 10�4. The shear-strain required for liquefaction appears
to depend on soil density, effective stress, the number of
stress cycles, and the duration of ground shaking (National
Research Council, 1985), but, according to data compiled
by Vucetic (1994), should be greater than 10�3. Here we
take 10�3 as the lower bound of the shear strain required
for liquefaction to get a limiting estimate on the shear mod-
ulus of soils and sediments prior to liquefaction. We assume
a simplified relation between the threshold energy for liq-
uefaction and the threshold strain amplitude cth

1 2e � l c , (17)th eff th2

where leff is an effective shear modulus at the threshold
strain. Replacing eth by its upper bound, that is, 0.1 J/m3,
and cth by its lower bound, that is, 10�3, we obtain an upper-
bound estimate of leff of �0.2 MPa, which is still more than
3 orders of magnitude smaller than the elastic shear moduli
of sandy soils determined from shear-wave velocity mea-
surements (Ishihara, 1996). This result implies that the shear
modulus of soils and sediments may have degraded by more
than 3 orders of magnitude during the earthquakes prior to
the onset of liquefaction. This inference is in qualitative
agreement with laboratory and field measurements. Labo-
ratory experiments on saturated soils under cyclic loading
have shown that soils weaken significantly once the increas-
ing pore pressure reaches 0.5 of the confining pressure (De
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Alba et al., 1975; Luong, 1980). The magnitude of this deg-
radation, however, may vary according to soil porosity, grain
size, depth of burial, and geological age (National Research
Council, 1985). Significant degradation of the rigidity of sat-
urated soils were documented in the field during the 1987
Superstition Hills, California, earthquake, the 1989 Loma
Prieta, California, earthquake, and the 1995 Kobe, Japan,
earthquake, among others, prior to the occurrence of lique-
faction (Holzer et al., 1989; Pavlenko and Irikura, 2002;
Ching and Glaser, 2003). Thus the small magnitude of the
preliquefaction shear modulus, leff, inferred from the thresh-
old energy for liquefaction, is qualitatively consistent with
the available field and laboratory measurements of soils and
sediments under seismic and cyclic loading.

The small distance between the explosion-induced liq-
uefaction and the explosion sources (� 1 km; Charlie et al.,
1996) and the shallow depth of burial imply that the direct
paths of the explosion-generated seismic waves must be
shallow (e.g., Lay and Wallace, 1995). In view that the at-
tenuation of earthquake-induced ground motion has the
same functional form as that for explosion-induced ground
motion we infer that the paths of the earthquake-induced
seismic energy might also be shallow. This last inference
appears to be consistent with the documented liquefaction
during the 1987 Superstition Hills earthquake in Southern
California, where the onset of pore-pressure buildup oc-
curred with the arrival of amplified near-surface, near-station
scattered waves (Holzer et al., 1989).

Relation (1) implies that liquefaction would occur dur-
ing earthquakes of any magnitude. However, no liquefaction
has so far been documented for earthquakes with magnitudes
smaller than 4 (see Fig. 1). This apparent paradox may have
a simple explanation. Because most earthquakes occur at
depths �10 km, Rmax for earthquakes with magnitude
smaller than 4 would be less than 10 km according to equa-
tion (1) and would thus be smaller than their focal depth.
Consequently, no liquefaction might be expected at the sur-
face for earthquakes with magnitude smaller than 4. In com-
parison, underground explosions are mostly conducted at
shallow depths; liquefaction has been documented for ex-
plosions as small as 0.005 kt (Ivanov, 1967), with an equiv-
alent magnitude of �2.

We stress that the liquefaction limit relation, that is,
equation (1), includes only earthquake magnitude and dis-
tance to hypocenter as the parameters that influence lique-
faction. Properties of the earthquake source (rupture direc-
tivity), properties of the seismic waves (frequency content),
duration of ground shaking, properties of the region through
which the waves travel (basin effect), and soil properties
(liquefaction susceptibility) may all influence the occurrence
of liquefaction. Although more work is needed to decipher
the significance of each of these factors on the occurrence
of liquefaction, we offer the following explanations of why
some of these factors may not be required in defining the
liquefaction limit in equation (1): (1) The liquefaction limit
for a given earthquake magnitude (Fig. 1) is about an order

of magnitude greater than the corresponding fault length, as
estimated from empirical relations between fault length and
magnitude (e.g., Kanamori and Anderson, 1975). Thus at
the distances of the liquefaction limit, the rupture directivity
on a fault may be a secondary factor, relative to earthquake
magnitude and hypocentral distance, in affecting the occur-
rence of liquefaction. (2) For earthquakes of the same mag-
nitude, the variations in some factors, such as frequency con-
tent and the duration of ground shaking, may be small
enough that their effect on the occurrence of liquefaction is
“hidden” in the magnitude parameter. (3) The soil condition
at the liquefaction limit may represent an optimal liquefac-
tion susceptibility, as noted earlier.

In conclusion, we showed, based on updated compila-
tion of global data, an empirical relation between the liq-
uefaction limit Rmax of saturated soils and earthquake mag-
nitude M. Combining this relation with a relation between
M and the seismic energy of an earthquake, we derived a
relation between Rmax and the seismic energy: .bE � ARmax

The exponent of this relation implies that the cumulative
ground-motion energy density attenuates with distance ac-
cording to �1/r3. The value of the prefactor corresponds to
a threshold energy for liquefaction and implies a prelique-
faction degradation of the shear modulus of soils by 3 to 4
orders of magnitude. By utilizing Cua’s (2004) attenuation
relationship derived from �30,000 strong-motion records
for Southern Californian earthquakes, together with the re-
cords for the 2004 Parkfield earthquake and the 2003 San
Simeon earthquake, we demonstrate that the implication of
the liquefaction limit relationship, that the cumulative
ground-motion energy density attenuates with distance ac-
cording to �1/r3, is consistent with strong-motion records.
Liquefaction documented during underground explosions is
characterized by a threshold energy several orders of mag-
nitude greater than that for liquefaction during earthquakes,
but it shows a functional relation between E and Rmax similar
to that for liquefaction during earthquakes and implies a
similar attenuation relation between ground-motion energy
density and distance.
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