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SPT-based Liquefaction Triggering Procedures

1. INTRODUCTION
1.1. Purpose

This report presents an updated examination of SPT-based liquefaction triggering procedures for
cohesionless soils, with the specific purpose of:

. updating and documenting the case history database,
providing more detailed illustrations of the database distributions relative to the liquefaction
triggering correlation by Idriss and Boulanger (2004, 2008),

° re-examining the database of cyclic test results for frozen sand samples,
presenting a probabilistic version of the Idriss-Boulanger (2004, 2008) liquefaction triggering
correlation using the updated case history database,

. presenting a number of new findings regarding components of the liquefaction analysis framework
used to interpret and extend the case history experiences, and
. presenting an examination of the reasons for the differences between some current liquefaction

triggering correlations.

The last task addresses an issue of current importance to the profession, which specifically pertains to
determining the source of the differences between the liquefaction triggering correlations published by the
late Professor H. Bolton Seed and colleagues (Seed et al. 1984, 1985), which were adopted with slight
modifications in the NCEER/NSF workshops (Youd et al. 2001), and those published more recently by
Cetin et al. (2004) and those published by Idriss and Boulanger (2004, 2008). These liquefaction
triggering correlations are compared in Figure 1.1 in terms of the cyclic resistance ratio (CRR) adjusted
for M = 7.5 and o', = 1 atm versus (Nj)ge. The question of concern is why the correlation of
CRRyj=75,5=1 Versus (Nj)gocs proposed by Cetin et al. (2004) is significantly lower than those by Seed et al.
(1984) and those by Idriss and Boulanger (2004, 2008) although they are based on largely the same case
histories. Do these differences represent scientific (epistemic) uncertainty, or are they due to errors or
biases in the analysis frameworks or case history interpretations that can be resolved?

This issue became important to the profession in 2010 when Professor Raymond B. Seed stated that the
use of the Idriss-Boulanger correlations, and presumably the similar Seed et al. (1984) correlation, was
"dangerously unconservative." He repeated such statements in a series of visits to major consulting firms
and regulatory agencies, a series of e-mail messages to the EERI Board of Directors with copies to over
100 prominent individuals in the USA and abroad, and a University of California at Berkeley
Geotechnical Report titled, "Technical Review and Comments: 2008 EERI Monograph (by .M. Idriss
and R.W. Boulanger)". These statements took us by surprise, caused some degree of concern within the
profession, and left many people asking: "Why the controversy" and "Why in this way?" We cannot
answer these questions, but we can take this opportunity to openly and carefully re-examine the key
technical issues affecting liquefaction triggering correlations and to investigate the reasons for the
differences among the three correlations shown in Figure 1.1.

The body of this report presents the results of this updated re-examination of SPT-based liquefaction
triggering procedures. This re-examination included updating the case history database, re-examining
how the case history data compare to the database of cyclic test results for frozen sand samples, re-
examining the case history data in a probabilistic framework, and examining new findings regarding
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Figure 1.1. Three SPT-based liquefaction triggering curves

components of the liquefaction analysis framework. The key to this re-examination and to the
development of liquefaction triggering correlations for practice, is that these various sources of
information must be synthesized together, rather than viewed as separate parts. It is the synthesis of
theoretical, experimental, and case history data that is particularly valuable for arriving at reasonable
relationships that are consistent with the cumulative available information while overcoming the
unavoidable limitations in each individual source of information.

Appendix A of this report presents the results of our examination of the reasons for the differences
between the three liquefaction triggering correlations shown in Figure 1.1. This effort included
examining the case history databases and analysis frameworks used by Seed et al. (1984), Youd et al.
(2001), and Cetin et al. (2000, 2004) to identify the primary causes of the differences in the liquefaction
triggering correlations. It had been suspected that the differences in the 14, K, and Cy relationships may
have played a significant role, but it was found that they had a relatively minor effect on the resulting
liquefaction triggering correlations. Instead, the differences in the liquefaction triggering correlations
were found to be primarily caused by the interpretations and treatment of 8 key case histories in the Cetin
et al. (2000, 2004) database. These findings were communicated to Professor Onder Cetin in the summer
of 2010, but there has been no indication from him or his coauthors that these issues will be addressed.
Our examination of the Cetin et al. (2000, 2004) case history database and their interpretations of these 8
key cases are presented in detail in Appendix A for the purpose of facilitating discussions and
independent examinations by the profession.



It is hoped that this report will serve as a useful resource for practicing engineers and researchers working
in the field of soil liquefaction. It is also hoped that this report will be a useful technical supplement to
the 2008 EERI Monograph on Soil Liquefaction During Earthquakes by 1driss and Boulanger (2008).

1.2. Organization of report

Section 2 of this report contains an overview of the SPT-based liquefaction analysis framework for
cohesionless soils, followed by a summary of the specific relationships used or derived by Idriss and
Boulanger (2004, 2008).

Section 3 describes the updated database of SPT-based liquefaction/no liquefaction case histories. The
selection of earthquake magnitudes, peak accelerations, and representative (N;)gocs Values are described,
and the classification of site performance discussed.

Section 4 provides an evaluation of the SPT-based liquefaction triggering database relative to the
liquefaction triggering correlation by Idriss and Boulanger (2004, 2008). The distributions of the data are
examined with respect to various parameters (e.g., fines content, overburden stress, earthquake
magnitude) and data sources (e.g., data from the U.S., Japan, pre- and post-1985 studies, and sites with
strong ground motion recordings). In addition, the sensitivity of the database's interpretation to a number
of aspects and components of the analysis framework is examined.

Section 5 contains an examination of liquefaction triggering correlations developed using the results of
cyclic laboratory tests on specimens obtained using frozen sampling techniques (e.g., Yoshimi et al. 1989,
1994) and their comparison to those derived from the field case histories. This section also contains a
detailed examination of the unique set of field and laboratory testing data at large overburden stresses at
Duncan Dam (e.g., Pillai and Byrne 1994).

Section 6 describes the development of a probabilistic version of the Idriss and Boulanger (2004, 2008)
liquefaction triggering correlation using the updated case history database and a maximum likelihood
method. Sensitivity of the derived probabilistic relationship to the key assumptions is examined, and
issues affecting the application of probabilistic liquefaction triggering models in practice are discussed.

Section 7 contains a comparison of CRR values computed using some of the current liquefaction
triggering correlations, followed by (1) a summary of the reasons for the differences in the derived
triggering correlations, and (2) an examination of new findings regarding analysis components that affect
how these triggering correlations are extrapolated outside the range of the case history data.

Appendix A presents an examination of the Cetin et al. (2004) liquefaction triggering database and our
findings regarding the primary reasons for the differences between the three liquefaction triggering
correlations shown in Figure 1.1.

Appendix B presents background information on the development of the Idriss (1999) relationship for the
shear stress reduction coefficient, ry.

Appendix C presents the computations for the (Nj)eoes values in the liquefaction triggering database
presented in this report.



2. ANALYSIS FRAMEWORK

2.1. Components of the stress-based framework

The stress-based approach for evaluating the potential for liquefaction triggering, initiated by Seed and
Idriss (1967), has been used widely for the last 45 years (e.g., Seed and Idriss 1971, Shibata 1981,
Tokimatsu and Yoshimi 1983, NRC 1985, Seed et al. 1985, Youd et al. 2001, Cetin et al. 2004, Idriss and
Boulanger 2004). The basic framework, as adopted by numerous researchers, compares the earthquake-
induced cyclic stress ratios (CSR) with the cyclic resistance ratios (CRR) of the soil. The components of
this framework, as briefly summarized below, were developed to provide a rational treatment of the
various factors that affect penetration resistance and cyclic resistance.

Earthquake-induced cyclic stress ratio (CSR)

The earthquake-induced CSR, at a given depth, z, within the soil profile, is usually expressed as a
representative value (or equivalent uniform value) equal to 65% of the maximum cyclic shear stress ratio,
ie.:

CSR,, , =0.65m
o, @.1)

where T,,,x = maximum earthquake induced shear stress, c', = vertical effective stress, and the subscripts
on the CSR indicate that it is computed for a specific earthquake magnitude (moment magnitude, M) and
in-situ ¢'y. The choice of the reference stress level (i.e., the factor 0.65) was selected by Seed and Idriss
(1967) and has been in use since. Selecting a different reference stress level would alter the values of
certain parameters and relationships but would have no net effect on the final outcome of the derived
liquefaction evaluation procedure, as long as this same reference stress level is used throughout, including
forward calculations. The value of T, can be estimated from dynamic response analyses, but such
analyses must include a sufficient number of input acceleration time series and adequate site
characterization details to be reasonably robust. Alternatively, the maximum shear stress can be
estimated using the equation, developed as part of the Seed-Idriss Simplified Liquefaction Procedure,
which is expressed as,

CSR,, . =0.65 2 dms
o, g 2.2)

where o, = vertical total stress at depth z, a,,/g = maximum horizontal acceleration (as a fraction of
gravity) at the ground surface, and ry = shear stress reduction factor that accounts for the dynamic
response of the soil profile.

Cyclic resistance ratio (CRR)

The soil's CRR is usually correlated to an in-situ parameter such as SPT blow count (number of blows per
foot), CPT penetration resistance or shear wave velocity, V. SPT blow counts are affected by a number
of procedural details (rod lengths, hammer energy, sampler details, borehole size) and by effective
overburden stress. Thus, the correlation to CRR is based on corrected penetration resistance,



(Nl )60 = CNCECRCBCSNm (2.3)

where Cy is an overburden correction factor, Cg = ER,,/60%, ER,, is the measured value of the delivered
energy as a percentage of the theoretical free-fall hammer energy, Cy is a rod correction factor to account
for energy ratios being smaller with shorter rod lengths, Cy is a correction factor for nonstandard borehole
diameters, Cs is a correction factor for using split spoons with room for liners but with the liners absent,
and N, is the measured SPT blow count. The factors Cp and Cg are set equal to unity if standard
procedures are followed.

The soil's CRR is also affected by the duration of shaking (which is correlated to the earthquake
magnitude scaling factor, MSF) and effective overburden stress (which is expressed through a K, factor).
The correlation for CRR is therefore developed for a reference M = 7.5 and o', = 1 atm, and then adjusted
to other values of M and &', using the following expression:

CRR, , =CRR, ;. MSF K, 24

The soil's CRR is further affected by the presence of sustained static shear stresses, such as may exist
beneath foundations or within slopes. This effect, which is expressed through a K, factor, is generally

small for nearly level ground conditions. It is not included herein because the case history database is
dominated by level or nearly level ground conditions.

The correlation of CRR to (Nj)e is affected by the soil's fines content (FC) and is expressed as,

CRRM:7.5,U(,:1 = f[(Nl )60 ’FC] (2.5)

For mathematical convenience, this correlation can also be expressed in terms of an equivalent clean-sand
(N1)socs, Which is obtained using the following expression:

(N, )6065 = (N)g + A (V) (2.6)

CRR can then be expressed in terms of (N)gocs, 1.€.:

CRRM:7.5,0;C:1 = f[(Nl )60cs:| 2.7

where the adjustment A(Ny)g is a function of FC.

The above framework has been used for a number of SPT-based liquefaction correlations, although the
notation may be slightly different in some cases.



Important attributes of a liquefaction analysis procedure

A liquefaction analysis procedure within the above stress-based framework requires the following two
attributes:

e The liquefaction analysis procedure is applicable to the full range of conditions important to practice;
e.g., from shallow lateral spreads to large earth dams. Practice often results in the need to extrapolate
outside the range of the case history experiences, requiring the framework to be supported by sound
experimental and theoretical bases for guiding such extrapolations.

e The mechanics are consistent with those used in developing companion correlations to other in-situ
parameters; e.g., SPT blow count, CPT penetration resistance, and shear wave velocity, V..
Consistency in the mechanics facilitates the logical integration of information from multiple sources
and provides a rational basis for the calibration of constitutive models for use in nonlinear dynamic
analyses.

The components of the stress-based analysis framework include five functions, or relationships, that
describe fundamental aspects of dynamic site response, penetration resistance, and soil characteristics and
behavior. These five functions, along with the major factors affecting each, are:

rq = f(depth; earthquake and ground motion characteristics; dynamic soil properties)
Cn =f(c'y; Dg; FC)

Cr = f(depth; rod stick-up length)

Ks =f(c'y; Dg; FC)

MSF = f(earthquake and ground motion characteristics; soil characteristics)

These functions are best developed using a synthesis of empirical, experimental and theoretical methods,
as ultimately the robustness of these functions is important for guiding the application of the resulting
correlations to conditions that are not well-represented in the case history database.

Statistical analyses and regression methods are valuable tools for examining liquefaction analysis
methods and testing different hypotheses, but the functional relationships in the statistical models must be
constrained and guided by available experimental data and theoretical considerations. In the case of
liquefaction triggering correlations, the use of regression models alone to derive physical relationships is
not considered adequate because: (1) the case history data are generally not sufficient to constrain the
development of such relationships, as illustrated later in this report; (2) any such relationship will be
dependent on the assumed forms for the other functions, particularly given that four of the above five
functions are strongly dependent on depth; and (3) the use of regression to define functions describing
fundamental behaviors does not necessarily produce a function that can be reliably used in extrapolating
the resulting correlation to conditions not well represented in the database, such as large depths. These
considerations are important to the examination of the reasons for differences among some current
liquefaction analysis procedures, as discussed in Section 7 of this report.

2.2. Summary of the Idriss-Boulanger procedure

The components of the analysis procedure used or derived by Idriss and Boulanger (2004, 2006, 2008) as
part of their liquefaction triggering correlation are briefly summarized in this subsection.



Shear stress reduction parameter, ry

Idriss (1999), in extending the work of Golesorkhi (1989), performed several hundred parametric site
response analyses and concluded that, for the purpose of developing liquefaction evaluation procedures,
the parameter 14 could be expressed as,

v, = exp[a(z)+ﬂ(z)-M]

z

a(z)=-1.012—-1.126sin
11.73

+5.133)
(2.8)
zZ

=0.106+0.118si
P(2) s1n(11 2%

+5.142]

where z = depth below the ground surface in meters. The resulting relationship is plotted in Figure 2.1.
Additional information on the development of this relationship is provided in Appendix C.

Other 14 relationships have been proposed, including the probabilistic relationships by Cetin et al. (2004)
and Kishida et al. (2009b). The latter two relationships were based on large numbers of site response
analyses for different site conditions and ground motions, and include the effects of a site's average shear
wave velocity and the level of shaking. These alternative ry relationships and their effects on the
interpretation of the liquefaction case histories are examined in Sections 4 and 6 of this report.

Overburden correction factor, Cy

The Cy relationship used was initially developed by Boulanger (2003) based on: (1) a re-examination of
published SPT calibration chamber test data covering o'y of 0.7 to 5.4 atm (Marcuson and Bieganousky
1977a, 1977b); and (2) results of analyses for ¢’y of 0.2 to 20 atm using the cone penetration theory of
Salgado et al. (1997a, 1997b) which was shown to produce good agreement with a database of over 400
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CPT calibration chamber tests with o'y, up to 7 atm. Idriss and Boulanger (2003, 2008) subsequently
recommended that the Dr-dependence of the Cy relationship could be expressed in terms of (Nj)eocs as

follows:
P m
c[ a, j <17
o

v

m=0.784-0.0768,[(N,),,_

(2.9)

This expression requires iteration which is easily accomplished using the automatic iteration option in an
Excel spreadsheet. This relationship is plotted in Figure 2.2a for a range of (N;)gs values and for
effective overburden stresses up to 10 atm, and compared to the Liao and Whitman (1986) relationship in
Figure 2.2b for effective overburden stresses up to 2 atm.

The limit of 1.7 on the maximum value of Cy is reached at vertical effective stresses less than about 35
kPa, which corresponds to depths less than about 2 m. This limit is imposed because these expressions
were not derived or validated for very low effective stresses, and the assumed functional form will
otherwise produce unrealistically large Cy values as the vertical effective stress approaches zero. Limits
of 1.6 to 2.0 have been recommended by various researchers.

The recent field studies at Perris Dam by the California Department of Water Resources enabled the field-
based derivation of a site-specific Cy relationship for an alluvial layer of silty and clayey sand (FC = 30-
45%) that was under o', ranging from 0.2 to 8.5 atm across the dam section (Wehling and Rennie 2008).
These field data are evaluated relative to the above Cy relationship in Section 7; the results lend support
for the dependence of Cy on (N))gocs and the use of the above expression at large depths.
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0 0.5 1 1.5 0 0.5 1 1.5
0 0
s I r 1 © Liao & Whitman (1986) _—
< < On=(Pa/o')" —~ L ==
© // ‘ o05 PG
17 ~— (N =40 7 .
% . A/ / ( 1i)60cs i % /)
g X ~—(N1)e0cs=30 .g 1
E . : (N7)t|50cs_20 E l' ~— (N1)60cs=30
3 ! ~(No)aoes™10 815
E 8 " | E 4 — (N1)ocs=4
i r\- (Ny)g0es=4 J ! " )
' 1 (a) ' (b)
10 2

Figure 2.2. Overburden correction factor (Cy) relationship for SPT penetration resistance



Short rod correction factor, Cx

The short rod correction factor accounts for the effect of rod length on the energy transferred to the
sampling rods during the primary hammer impact (e.g., Schmertmann and Palacios 1979). If the ER,, for
an SPT system is measured for rod lengths greater than about 10 m, then the ER delivered with shorter
rod lengths would be smaller, resulting in values of the short rod correction factor, Cg, less than unity for
rod length less than 10 m. The values of Cg recommended in Youd et al. (2001) are adopted in this report
and are listed below for various rod lengths:

Rod length <3 m Cr=0.75
Rod length 3-4 m Cr=10.80
Rod length 4-6 m Cr=0.85

Rod length 6-10 m Cr=0.95
Rod length 10-30 m Cr=1.00

The rod length is the sum of the rod stick-up length (length above the ground surface) and the sampling
depth. Rod stick-up lengths are often not reported or known for liquefaction case histories, so they must
be estimated based on common practices and typical equipment configurations. For example, Cetin et al.
(2004) used 1.2 m for donut hammers and for USGS safety hammers, and 2.1 m for all other safety
hammers for cases of unreported rod stick-up length. Idriss and Boulanger (2004) accepted the values
used by Seed et al. (1984) and the values by Cetin et al. (2000) for those cases not included in Seed et al.
(1984). In the present re-examination, the default rod stick-up length was taken as 2.0 m for all cases
from Japan and 1.5 m for all other cases. The effect of varying the assumed rod stick-up length on the
interpretation of the liquefaction case histories is later shown to be unimportant.

The basis for short rod correction factors have been questioned in some recent studies. For example,
Daniel et al. (2005) suggested that the energy transfer in secondary impacts may, in fact, contribute to
sampler advancement. Additional studies on the combined roles of the short rod correction factor and
overburden correction factor at shallow depths would be helpful.

Overburden correction factor, K »

The K, relationship used was developed by Boulanger (2003) based on: (1) showing that the CRR for a
clean reconstituted sand in the laboratory could be related to the sand's relative state parameter index, &g;
(2) showing that the K, relationship for such clean sands could be directly derived from the CRR-&r
relationship; and (3) deriving a K, relationship that was consistent with the field-based CRR-(N)gocs
correlations from the corresponding field-based CRR-&r relationships. Idriss and Boulanger (2008)
recommended that the resulting K, relationship be expressed in terms of the (N )g.s Values as follows:

’

KU:I—Cgln[JVjsl.l
P

a

c 1

o= <03 (2.10)
18.9-2.55,/(N,)

60cs

The resulting relationship is plotted in Figure 2.3 for a range of (N;)socs. The limit of 1.1 on the maximum
value of K, is reached at vertical effective stresses less than about 40 kPa. This limit was imposed
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because these expressions were not derived or validated for very low effective stresses, and the assumed
functional form is otherwise unbounded as the vertical effective stress approaches zero. The effect of
omitting the limit of 1.1 for the maximum value of K, on the interpretation of the liquefaction case
histories is later shown to be essentially unimportant.

The K, and Cy relationships are particularly important in applications that require extrapolation for
depths greater than those covered by the case history database. Different combinations of these two
relationships are evaluated using the in-situ test and frozen sand sampling data from Duncan Dam in
Section 5.3.

Magnitude scaling factor, MSF

The magnitude scaling factor (MSF) is used to account for duration effects (i.e., number of loading
cycles) on the triggering of liquefaction. The MSF relationship was derived by combining (1) laboratory-
based relationships between the CRR and the number of equivalent uniform loading cycles, and
(2) correlations of the number of equivalent uniform loading cycles with earthquake magnitude. The
MSF factor is applied to the calculated value of CSR for each case history to convert to a common value
of M (conventionally taken as M = 7.5). The MSF for sands was reevaluated by Idriss (1999), who
recommended the following relationship:

10
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-M
MSF =6.9-exp T —-0.058 <1.8 (2.11)

An upper limit for the MSF is assigned to very-small-magnitude earthquakes for which a single peak
stress can dominate the entire time series. The value of 1.8 is obtained by considering the time series of
stress induced by a small magnitude earthquake to be dominated by single pulse of stress (i.e., 2 to 1 full
cycle, depending on its symmetry), with all other stress cycles being sufficiently small to neglect. The
resulting relationship is plotted in Figure 2.4.

Equivalent clean sand adjustment, A(N;)so

The equivalent clean sand adjustment, A(Ny)go, is empirically derived from the liquefaction case history
data, and accounts for the effects that fines content has on both the CRR and the SPT blow count. The
liquefaction case histories suggest that the liquefaction triggering correlation shifts to the left as the fines
content (FC) increases. This effect is conveniently represented by adjusting the SPT (Nj)s values to
equivalent clean sand (N)g.s values (equation 2.6), and then expressing CRR as a function of (N)socs.
The equivalent clean sand adjustment developed by Idriss and Boulanger (2004, 2008) is expressed as,

9.7 157 Y
A(N,) =exp|1.63+
(M) p( (FC+0.01]] (2.12)

FC+001

11
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Figure 2.5. Variation of A(N)g with fines content

where FC is in percent. The resulting relationships is plotted in Figure 2.5 along with: (a) the equivalent
clean sand adjustments recommended in Youd et al. (2001) based on the curves originally published by
Seed et al. (1984), and (b) the equivalent clean sand adjustments recommended in Cetin et al. (2004).

The equivalent clean sand adjustment is reexamined in Section 4 using the updated database.

12



Liquefaction triggering correlation

The correlation between the cyclic resistance ratio (CRR) adjusted to M = 7.5 and o', = 1 atm and the

equivalent clean sand (N)ecs value for cohesionless soils, as developed by Idriss and Boulanger (2004,
2008), is expressed as,

2 3 4
CRR , — eXp (Nl )60cs + (Nl )6065 _ (Nl )6005 + (Nl )6OCS _
M=73.0,Aam 14.1 126 23.6 25.4

This relationship between CRRy—75 -1 and (N)s0cs Was plotted previously in Figure 1.1.

(2.13)
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3. CASE HISTORY DATABASE

3.1. Sources of data

The SPT-based case history database used to develop the Idriss and Boulanger (2004, 2008) liquefaction
correlation for cohesionless soils is updated in this report, with the following specific goals:
(1) incorporating additional data from Japan; (2) incorporating updated estimates of earthquake
magnitudes, peak ground accelerations, and other details where improved estimates are available;
(3) illustrating details of the selection and computation of SPT (N)eocs for a number of representative case
histories; and (4) presenting the distributions of the database relative to the various major parameters used
in the liquefaction triggering correlation.

Idriss and Boulanger (2004) primarily used cases summarized in the databases compiled by Seed et al.
(1984) and Cetin et al. (2000, 2004), except that they excluded the Kobe proprietary cases that were listed
in Cetin et al. (2004). Idriss and Boulanger (2004) excluded these proprietary cases because the listing of
these case histories in the Cetin et al. (2004) data report contained 21 apparently inconsistent
classifications (liquefied/nonliquefied) between the top and bottom of the respective summary pages (see
Appendix A for additional discussion). Idriss and Boulanger considered both sets of classifications in
their 2004 work, but ultimately omitted the data from their final plots due to concerns over the
inconsistency in these Cetin et al. listings and the inability to review the specific details at that time.

Idriss and Boulanger (2004, 2008) also primarily retained the values of critical depth, Ny, Gy, ¢'y, and the
product of the correction factors Cg, Cg, Cg and Cg listed by Seed et al. for the 1984 cases and by Cetin et
al. for the 2000 cases. The values for the critical depth, N,,,, oy, and c', were reevaluated in the current
study. The product of the correction factors Cg, Cg, Cg and Cg listed by Seed et al. for the 1984 cases and
by Cetin et al. for the 2000 cases were retained in the current study, except as noted otherwise.

The Fear and McRoberts (1995) database was also a helpful reference for many of the case histories.

The updated database described in this report incorporates the 44 Kobe proprietary cases which were
provided by Professor Kohji Tokimatsu (2010, personal communication), an additional 26 case histories
summarized in lai et al. (1989), and a small number of other additions. Data from the 1999 Kocaeli and
Chi-Chi earthquakes have not yet been incorporated. The total number of case histories in the updated
database is 230, of which 115 cases had surface evidence of liquefaction, 112 cases had no surface
evidence of liquefaction, and 3 cases were at the margin between liquefaction and no liquefaction.

The individual case histories, processed using the relationships summarized in Section 2, and the key
references are summarized in Table 3.1. The following sections describe the selection of earthquake
magnitudes, peak accelerations, and representative (Nj)eos Values, discuss the classifications of site
performance, and examine the distributions of the case history data.
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Table 3.1. Summary of SPT-based liquefaction case history data

Earthquake & site M anx Lig Avg Depth o, o Avg (Ny)gy Cs C¢ Cy Cr GCs FC  (Nyeoes rg Ks MSF  CSR CSR for Primary source of data
() ?  depth GWT (kPa) (kPa) Nn (%) M=7.5,
(m)  (m) o\=1
1944 M=8.1 Tohnankai earthquake - Dec 7
Komei 81 020 Yes 52 2.1 98 68 5.9 8.2 1 117 125 095 1 10 9.3 098 104 085 0.182 0207 Kishida (1969), Seed et al (1984),
Cetin et al (2000)
lenaga 81 020 Yes 43 2.4 80 61 2.3 3.4 1 117 132 095 1 30 8.7 099 107 085 0.144 0.159 Kishida (1969), Seed et al (1984),
Cetin et al (2000)
Meiko 81 020 Yes 37 2.1 69 39 1.0 17 1 117 170 085 1 27 6.9 099 108 085 0225 0245 Kishida (1969), Seed et al (1984),
Cetin et al (2000)
1948 M=7.3 Fukui earthquake - June 28
Shonenji Temple 70 040 Yes 4.0 1.2 75 48 8.0 11.8 1 117 148 08 1 0 118 09 107 114 0390 0.318 Kishida (1969), Seed et al (1984),
Cetin et al (2000)
Takaya 45 70 035 Yes 75 3.7 141 104 173 211 1 130 099 095 1 4 211 090 099 114 0.283 0251 Kishida (1969), Seed et al (1984),
Cetin et al (2000)
1964 M=7.6 Niigata earthquake - June 16
Arayamotomachi 76 0.09 Yes 33 1.0 63 41 2.6 4.7 1 122 170 08 1 5 4.7 098 107 097 0.089 0.086 Yasuda & Tohno (1988), Cetin et al.
(2000)
Ccl7-1 76 016 Yes 7.0 0.9 132 72 8.0 9.9 1 109 120 095 1 2 9.9 094 103 097 0179 0178 Kishida (1966), Seed et al (1984),
Cetin et al (2000)
Ccl7-2 76 016 Yes 53 0.9 85 43 7.9 12.7 1 109 155 095 1 8 130 09 1.09 097 0199 0.188 Kishida (1966), Seed et al (1984),
Cetin et al (2000)
Kawagishi-cho 76 0162 Yes 3.8 2.0 71 53 45 6.8 1 122 145 085 1 5 6.8 098 105 097 0.136 0.133 Ishihara & Koga (1981)
Old Town -1 76 018 No 7.0 1.8 132 81 180 227 1 121 110 095 1 2 227 094 103 097 0179 0178 Koizumi (1966), Seed et al (1984),
Cetin et al (2000)
Old Town -2 76 018 No 101 1.8 190 109 200 235 1 121 097 100 1 2 235 090 099 097 0.184 0.191 Koizumi (1966), Seed et al (1984),
Cetin et al (2000)
Rail Road-1 76 016 Yes 10.1 0.9 190 100 100 11.0 1 109 101 100 1 2 110 090 1.00 097 0178 0.182 Koizumi (1966), Seed et al (1984),
Cetin et al (2000)
Rail Road-2 76 016 Mar- 10.1 0.9 190 100 16.0 175 1 109 101 100 1 2 175 090 1.00 097 0178 0.182 Koizumi (1966), Seed et al (1984),
ginal Cetin et al (2000)
River Site 76 016 Yes 4.6 0.6 86 47 6.0 9.4 1 109 152 095 1 0 9.4 097 107 097 0.183 0.176 Ishihara (1979), Seed et al (1984),
Cetin et al (2000)
Road Site 76 018 No 6.1 2.4 115 79 120 141 1 109 113 095 1 0 141 095 1.03 097 0162 0.162 Ishihara (1979), Seed et al (1984),
Cetin et al (2000)
Showa Br 2 76 016 Yes 43 0.0 80 39 4.0 7.0 1 109 170 095 1 10 8.2 097 108 097 0210 0.199 Takada et al (1965), Seed et al (1984),
Cetin et al (2000)
Showa Br 4 76 018 No 6.1 1.2 115 67 270 355 1 121 114 095 1 0 355 095 110 097 0191 0178 Takada et al (1965), Seed et al (1984),
Cetin et al (2000)
1968 M=7.5 earthquake - April 1
Hososhima 75 0242 No 2895 2 53 45 8.0 12.1 1 122 146 085 1 36 176 098 110 100 018 0.168 lai et al (1989)



Earthquake & site M amx Lig Avg Depth o, o Avg (Ny)gy Cs C¢ Cy Cr GCs FC  (Nyeoes rg Ks MSF  CSR CSR for Primary source of data
() ?  depth GWT (kPa) (kPa) Np (%) M=7.5,
(m)  (m) o\=1
1968 M=8.3 Tokachi-Oki earthquake - May 16
Aomori Station 83 0.213 Yes 57 0.0 95 38 9.0 16.5 1 122 158 095 1 3 16.5 0.98 1.10 0.81 0.335 0.376 Yasuda & Tohno (1988), Cetin et al
(2000)
Hachinohe -2 83 0.23 No 6.1 21 115 76 28.0 35.3 1 121 110 095 1 5 35.3 0.98 1.08 0.81 0.221 0.254 Ohsaki (1970), Seed et al. (1984),
Cetin et al (2004)
Hachinohe -4 83 0.23 No 4.0 0.9 75 45 16.0 23.0 1 121 140 085 1 5 23.0 0.99 1.10 0.81 0.246 0.276 Ohsaki (1970), Seed et al. (1984),
Cetin et al (2004)
Hachinohe-6 83 023 Yes 40 0.6 75 42 6.0 9.1 1 109 163 08 1 5 9.1 0.99 1.08 0.81 0.265 0.304 Ohsaki (1970), Seed et al. (1984),
Cetin et al (2004)
Nanaehamal-2-3 83 020 Yes 40 0.9 75 45 5.0 7.6 1 117 152 08 1 20 12.0 0.99 1.08 0.81 0.213 0.244 Kishida (1970), Seed et al. (1984),
Cetin et al (2004)
1971 M=6.6 San Fernando earthquake - Feb 9
Juvenile Hall 6.61 045 Yes 6.1 4.6 112 96 35 39 1 113 103 095 1 55 9.5 0.92 1.01 126 0312 0.246 Bennett (1989), Seed et al (1984),
Cetin et al (2000)
Van Norman 6.61 045 Yes 6.1 4.6 112 96 7.3 8.1 1 113 103 095 1 50 13.7 0.92 1.01 126 0312 0.245 Bennett (1989), Seed et al (1984),
Cetin et al (2000)
1975 M=7.0 Haicheng earthquake - Feb 4
Panjin Chemical 70 020 Yes 82 15 155 89 9.1 7.6 1 083 107 095 1 67 13.2 0.89 1.01 1.14 0.203 0.175 Shengcong & Tatsuoka (1984), Seed
Fertilizer Plant et al (1984), Cetin et al (2000)
Shuang Tai Zi 70 020 No 8.2 15 158 92 9.0 8.9 1 100 105 095 1 50 14.6 0.89 1.01 114 0.199 0.172 Shengcong & Tatsuoka (1984), Seed
River Sluice Gate et al (1984), Cetin et al (2000)
Ying Kou Glass 70 030 Yes 78 15 147 85 13.0 13.3 1 100 108 095 1 48 19.0 0.90 1.02 114 0.304 0.260 Shengcong & Tatsuoka (1984), Seed
Fibre Plant et al (1984), Cetin et al (2000)
Ying Kou Paper 70 030 Yes 82 15 158 92 11.0 11.0 1 100 105 095 1 5 11.0 0.89 1.01 114 0.298 0.259 Shengcong & Tatsuoka (1984), Seed
Plant et al (1984), Cetin et al (2000)
1976 M=7.5 Guatemala earthquake - Feb 4
Amatitlan B-1 75 0135 Yes 104 15 139 86 6.0 5.0 1 075 110 100 1 3 5.0 0.89 1.01 1.00 0.126 0.125 Seed et al (1979, 1984), Cetin et al
(2000)
Amatitlan B-2 75 0135 Mar- 46 24 55 34 8.0 9.7 1 075 170 095 1 3 9.7 0.97 1.10 1.00 0.138 0.126 Seed et al (1979, 1984), Cetin et al
ginal (2000)
Amatitlan B-3&4 75 0135 No 107 34 137 71 16.0 14.3 1 075 119 100 1 3 14.3 0.89 1.04 1.00 0.149 0.144 Seed et al (1979, 1984), Cetin et al
(2000)
1976 M=7.6 Tangshan earthquake - July 27
Coastal Region 76 013 Yes 45 11 87 54 9.0 11.7 1 100 137 095 1 12 13.8 0.97 1.06 0.97 0.130 0.125 Shengcong & Tatsuoka (1984), Seed
et al (1984), Cetin et al (2000)
Le Ting L8-14 76 020 Yes 44 15 81 53 9.7 115 1 100 139 08 1 12 135 0.97 1.07 0.97 0.194 0.186 Shengcong & Tatsuoka (1984), Seed
et al (1984), Cetin et al (2000)
Luan Nan-L1 76 022 No 35 11 62 38 19.3 244 1 100 149 085 1 5 244 0.98 1.10 0.97 0.226 0.211 Shengcong & Tatsuoka (1984), Seed
et al (1984), Cetin et al (2000)
Luan Nan-L2 76 022 Yes 35 11 56 32 59 8.5 1 100 170 085 1 3 8.5 0.98 1.10 0.97 0.241 0.225 Shengcong & Tatsuoka (1984), Seed
et al (1984), Cetin et al (2000)
Qing Jia Ying 76 035 Yes 53 0.9 102 59 17.0 20.1 1 100 124 095 1 20 24.6 0.96 1.09 0.97 0.378 0.357 Shengcong & Tatsuoka (1984), Seed
et al (1984), Cetin et al (2000)
Tangshan City 76 050 No 53 31 98 75 30.0 31.6 1 100 111 095 1 10 32.7 0.96 1.07 0.97 0.405 0.389 Shengcong & Tatsuoka (1984), Seed

et al (1984), Cetin et al (2000)



Earthquake & site M amx Lig Avg Depth o, o Avg (Ny)gy Cs C¢ Cy Cr GCs FC  (Nyeoes rg Ks MSF  CSR CSR for Primary source of data
() ?  depth GWT (kPa) (kPa) Nn (%) M=7.5,
(m)  (m) o\=1
Yao Yuan Village 7.6 020 Yes 6.1 0.9 118 67 9.0 10.5 1 100 122 095 1 20 15.0 0.95 105 097 0.218 0.214 Shengcong & Tatsuoka (1984), Seed
et al (1984), Cetin et al (2000)
1977 M=7.4 Argentina earthquake - Nov 23
San Juan B-1 75 020 Yes 82 4.6 142 106 9.0 6.3 1 075 097 095 1 20 10.7 0.92 1.00 1.00 0.160 0.161 Idriss et al (1979), Seed et al (1984),
Cetin et al (2000)
San Juan B-3 75 020 Yes 111 6.7 199 156 13.0 7.6 1 075 078 100 1 5 7.6 0.87 1.00 1.00 0.169 0.169 Idriss et al (1979), Seed et al (1984),
Cetin et al (2000)
San Juan B-4 75 020 No 3.7 12 63 39 14.0 14.3 1 075 160 085 1 4 14.3 0.98 1.10 1.00 0.204 0.186 Idriss et al (1979), Seed et al (1984),
Cetin et al (2000)
San Juan B-5 75 020 No 31 21 53 44 14.0 13.6 1 075 153 08 1 3 13.6 0.98 1.09 1.00 0.154 0.142 Idriss et al (1979), Seed et al (1984),
Cetin et al (2000)
San Juan B-6 75 020 Yes 52 18 90 56 6.0 5.8 1 075 136 095 1 50 114 0.96 1.06 1.00 0.198 0.187 Idriss et al (1979), Seed et al (1984),
Cetin et al (2000)
1978 M=6.5 Miyagiken-Oki earthquake - Feb 20
Arahama (A-9) 6.5 0.10 No 6.4 0.9 121 67 10.0 12.8 1 109 123 095 1 0 12.8 0.90 1.04 1.34 0.105 0.076 Tohno & Yasuda (1981), Seed et al
(1984), Cetin et al (2000)
Hiyori-18 6.5 0.14 No 52 24 98 71 9.0 111 1 109 119 095 1 20 15.5 0.93 1.04 1.34 0.116 0.084 Tsuchida et al (1980), Seed et al
(site C) (1984), Cetin et al (2000)
Ishinomaki-2 65 0.12 No 35 14 66 45 3.7 55 1 109 161 08 1 10 6.7 0.96 1.07 1.34 0.109 0.076 Ishihara et al (1980), Seed et al
(1984), Cetin et al (2000)
Kitawabuchi-2 65 0.14 No 34 31 62 59 11.0 12.3 1 100 132 08 1 5 12.3 0.96 1.05 1.34 0.092 0.065 Iwasaki et al (1981), Seed et al
(1984), Cetin et al (2000)
Nakajima-18 65 0.14 No 6.1 24 115 79 12.0 14.1 1 109 113 095 1 3 14.1 0.91 1.03 1.34 0.120 0.088 Tsuchida et al (1979, 1980), Tohno &
(Site A) Yasuda (1981), Seed et al (1984),
Cetin et al (2000)
Nakamura Dyke 6.5 012 Yes 28 0.5 53 30 4.7 6.9 1 1.00 170 085 1 5 6.9 097 110 134 0.128 0.087 Iwasaki & Tokida (1980), Tohno &
N-4 Yasuda (1981), Seed et al (1984),
Cetin et al (2000)
Nakamura Dyke 65 0.12 No 34 13 63 42 7.0 9.6 1 100 161 085 1 4 9.6 0.96 1.08 134 0112 0.078 Iwasaki & Tokida (1980), Tohno &
N-5 Yasuda (1981), Seed et al (1984),
Cetin et al (2000)
QOiiri-1 65 014 No 64 43 106 85 9.0 9.4 1 1.00 110 095 1 5 9.4 090 102 134 0.102 0.075 Iwasaki et al (1978), Tohno & Yasuda
(1981), Seed et al (1984), Cetin et al
(2000)
Shiomi-6 (SiteD) 6.5 0.14 No 4.0 24 75 60 6.0 7.5 1 109 134 08 1 10 8.6 0.95 1.05 1.34 0.108 0.077 Tsuchida et al (1979, 1980), Tohno &
Yasuda (1981), Tokimatsu (1983),
Seed et al (1984), Cetin et al (2000)
Yuriage Br-1 65 0.12 No 43 18 80 56 4.0 5.4 1 100 141 095 1 10 6.5 0.94 1.05 1.34 0.105 0.075 Iwasaki et al (1978), Tohno & Yasuda
(1981), Seed et al (1984), Cetin et al
(2000)
Yuriage Br-2 65 012 No 25 1.2 46 34 101 162 1 112 168 085 1 7 163 096 110 134 0112 0.076 Iwasaki et al (1978), Tohno & Yasuda
(1981), Seed et al (1984), Cetin et al
(2000)
Yuriage Br-3 6.5 0.12 No 43 0.3 80 42 8.0 11.8 1 100 156 095 1 12 13.9 0.94 1.09 134 0.142 0.097 lwasaki et al (1986), Tohno & Yasuda

(1981), Seed et al (1984), Cetin et al
(2000)



Earthquake & site M amx Lig Avg Depth o, o Avg (Ny)gy Cs C¢ Cy Cr GCs FC  (Nyeoes rg Ks MSF  CSR CSR for Primary source of data
() ?  depth GWT (kPa) (kPa) Nn (%) M=7.5,
(m)  (m) o\=1

Yuriagekami-1 65 0.12 No 55 18 99 63 2.0 25 1 100 131 095 1 60 8.1 0.92 1.04 134 0113 0.081 lwasaki et al (1984), Tohno & Yasuda
(1981), Seed et al (1984), Cetin et al
(2000)

Yuriagekami-2 65 012 No 43 0.9 80 47 110 151 1 1.00 145 095 1 0 151 094 1.08 134 0.125 0.086 Iwasaki et al (1984), Tohno & Yasuda
(1981), Seed et al (1984), Cetin et al
(2000)

1978 M=7.7 Miyagiken-Oki earthquake - June 12

Arahama (A-9) 77 020 Yes 6.4 0.9 121 67 10.0 12.8 1 109 123 095 1 0 12.8 0.95 104 095 0.223 0.225 Tohno & Yasuda (1981), Seed et al
(1984), Cetin et al (2000)

Hiyori-18 77 024 Yes 52 24 98 71 9.0 111 1 109 119 095 1 20 155 0.96 1.04 095 0.207 0.210 Tsuchida et al (1979, 1980), Seed et al

(site C) (1984), Cetin et al (2000)

Ishinomaki-2 77 020 Yes 35 14 66 45 3.7 55 1 109 161 08 1 10 6.7 0.98 1.07 095 0.186 0.184 Ishihara et al (1980), Seed et al
(1984), Cetin et al (2000)

Ishinomaki-4 7.7 020 No 45 14 87 57 142 209 1 121 128 095 1 10 22.0 0.97 1.08 095 0.188 0.183 Ishihara et al (1980), Seed et al
(1984), Cetin et al (2000)

Kitawabuchi-2 77 028 Yes 34 31 62 59 11.0 12.3 1 100 132 08 1 5 12.3 0.98 105 095 0.187 0.187 lwasaki et al (1981), Tohno & Yasuda
(1981), Seed et al (1984), Cetin et al
(2000)

Kitawabuchi-3 77 028 No 48 31 90 73 132 176 1 121 116 095 1 0 176 097 1.04 095 0216 0.220 Iwasaki et al (1981), Tohno & Yasuda
(1981), Seed et al (1984), Cetin et al
(2000)

Nakajima 2 7.7 024 No 4.6 24 86 65 10.0 12.7 1 109 123 095 1 26 17.8 0.97 1.05 095 0.200 0.200 Tsuchida et al (1979, 1980), Tohno &
Yasuda (1981), Seed et al (1984),
Cetin et al (2000)

Nakajima-18 77 024 Yes 6.1 2.4 115 79 120 141 1 1.09 113 095 1 3 141 096 1.03 095 0217 0.223 Tsuchida et al (1979, 1980), Seed et al

(Site A) (1984), Cetin et al (2000)

Nakamura Dyke 77 032 No 34 0.9 63 39 19.0 26.2 1 112 145 085 1 4 262 098 110 095 0329 0315 Iwasaki & Tokida (1980), Tohno &

N-1 Yasuda (1981), Seed et al (1984),
Cetin et al (2000)

Nakamura Dyke 77 032 Yes 28 0.5 53 30 4.7 6.9 1 100 170 085 1 5 6.9 0.99 110 095 0.346 0.332 Iwasaki (1986), Tohno & Yasuda

N-4 (1981), Seed et al (1984), Cetin et al
(2000)

Nakamura Dyke 77 032 Yes 34 13 63 42 7.0 9.6 1 1.00 161 085 1 4 9.6 098 108 095 0.306 0.299 Iwasaki (1986), Tohno & Yasuda

N-5 (1981), Seed et al (1984), Cetin et al
(2000)

QOiiri-1 77 024 Yes 64 43 106 85 9.0 9.4 1 100 110 095 1 5 9.4 0.95 1.02 095 0.185 0.192 lwasaki et al (1978), Tohno & Yasuda
(1981), Seed et al (1984), Cetin et al
(2000)

Shiomi-6 (SiteD) 7.7 024 Yes 4.0 2.4 75 60 6.0 7.5 1 1.09 134 08 1 10 8.6 098 105 095 0.190 0.192 Tsuchida et al (1979, 1980), Tohno &
Yasuda (1981), Tokimatsu (1983),
Seed et al (1984), Cetin et al (2000)

Yuriage Br-1 77 024 Yes 43 1.8 80 56 4.0 5.4 1 1.00 141 095 1 10 6.5 097 105 095 0.216 0218 Iwasaki et al (1978), Tohno & Yasuda
(1981), Seed et al (1984), Cetin et al
(2000)

Yuriage Br-2 77 024 Yes 25 12 46 34 10.1 16.2 1 112 168 08 1 7 16.3 0.99 110 095 0.212 0.203 lwasaki et al (1978), Tohno & Yasuda

(1981), Seed et al (1984), Cetin et al
(2000)



Earthquake & site M amx Lig Avg Depth o, o Avg (Ny)gy Cs C¢ Cy Cr GCs FC  (Nyeoes rg Ks MSF  CSR CSR for Primary source of data
() ?  depth GWT (kPa) (kPa) Nn (%) M=7.5,
(m)  (m) o\=1
Yuriage Br-3 77 024 Yes 43 0.3 80 42 8.0 11.8 1 100 156 095 1 12 13.9 0.97 109 095 0.293 0.282 lwasaki et al (1986), Tohno & Yasuda
(1981), Seed et al (1984), Cetin et al
(2000)
Yuriage Br-5 77 024 No 73 1.2 138 78 170 201 1 112 111 095 1 17 240 094 1.04 095 0260 0.263 Iwasaki et al (1986), Tohno & Yasuda
(1981), Seed et al (1984), Cetin et al
(2000)
Yuriagekami-1 77 024 Yes 55 18 99 63 2.0 25 1 100 131 095 1 60 8.1 0.96 104 095 0.236 0.239 Ilwasaki & Tokida (1980), Iwasaki et
al (1984), Tohno & Yasuda (1981),
Seed et al (1984), Cetin et al (2000)
Yuriagekami-2 77 024 Yes 43 0.9 80 47 11.0 15.1 1 100 145 095 1 0 15.1 0.97 1.08 095 0.258 0.251 Iwasaki & Tokida (1980), Iwasaki et
al (1984), Tohno & Yasuda (1981),
Seed et al (1984), Cetin et al (2000)
Yuriagekami-3 7.7 024 No 55 21 103 70 200 246 1 112 116 095 1 0 24.6 0.96 1.06 095 0.220 0.220 Iwasaki & Tokida (1980), Iwasaki et
al (1984), Tohno & Yasuda (1981),
Seed et al (1984), Cetin et al (2000)
1979 ML=6.5 Imperial Valley earthquake - Oct 15
Heber Road Al 6.53 0.78 No 29 18 53 42 304 378 1 113 130 08 1 12 40.0 0.97 1.10 129 0.620 0.437 Bennett et al (1981), Youd & Bennett
(1983), Seed et al (1984), Cetin et al
(2000)
Heber Road A2 6.53 0.78 Yes 37 1.8 68 50 2.0 2.9 1 113 151 085 1 18 7.0 096 106 129 0.661 0.484 Bennett et al (1981), Youd & Bennett
(1983), Seed et al (1984), Cetin et al
(2000)
Heber Road A3 6.53 0.78 No 4.0 18 79 56 13.0 16.2 1 113 129 08 1 25 21.2 0.95 1.08 1.29 0.690 0.493 Bennett et al (1981), Youd & Bennett
(1983), Seed et al (1984), Cetin et al
(2000)
Kornbloom B 6.53 013 No 43 2.7 77 62 5.0 6.2 1 113 129 085 1 92 117 095 1.05 129 0.099 0.073 Bennett et al (1984), Seed et al
(1984), Cetin et al (2000)
McKimRanchA 653 051 Yes 21 15 38 32 3.0 4.6 1 113 170 080 1 31 100 098 110 129 038 0.271 Bennett et al (1984), Seed et al
(1984), Cetin et al (2000)
Radio TowerB1 653 0.20 Yes 34 21 62 50 2.0 2.9 1 113 149 085 1 64 85 096 106 129 0.154 0.112 Bennett et al (1984), Seed et al
(1984), Cetin et al (2000)
Radio TowerB2 653 020 No 23 21 40 38 11.0 152 1 113 153 080 1 30 206 098 110 129 0.132 0.093 Bennett et al (1984), Seed et al
(1984), Cetin et al (2000)
River Park A 6.53 024 Yes 18 0.3 35 20 3.0 4.6 1 113 170 080 1 80 102 098 110 129 0266 0.187 Bennett et al (1981), Youd & Bennett
(1983), Seed et al (1984), Cetin et al
(2000)
Wildlife B 6.53 0.17 No 4.6 12 87 54 7.1 10.3 1 113 136 095 1 30 15.7 0.94 1.07 129 0.178 0.129 Youd & Bennett (1983), Bennett et al
(1984), Seed et al (1984), Cetin et al
(2000)
1980 M=6.0 Mid-Chiba earthquake - Sept 24 (UTC)
Owi-1 6.0 009 No 6.1 0.9 108 57 5.0 71 1 1.09 136 095 1 13 9.6 0.89 105 148 0.104 0.067 Ishihara et al (1981), Seed et al
(1984), Cetin et al (2000)
Owi-2 6.0 0095 No 143 0.9 254 123 4.0 3.9 1 1.09 090 100 1 27 9.1 0.69 098 148 0.089 0.061 Ishihara et al (1981), Seed et al

(1984), Cetin et al (2000)



Earthquake & site M anx Lig Avg Depth o, o Avg (Ny)gy Cs C¢ Cy Cr GCs FC  (Nyeoes rg Ks MSF  CSR CSR for Primary source of data
() ?  depth GWT (kPa) (kPa) Np (%) M=7.5,
m__ (m o\=1
1981 M=5.9 WestMorland earthquake - April 26
Kornbloom B 59 032 Yes 43 2.7 7 62 5.0 6.2 1 113 129 08 1 92 11.7 0.93 1.05 152 0.240 0.151 Bennett et al (1984), Seed et al
(1984), Cetin et al (2000)
McKim Ranch A 59 0.09 No 21 15 38 32 3.0 4.6 1 113 170 080 1 31 10.0 0.97 1.10 152 0.068 0.040 Bennett et al (1984), Seed et al
(1984), Cetin et al (2000)
Radio Tower B1 59 020 Yes 34 21 62 50 2.0 29 1 113 149 08 1 64 8.5 0.95 1.06 152 0.152 0.094 Bennett et al (1984), Seed et al
(1984), Cetin et al (2000)
Radio Tower B2 59 020 No 2.3 21 40 38 11.0 15.2 1 113 153 080 1 30 20.6 0.97 1.10 152 0131 0.078 Bennett et al (1984), Seed et al
(1984), Cetin et al (2000)
River Park A 59 021 No 18 0.3 35 20 3.0 4.6 1 113 170 080 1 80 10.2 0.98 1.10 152 0.231 0.138 Bennett et al (1981), Youd & Bennett
(1983), Seed et al (1984), Cetin et al
(2000)
River Park C 59 021 No 43 0.3 83 45 110 152 1 113 144 08 1 18 193 093 110 152 0.237 0.142 Bennett et al (1981), Youd & Bennett
(1983), Seed et al (1984), Cetin et al
(2000)
Wildlife B 59 026 Yes 46 12 87 54 7.1 10.3 1 113 136 095 1 30 15.7 0.92 1.07 152 0.267 0.164 Youd & Bennett (1983), Bennett et al
(1984), Seed et al (1984), Cetin et al
(2000)
1982 M=6.9 Urakawa-Oki earthquake - Mar 21
Tokachi 6.90 0.168 No 24 1.6 42 35 100 17.0 1 122 164 08 1 5 170 098 110 117 0129 0.100 lai et al (1989)
1983 M=6.8 Nihonkai-Chubu earthquake - June 21
Arayamotomachi 6.8 0.15 No 43 1.0 69 37 2.6 5.1 1 122 170 095 1 5 5.1 095 108 120 0.172 0.133 Yasuda & Tohno (1988), Cetin et al
(2000)
Arayamotomachi 6.8 015 No 9.2 1.0 158 77 131 181 1 122 113 100 1 0 181 086 1.03 120 0172 0.139 Yasuda & Tohno (1988), Cetin et al
Coarse Sand (2000)
Takeda Elementary 6.8 0.111 Yes 4.3 0.35 81 42 7.4 133 1 122 156 095 1 0 133 095 1.09 120 0132 0.101 Yasuda & Tohno (1988), Cetin et al
Sch. (2000)
1983 M=7.7 Nihonkai-Chubu earthquake - May 26
Aomori Station 7.7 0116 Yes 57 0.0 95 38 9.0 16.5 1 122 158 095 1 3 165 09 110 095 0178 0.171 Yasuda & Tohno (1988), Cetin et al
(2000)
Arayamotomachi 7.7 020 Yes 4.3 1.0 69 37 2.6 5.1 1 122 170 095 1 5 5.1 097 108 095 0234 0230 Yasuda & Tohno (1988), Cetin et al
(2000)
Gaiko WharfB-2 7.7 0.227 Yes 75 0.4 123 53 7.7 124 1 122 139 095 1 1 124 094 1.06 095 0320 0.317 Hamada (1992), Cetin et al (2000)
Noshiro Section 77 025 yes 35 17 55 38 9.8 16.2 1 122 160 085 1 1 162 098 110 095 0232 0.222 Hamada (1992), Cetin et al (2000)
N-7
Takeda Elementary 7.7 0.283 Yes 4.3 0.4 81 42 7.4 133 1 122 156 095 1 0 133 097 110 095 0397 0.381 Yasuda & Tohno (1988), Cetin et al
Sch. (2000)
Akita station (1) 7.7 0205 No 2865 1.75 52 41 120 187 1 122 150 08 1 3 187 099 110 095 0166 0.159 lai et al (1989)
Akita station (2) 7.7 0205 No 2895 175 53 41 8.5 13.8 1 122 156 085 1 3 138 099 1.09 095 0167 0.161 lai et al (1989)
Aomori Port 77 0116 No 3338 1.14 63 41 8.0 131 1 122 158 085 1 5 131 098 1.09 095 0113 0.109 lai et al (1989)
Gaiko 1 7.7 0205 Yes 6.9125 15 132 79 6.6 8.7 1 122 115 095 1 3 8.7 095 102 095 0211 0218 lai et al (1989)



Earthquake & site M amx Lig Avg Depth o, o Avg (Ny)gy Cs C¢ Cy Cr GCs FC  (Nyeoes rg Ks MSF  CSR CSR for Primary source of data
() ?  depth GWT (kPa) (kPa) Np (%) M=7.5,
(m  (m) o\=1

Gaiko 2 7.7 0205 Yes 9.7986 147 189 107 5.9 6.9 1 122 097 100 1 4 6.9 0.91 1.00 0.95 0.214 0.227 lai et al (1989)
Hakodate 7.7 0.052 No 4.295 1.6 81 54 2.6 4.2 1 122 141 095 1 66 9.8 0.97 1.06 0.95 0.049 0.049 lai et al (1989)
NakajimaNo.1(5) 7.7 0.205 Yes 6.47 1.46 124 74 7.3 9.9 1 122 118 095 1 8 104 0.95 1.03 0.95 0.210 0.216 lai et al (1989)
NakajimaNo.2 (1) 7.7 0.205 Yes 7.1314 1.45 136 81 104 135 1 122 112 095 1 3 135 0.94 1.02 0.95 0.213 0.219 lai et al (1989)
NakajimaNo.2(2) 7.7 0.205 Yes 3.7825 15 71 48 6.0 9.3 1 122 150 085 1 7 9.4 0.98 1.07 0.95 0.191 0.189 lai et al (1989)
Nakajima No. 3(3) 7.7 0.205 Yes 6.0356 1.58 115 71 7.3 10.2 1 122 121 095 1 2 10.2 0.96 1.03 0.95 0.205 0.210 lai et al (1989)
Nakajima No. 3(4) 7.7 0.205 Yes 5.7443 151 109 68 8.0 115 1 122 124 095 1 2 115 0.96 1.04 0.95 0.206 0.209 lai et al (1989)
Ohama No. 1(1) 7.7 0205 No 3.905 12 74 47 13.0 18.9 1 122 141 085 1 3 18.9 0.98 1.10 0.95 0.203 0.195 lai et al (1989)
Ohama No. 1(2) 7.7 0205 No 342 12 64 42 15.9 235 1 122 143 08 1 2 235 0.98 1.10 0.95 0.198 0.190 lai et al (1989)
Ohama No. 1(3) 7.7 0205 No 25833 1.2 48 34 141 23.0 1 122 157 08 1 1 23.0 0.99 1.10 0.95 0.184 0.176 lai et al (1989)
Ohama No. 1(4) 7.7 0205 No 5.1767 1.2 99 60 25.0 34.6 1 122 119 095 1 3 34.6 0.96 1.10 0.95 0.213 0.204 lai et al (1989)
Ohama No. 1(5) 7.7 0205 No 22167 1.2 41 31 24.7 37.3 1 122 146 085 1 1 37.3 0.99 1.10 0.95 0.175 0.168 lai et al (1989)
Ohama No. 1(58- 7.7 0205 No 448 12 85 53 13.2 20.3 1 122 133 095 1 2 20.3 0.97 1.09 0.95 0.208 0.202 lai et al (1989)
22)

Ohama No. 2 (2) 7.7 0205 Yes 521 0.72 100 56 3.3 5.4 1 122 143 095 1 2 5.4 0.96 1.05 0.95 0.229 0.231 lai et al (1989)
Ohama No. 3 (1) 7.7 0205 Yes 541 1.37 103 63 4.8 7.4 1 122 131 095 1 2 7.4 0.96 1.04 0.95 0.209 0.212 lai et al (1989)
Ohama No. 3 (3) 7.7 0205 Yes 548 1.35 104 64 3.7 5.6 1 122 132 095 1 2 5.6 0.96 1.04 0.95 0.210 0.213 lai et al (1989)
Ohama No. 3 (4) 7.7 0205 Yes 391 1.46 73 49 5.2 8.1 1 122 150 085 1 2 8.1 0.98 1.06 0.95 0.194 0.192 lai et al (1989)
Ohama No. 7.7 0205 No 45425 145 86 55 15.8 235 1 122 128 095 1 2 235 0.97 1.09 0.95 0.200 0.193 lai et al (1989)
Rvt (1)

Ohama No. 7.7 0205 No 6.67 1.6 127 77 17.3 22.5 1 122 112 095 1 4 22.5 0.95 1.04 0.95 0.208 0.211 lai et al (1989)
Rvt (2)

Ohama No. 7.7 0205 No 35667 145 67 46 18.3 25.9 1 122 137 08 1 0 25.9 0.98 1.10 0.95 0.190 0.182 lai et al (1989)
Rvt (3)

1984 M=6.9 earthquake - Aug 7
Hososhima 6.9 0.268 No 2.895 2 53 45 8.0 12.1 1 122 146 085 1 36 17.6 0.97 1.10 1.17 0.203 0.158 lai et al (1989)



Earthquake & site M amx Lig Avg Depth o, o Avg (Ny)gy Cs C¢ Cy Cr GCs FC (Npees g Ks MSF  CSR CSR for Primary source of data
() ?  depth GWT (kPa) (kPa) Np (%) M=7.5,
(m)  (m) o\=1
1987 M=6.2 and M=6.5 Superstition Hills earthquakes - 01 & 02 - Nov 24
Radio Tower B1 6.22 0.09 No 34 21 62 50 2.0 29 1 113 149 08 1 64 8.5 0.96 1.06 1.40 0.069 0.046 Seed et al (1984)
Wildlife B 6.22 0.133 No 4.6 12 87 54 7.1 10.3 1 113 136 095 1 30 15.7 0.93 1.07 140 0.138 0.092 Seed et al (1984)
Heber Road Al 6.54 0.156 No 29 18 53 42 304 37.8 1 113 130 08 1 12 40.0 0.97 1.10 129 0.124 0.088 Bennett et al (1981), Youd & Bennett
(1983), Seed et al (1984), Cetin et al
(2000)
Heber Road A2 6.54 015 No 37 1.8 68 50 2.0 2.9 1 113 151 08 1 18 7.0 096 106 129 0.127 0.093 Bennett et al (1981), Youd & Bennett
(1983), Seed et al (1984), Cetin et al
(2000)
Heber Road A3 6.54 0.13 No 4.0 18 79 56 13.0 16.2 1 113 129 08 1 25 21.2 0.95 1.08 129 0.115 0.082 Bennett et al (1981), Youd & Bennett
(1983), Seed et al (1984), Cetin et al
(2000)
Kornbloom B 6.54 0174 No 43 2.7 77 62 5.0 6.2 1 113 129 08 1 92 117 095 1.05 129 0132 0.098 Bennett et al (1984), Seed et al
(1984), Cetin et al (2000)
McKim RanchA 654 016 No 21 15 38 32 3.0 4.6 1 113 170 080 1 31 100 098 110 129 0121 0.085 Bennett et al (1984), Seed et al
(1984), Cetin et al (2000)
Radio Tower B1 654 020 No 34 2.1 62 50 2.0 2.9 1 113 149 08 1 64 8.5 096 106 129 0.154 0113 Bennett et al (1984), Seed et al
(1984), Cetin et al (2000)
Radio Tower B2 654 0.18 No 23 2.1 40 38 110 152 1 113 153 080 1 30 206 098 110 129 0.119 0.084 Bennett et al (1984), Seed et al
(1984), Cetin et al (2000)
River Park A 654 019 No 18 0.3 35 20 3.0 4.6 1 113 170 080 1 80 102 098 110 129 0.210 0.149 Youd & Bennett (1983), Seed et al
(1984), Cetin et al (2000)
River Park C 6.54 019 No 43 0.3 83 45 110 152 1 113 144 08 1 18 193 095 110 129 0218 0.154 Youd & Bennett (1983), Seed et al
(1984), Cetin et al (2000)
Wildlife B 6.54 0.206 Yes 46 1.2 87 54 7.1 10.3 1 113 136 095 1 30 157 094 107 129 0.216 0.157 Youd & Bennett (1983), Seed et al
(1984), Cetin et al (2000), Bennett
(2010 p.c.)
1989 M=6.9 Loma Prieta earthquake - Oct 18
Alameda Bay Farm 6.93 0.24 No 6.5 3.0 125 91 37.0 43.3 1 092 103 095 13 7 434 0.92 1.03 116 0.198 0.165 Cetin et al (2000)
Dike
Farris Farm 6.93 037 Yes 6.0 45 106 92 9.0 10.2 1 113 105 095 1 8 10.6 0.93 1.01 116 0.259 0.221 Cetin et al (2000)
General Fish 6.93 0.28 No 25 1.4 45 35 16.9 214 1 100 158 080 1 5 214 0.98 1.10 116 0.232 0.182 Boulanger et al (1995, 1997)
Hall Avenue 6.93 0.14 No 4.6 35 75 64 4.6 5.7 1 092 128 095 11 30 11.0 0.95 1.04 1.16 0.102 0.084 Cetin et al (2000)
Marine Laboratory 6.93 0.28 Yes 4.6 24 87 65 11.0 13.1 1 100 125 095 1 3 13.1 0.95 1.05 116 0.230 0.189 Boulanger et al (1995, 1997), Cetin et
B1 al (2000)
Marine Laboratory 6.93 0.28 Yes 35 25 65 55 13.0 14.9 1 100 135 085 1 3 14.9 0.97 1.07 116 0.207 0.167 Boulanger et al (1995, 1997), Cetin et
B2 al (2000)
Marine Laboratory 6.93 0.28 Yes 5.3 15 102 64 12.0 17.6 1 125 123 095 1 3 17.6 0.94 1.06 116 0.270 0.220 Boulanger et al (1995, 1997)
UCB-6-12 & F1-
F6
MBARI No. 3: 6.93 028 No 20 2.0 35 35 180 226 1 100 157 080 1 1 226 099 110 116 0.179 0.140 Boulanger et al (1995, 1997), Cetin et
EB-1 al (2000)
MBARI No. 3: 693 028 No 34 1.8 63 47 120 149 1 100 146 085 1 1 149 097 109 116 0235 0.187 Boulanger et al (1995, 1997), Cetin et
EB-5 al (2000)



Earthquake & site M amx Lig Avg Depth o, o Avg (Ny)gy Cs C¢ Cy Cr GCs FC  (Nyeoes rg Ks MSF  CSR CSR for Primary source of data
?

() depth GWT (kPa) (kPa) Np (%) M=7.5,
(m)  (m) o\=1

MBARI No. 4 6.93 0.28 No 34 19 62 48 180 212 1 100 138 08 1 5 21.2 0.97 1.10 116 0.231 0.180 Boulanger et al (1995, 1997)

[B4/B5/EB2/EB3]

MBARI 6.93 0.28 No 34 2.0 62 48 12.0 14.7 1 100 144 085 1 4 14.7 0.97 1.08 116 0.226 0.180 Boulanger et al (1995, 1997)

Technology

Miller Farm 6.93 039 Yes 6.2 49 114 101 9.2 9.9 1 113 100 095 1 32 15.3 092 0.99 116 0.252 0.219 Holzer et al (1994), Bennett & Tinsley

CMF 3 (1995)

Miller Farm 693 039 Yes 7.0 4.7 130 108 200 209 1 113 097 095 1 13 234 091 0.99 116 0.280 0.243 Holzer et al (1994), Bennett & Tinsley

CMF5 (1995)

Miller Farm 6.93 039 Yes 6.0 4.4 111 95 8.8 9.8 1 113 103 095 1 25 14.9 0.93 1.01 116 0.274 0.234 Holzer et al (1994), Bennett & Tinsley

CMF 8 (1995)

Miller Farm 6.93 0.39 No 8.4 3.0 158 105 190 202 1 113 099 095 1 20 24.6 0.89 0.99 116 0.338 0.292 Holzer et al (1994), Bennett & Tinsley

CMF10 (1995)

POO7-2 693 028 Yes 6.3 3.0 121 89 14.4 15.4 1 092 111 095 11 3 15.4 0.92 1.01 116 0.229 0.194 Mitchell et al (1994), Kayen et al
(1998), Cetin et al (2000)

POO7-3 6.93 0.28 Mar- 6.3 3.0 121 89 16.0 17.0 1 092 110 095 11 3 17.0 0.92 1.02 116 0.229 0.194 Mitchell et al (1994), Kayen et al

ginal (1998), Cetin et al (2000)

POR-2&3&4 6.93 0.18 Yes 59 35 97 73 43 51 1 092 127 095 11 50 10.7 0.93 1.03 116 0.142 0.119 Mitchell et al (1994), Kayen et al
(1998), Cetin et al (2000)

Sandholdt 6.93 028 Yes 3.0 18 55 43 9.5 15.3 1 125 152 085 1 2 15.3 0.97 1.10 116 0.226 0.177 Boulanger et al (1995,1997), Cetin et

UC-B10 al (2000)

Sandholdt 6.93 0.28 No 6.1 18 115 73 260 344 1 125 111 095 1 5 344 0.93 1.08 1.16 0.266 0.211 Boulanger et al (1995,1997), Cetin et

UC-B10 al (2000)

SFOBB-1&2 6.93 027 Yes 6.3 3.0 118 86 75 8.6 1 092 110 095 1.2 8 9.0 0.92 1.01 116 0.222 0.189 Mitchell et al (1994), Kayen et al
(1998), Cetin et al (2000)

State Beach 693 028 Yes 34 18 61 46 6.3 10.3 1 125 153 08 1 1 10.3 0.97 1.07 116 0.234 0.187 Boulanger et al (1995,1997), Cetin et

UC-B1 al (2000)

State Beach 6.93 028 Yes 49 2.6 90 67 12.8 18.4 1 125 120 095 1 1 18.4 0.95 1.05 116 0.229 0.188 Boulanger et al (1995,1997), Cetin et

UC-B2 al (2000)

Treasure Island 693 0.16 Yes 6.5 15 116 67 43 6.4 1 113 124 095 11 20 10.8 0.92 1.04 116 0.165 0.137 Pass (1994), Youd & Shakal (1994),
Cetin et al (2000)

WoodMarine 6.93 028 Yes 18 1.0 32 25 6.7 9.1 1 100 170 080 1 35 14.6 099 110 116 0.233 0.183 Boulanger et al (1995,1997), Cetin et
uc-B4 al (2000)

1990 M=7.7 Luzon earthquake - July 16
Cereenan St. 77 025 No 50 2.3 94 68 347 249 1 065 116 095 1 19 29.2 097 108 095 0218 0213 Wakamatsu (1992), Cetin et al (2000)
B-12
Perez Blv. 77 025 Yes 7.2 2.3 139 90 199 130 1 065 106 095 1 19 17.3 094 101 095 0236 0245 Wakamatsu (1992), Cetin et al (2000)
B-11

1993 M=7.6 Kushiro-Oki earthquake - Jan 15

Kushiro Port Quay 7.6 0.40 Yes 5.2 2.0 100 68 11.7 16.4 1 122 121 095 1 2 16.4 0.96 1.05 0.97 0.366 0.359 lai et al (1994), Cetin et al (2000)
Wall Site A

Kushiro PortQuay 7.6 040 No 10.8 16 208 118 26.8 30.9 1 122 095 100 1 0 30.9 0.89 0.97 0.97 0.408 0.434 lai et al (1994), Cetin et al (2000)
Wall Site D

Kushiro Port 7.6 0.47 Yes 3.8 2.0 65 47 174 25.9 1 130 135 08 1 5 25.9 0.98 1.10 0.97 0.410 0.383 lai et al. (1995)

Seismo St.




Earthquake & site M amx Lig Avg Depth o, o Avg (Ny)gy Cs C¢ Cy Cr GCs FC  (Nyeoes rg Ks MSF  CSR CSR for Primary source of data
() ?  depth GWT (kPa) (kPa) Np (%) M=7.5,
(m  (m) o\=1

1994 M=6.7 Northridge earthquake - Jan 17
Balboa B1v. 6.69 0.84 Yes 8.5 7.2 156 143 13.6 131 1 113 086 100 1 50 18.7 0.87 0.96 124 0.428 0.362 Bennett et al (1998), Holzer et al
Unit C (1998), Cetin et al (2000)
Malden Street 6.69 051 No 9.3 3.9 154 101 24.1 27.2 1 113 100 100 1 25 32.3 0.86 1.00 124 0431 0.349 Bennett et al (1998), Holzer et al
Unit D (1998), Cetin et al (2000)
Potrero Canyon C1 6.69 0.43 Yes 7.1 2.0 139 88 7.4 8.5 1 113 107 095 1 64 141 0.91 1.02 124 0.320 0.254 Bennett et al (1998), Holzer et al

(1998), Cetin et al (2000)

Wynne Ave. 6.69 0.51 Yes 6.7 4.3 129 105 11.0 11.6 1 113 098 095 1 33 17.0 0.91 1.00 124 0.390 0.317 Bennett et al (1998), Holzer et al
Unit C1 (1998), Cetin et al (2000)

1995 M=6.9 Hyogoken-Nambu (Kobe) earthquake - Jan 16
1 6.9 040 No 5.8 24 113 80 42.1 52.0 1 122 107 095 1 3 52.0 0.93 1.07 117 0.345 0.275 Tokimatsu (2010 pers. comm.)
2 6.9 040 No 8.0 2.9 152 103 34.2 39.5 1 122 100 095 1 15 42.7 0.89 1.00 117 0.345 0.296 Tokimatsu (2010 pers. comm.)
3 6.9 040 No 5.8 25 109 77 40.0 49.8 1 122 108 095 1 3 49.8 0.93 1.08 117 0.344 0.271 Tokimatsu (2010 pers. comm.)
4 6.9 040 No 4.3 2.1 76 54 25.8 36.6 1 122 123 095 1 1 36.6 0.95 1.10 1.17 0.350 0.272 Tokimatsu (2010 pers. comm.)
5 6.9 0.35 Yes 8.9 3.0 173 116 5.4 6.1 1 122 092 100 1 1 6.1 0.88 0.99 117 0.298 0.258 Tokimatsu (2010 pers. comm.)
6 6.9 040 No 5.9 2.3 107 72 134 17.8 1 122 115 095 1 21 22.5 0.93 1.05 1.17 0.360 0.293 Tokimatsu (2010 pers. comm.)
7 6.9 040 Yes 3.3 3.2 62 60 8.0 10.9 1 122 132 08 1 0 10.9 0.93 1.02 117 0314 0.262 Tokimatsu (2010 pers. comm.)
8 6.9 0.50 Yes 5.0 3.0 85 65 174 24.1 1 122 120 095 1 0 24.1 0.94 1.07 1.17 0.402 0.321 Tokimatsu (2010 pers. comm.)
9 6.9 0.50 Yes 4.3 2.8 79 64 8.3 12.2 1 122 127 095 1 2 12.2 0.95 1.05 117 0.383 0.313 Tokimatsu (2010 pers. comm.)
10 6.9 0.60 No 7.5 45 137 107 24.1 27.4 1 122 098 095 1 9 28.0 0.90 0.99 1.17 0.450 0.388 Tokimatsu (2010 pers. comm.)
11 6.9 0.50 Yes 6.8 15 114 62 5.6 8.5 1 122 131 095 1 5 8.5 0.91 1.04 1.17 0.546 0.447 Tokimatsu (2010 pers. comm.)
12 6.9 050 No 5.3 3.2 92 72 18.6 24.7 1 122 114 095 1 14 27.6 0.94 1.06 117 0.393 0.316 Tokimatsu (2010 pers. comm.)
13 6.9 0.50 Yes 6.5 2.3 116 74 9.5 12.7 1 122 116 095 1 15 16.0 0.92 1.04 117 0.464 0.383 Tokimatsu (2010 pers. comm.)
14 6.9 050 No 4.8 31 86 69 15.0 20.3 1 122 117 095 1 19 24.5 0.95 1.06 117 0.382 0.307 Tokimatsu (2010 pers. comm.)
15 6.9 0.50 Yes 5.7 3.7 102 82 15.1 19.2 1 122 110 095 1 5 19.2 0.93 1.03 117 0.375 0.312 Tokimatsu (2010 pers. comm.)
16 6.9 060 No 45 25 80 60 175 25.0 1 122 123 095 1 5 25.0 0.95 1.09 1.17 0.495 0.390 Tokimatsu (2010 pers. comm.)
17 6.9 050 Yes 45 0.8 80 43 12.6 21.1 1 122 145 095 1 5 21.1 0.95 1.10 117 0.574 0.446 Tokimatsu (2010 pers. comm.)
18 6.9 0.70 No 105 7.7 199 171 40.5 42.6 1 122 086 100 1 0 42.6 0.85 0.85 117 0.448 0.452 Tokimatsu (2010 pers. comm.)
19 6.9 0.60 No 7.5 6.1 137 124 20.0 21.3 1 122 092 095 1 10 22.5 0.90 0.97 117 0.391 0.344 Tokimatsu (2010 pers. comm.)



Earthquake & site M amx Lig Avg Depth o, o Avg (Ny)gy Cs C¢ Cy Cr GCs FC  (Nyeoes rg Ks MSF  CSR CSR for Primary source of data
() ?  depth GWT (kPa) (kPa) Np (%) M=7.5,
(m)  (m) o\=1
20 6.9 055 No 6.0 2.0 114 75 50.8 63.7 1 122 108 095 1 0 63.7 0.93 1.09 1.17 0.505 0.396 Tokimatsu (2010 pers. comm.)
21 6.9 0.60 No 35 17 62 44 244 335 1 122 132 08 1 0 335 0.97 1.10 117 0531 0.412 Tokimatsu (2010 pers. comm.)
22 6.9 0.60 No 6.0 24 114 79 308 38.6 1 122 108 095 1 6 38.6 0.93 1.07 117 0524 0.416 Tokimatsu (2010 pers. comm.)
23 6.9 0.60 No 5.0 3.0 92 72 18.1 240 1 122 115 095 1 10 25.1 0.94 1.06 1.17 0.468 0.379 Tokimatsu (2010 pers. comm.)
24 69 050 Yes 35 24 63 51 180 246 1 122 132 08 1 0 24.6 0.97 1.10 117 0.383 0.297 Tokimatsu (2010 pers. comm.)
25 69 0.70 No 35 22 64 50 275 358 1 122 125 08 1 3 35.8 0.97 1.10 1.17 0.555 0.431 Tokimatsu (2010 pers. comm.)
26 6.9 0.60 No 35 0.9 63 37 260 370 1 122 137 08 1 0 37.0 0.97 1.10 117 0.633 0.491 Tokimatsu (2010 pers. comm.)
27 6.9 0.60 No 25 11 43 29 276 408 1 122 143 08 1 10 42.0 0.98 1.10 1.17 0.568 0.441 Tokimatsu (2010 pers. comm.)
28 69 040 Yes 35 1.8 62 44 143 211 1 122 142 085 1 8 214 0.97 1.10 117 0.348 0.270 Tokimatsu (2010 pers. comm.)
29 69 040 Yes 38 2.0 67 49 12.4 17.9 1 122 139 08 1 0 17.9 0.96 1.09 117 0.337 0.264 Tokimatsu (2010 pers. comm.)
30 6.9 0.60 No 8.5 15 146 78 305 401 1 122 108 100 1 10 41.3 0.88 1.08 1.17 0.649 0.514 Tokimatsu (2010 pers. comm.)
31 6.9 0.60 No 4.0 12 73 46 348 497 1 122 123 095 1 0 49.7 0.96 1.10 1.17 0.599 0.465 Tokimatsu (2010 pers. comm.)
32 6.9 0.50 No 35 1.4 61 41 201 291 1 122 140 085 1 6 29.2 0.97 1.10 117 0472 0.367 Tokimatsu (2010 pers. comm.)
33 6.9 0.50 No 8.0 2.0 142 83 213 279 1 122 107 100 1 50 335 0.89 1.05 1.17 0.496 0.404 Tokimatsu (2010 pers. comm.)
34 69 040 Yes 7.0 18 124 73 183 242 1 122 114 095 1 9 25.0 0.91 1.05 1.17 0.403 0.326 Tokimatsu (2010 pers. comm.)
35 69 050 Yes 45 21 79 55 12.3 18.9 1 122 132 095 1 6 18.9 0.95 1.08 117 0.445 0.352 Tokimatsu (2010 pers. comm.)
36 6.9 0.60 No 35 0.9 61 36 21.2 31.6 1 122 144 085 1 3 31.6 0.97 1.10 1.17 0.639 0.496 Tokimatsu (2010 pers. comm.)
37 69 035 Yes 50 4.0 89 79 15.0 19.3 1 122 112 095 1 0 19.3 0.94 1.03 117 0.241 0.200 Tokimatsu (2010 pers. comm.)
38 69 050 Yes 80 3.0 143 94 15.1 19.1 1 122 103 100 1 5 19.1 0.89 1.01 117 0441 0.373 Tokimatsu (2010 pers. comm.)
39 6.9 0.60 No 45 2.6 84 66 470 610 1 122 112 095 1 0 61.0 0.95 1.10 117 0.476 0.370 Tokimatsu (2010 pers. comm.)
40 6.9 0.60 No 35 2.8 66 59 325 397 1 122 118 08 1 0 39.7 0.97 1.10 117 0421 0.326 Tokimatsu (2010 pers. comm.)
41 69 040 Yes 41 2.0 71 50 9.2 15.0 1 122 141 095 1 0 15.0 0.96 1.08 117 0.352 0.279 Tokimatsu (2010 pers. comm.)
42 69 040 Yes 50 12 84 46 7.0 12.1 1 122 148 095 1 10 13.2 0.94 1.08 117 0.445 0.352 Tokimatsu (2010 pers. comm.)
43 69 035 Yes 47 22 80 55 10.0 15.2 1 122 131 095 1 20 19.6 0.95 1.08 117 0311 0.246 Tokimatsu (2010 pers. comm.)
44 69 040 Yes 40 1.6 67 43 4.4 8.3 1 122 161 095 1 5 8.3 0.96 1.07 1.17 0.388 0.308 Tokimatsu (2010 pers. comm.)



Earthquake & site M anx Lig Avg Depth o, o Avg (Ny)gy Cs C¢ Cy Cr GCs FC  (Nyeoes rg Ks MSF  CSR CSR for Primary source of data
() ?  depth GWT (kPa) (kPa) Np (%) M=7.5,
(m)  (m) o\=1

Ashiyama A (Mntn 6.9 0.40 No 52 35 97 80 16.6 211 1 122 110 095 1 18 25.2 0.94 1.04 117 0.295 0.243 Shibata et al (1996), Cetin et al (2000)

Sand 1)

Ashiyama C-D-E 69 040 Yes 88 35 166 115 10.9 125 1 122 094 100 1 2 125 0.88 0.99 117 0331 0.286 Shibata et al (1996), Cetin et al (2000)

(Marine Sand)

Port Island 69 034 Yes 78 24 149 96 5.7 6.8 1 122 103 095 1 20 11.3 0.90 1.01 117 0.307 0.260 Shibata et al (1996), Cetin et al (2000)

Borehole Array

Station

Port Island 69 040 No 85 5.0 159 125 202 227 1 122 092 100 1 20 272 088 096 117 0293 0.260 Yasuda et al (1996; data from Ikegaya

Improved Site 1980), Cetin et al (2000)

(Ikegaya)

Port Island 69 040 No 10.0 5.0 189 140 18.2 19.5 1 122 088 100 1 20 24.0 0.86 0.95 117 0.301 0.270 Yasuda et al (1996,; data from

Improved Site Tanahashi et al 1987), Cetin et al

(Tanahashi) (2000)

Port Island 69 040 No 95 5.0 179 135 309 346 1 122 092 100 1 20 391 087 092 117 0299 0.278 Yasuda et al (1996; data from

Improved Site Watanabe 1981), Cetin et al (2000)

(Watanabe)

Port Island Site | 69 034 Yes 10.0 3.0 192 123 9.7 10.8 1 122 091 100 1 20 15.3 0.86 0.98 117 0.295 0.258 Tokimatsu et al (1996), Cetin et al
(2000)

Rokko Island 69 040 Yes 75 4.0 141 107 14.8 16.8 1 122 098 095 1 25 219 0.90 0.99 117 0.310 0.267 Tokimatsu et al (1996), Cetin et al

Building D (2000)

Rokko Island 69 034 Yes 115 4.0 219 146 12.0 12.3 1 122 084 100 1 20 16.8 0.83 0.96 117 0.275 0.246 Tokimatsu et al (1996), Cetin et al

Site G (2000)

Torishima Dike 69 025 Yes 47 0.0 93 46 8.5 14.0 1 122 142 095 1 20 185 0.95 1.10 1.17 0.308 0.240 Matsuo (1996), Cetin et al (2000)




3.2. Earthquake magnitudes and peak accelerations

Moment magnitudes (M or M,,) are used for all earthquakes in the updated liquefaction database
(Tables 3.1 and 3.2). The liquefaction databases compiled by Seed et al. (1984) and Cetin et al. (2004)
often referenced the earthquake magnitudes that had been quoted in the original case history reference.
These original references, however, often used other scales for the earthquake magnitude. For the
updated database, we obtained moment magnitudes from the Next Generation Attenuation (NGA) project
flatfile (Chiou et al. 2008) and the USGS Centennial Earthquake Catalog (Engdahl and Villasenor 2002,
and online catalog 2010). Preference was given to the NGA values if the two sources gave different
estimates of M.

Table 3.2. Earthquake magnitudes in the liquefaction triggering database

Magnitude in Moment
Magnitude in | Magnitude in Idriss and magnitude (M)
Seed et al. Cetin et al. Boulanger adopted in this

Earthquake (1984) (2004) (2004) study
1944 Tohnankai 8.0 8.0 8.0 8.1
1948 Fukui 7.3 7.3 7.3 7.3
1964 Niigata 7.5 7.5 7.5 7.6
1968 Tokachi-Oki 7.9 7.9 & 7.8 7.9 8.3
1971 San Fernando 6.6 6.6 6.6 6.6
1975 Haicheng 7.3 7.3 7.3 7.0
1976 Guatemala 7.5 7.5 7.5 7.5
1976 Tangshan 7.6 8 8.0 7.6
1977 Argentina 7.4 7.4 7.4 7.5
1978 Miyagiken-Oki — Feb. 20 6.7 6.7 6.7 6.5
1978 Miyagiken-Oki — June 12 7.4 7.4 7.4 7.7
1979 Imperial Valley 6.6 6.5 6.5 6.5
1981 Westmoreland 5.6 5.9 59 59
1982 Urakawa-Oki -- -- -- 6.9
1983 Nihonkai-Chubu — June 21 -- 7.1 7.1 6.8
1983 Nihonkai-Chubu — May 26 -- 7.7 7.7 7.7
1987 Superstition Hills -- 6.7 & 6.6 6.5 6.5
1989 Loma Prieta -- 7.0 6.9 6.9
1990 Luzon -- 7.6 7.6 7.7
1993 Kushiro-Oki -- 8.0 8.0 7.6
1994 Northridge -- 6.7 6.7 6.7
1995 Hyogoken-Nambu (Kobe) -- 6.9 6.9 6.9

Estimates of peak horizontal ground accelerations (PGA or a,.) are listed for each site in Table 3.1.
PGA estimates by the original site investigators or from the Seed et al. (1984) database were used in
almost all cases.

USGS ShakeMaps (Worden et al. 2010), when available, were used to check PGA estimates for a number
of sites with no nearby recordings. The new ShakeMaps incorporate a weighted-average approach for
combining different types of data (e.g., recordings, intensities, ground motion prediction equations) to
arrive at best estimates of peak ground motion parameters. With one exception, the ShakeMaps
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confirmed that existing estimates of PGA were reasonable, such that no changes to these estimates were
warranted.

The ShakeMap for the 1975 Haicheng earthquake, however, indicated that significant changes to PGA
estimates were warranted for some sites affected by the earthquake. The ShakeMap showing contours of
PGA (in percentages) for the 1975 Haicheng earthquake is shown in Figure 3.1, along with the original
reference's map of seismic intensities. Seed et al. (1984) had estimated values of PGA of 0.10, 0.13, 0.20,
and 0.20 for the Shuang Tai Zi River Sluice Gate, Panjin Chemical Fertilizer Plant, Ying Kou Glass Fibre
Plant, and Ying Kou Paper Plant, respectively, based on a correlation between seismic intensity and PGA.
The USGS ShakeMap for this earthquake indicates best estimates of PGA would be at least 0.20, 0.20,
0.30, and 0.30 for these four sites, respectively.
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(a) Contours of seismic intensity used by Shengcong and Tatsuoka (1984)
and Seed et al. (1984) to estimate PGA at case history sites

(b) Contours of PGA in percent from USGS ShakeMap (2010)

Figure 3.1. Ground motion estimates for the 1975 Haicheng earthquake
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3.3. Selection and computation of (N;)e.s Values

The selected critical depth intervals and the associated calculation of representative (N)gos Values are
presented in Appendix C. Selections and calculations are shown for the 44 Kobe proprietary case sites,
the added case sites from Iai et al. (1989), and 31 additional sites that plot close to the liquefaction
correlation boundary curve. The remaining cases plot well above (for liquefaction sites) or well below
(for no-liquefaction sites) the liquefaction boundary correlation; for those cases the selections of
representative N values by either Seed et al. (1984) or Cetin et al. (2004) were adopted.

A number of case histories are discussed in detail in this section to illustrate aspects of how the individual
case histories were interpreted.

Moss Landing State Beach

Liquefaction occurred along the access road to the Moss Landing State Beach during the 1989 M = 6.9
Loma Prieta earthquake (Boulanger et al. 1997). The estimated PGA at the site is 0.28 g. A profile along
the access road is shown in Figure 3.2. Ground surface displacements ranged from about 30-60 cm at the
Entrance Kiosk to about 10-30 cm at the Beach Path. Ground displacements were not observed farther up
the road (near CPT sounding UC-18).

- Near Beach Path - ]
uc-18 - Near Entrance Kiosk -
Gen uc-17  UC-B2  UC-16
q N, q - - - - 5
0 300 N N U%B1 U(C; 14 U(C; 15
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Figure 3.2: Profile at the Moss Landing State Beach (Boulanger et al. 1997)
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At the Beach Path, the first five measured SPT N, values below the water table in boring UC-B2 were 14,
16, 11, 13, and 13, after which they increased to over 20. The computations of (N)eocs values for the first
five Ny, values are summarized in Table 3.3. The average of the lower three (Nj)eoes values is 16.9,
whereas the average of the five (Nj)gs values is 18.4. The lateral spreading displacement of 10-30 cm
would represent a shear strain of about 4-13% across a 2.3-m thick zone, or 3-8% across a 3.8-m-thick
zone. While either of these average (N))eocs Values could be an acceptable choice for representing this
site, the value of 18.4 was adopted as representative of this stratum. For forward evaluations, however,
the choice of (N})gocs = 16.9 would be more conservative.

Table 3.3. Computation of the representative (N )gocs value for UC-B2 at Moss Landing

Depth (m) Depth to Gue G've (N) (N1)eo Cs Ce Cn Ca Cs FC (NDsocs  AlNygoes
GWT(m)  (kPa) (kPa) (%)
3.4 2.6 60 52 14 19.9 1 1.25 1.34 0.85 1 1 19.9
4.1 2.6 75 60 16 213 1 1.25 1.25 0.85 1 1 21.3
49 2.6 90 67 11 15.9 1 1.25 1.22 0.95 1 1 15.9
5.6 26 105 75 13 17.8 1 1.25 1.15 0.95 1 1 17.8
6.4 26 120 82 13 17.0 1 1.25 1.10 0.95 1 1 17.0

Average values:
4.9 13.4 18.4 1 18.4

Representative values given the above averages:

4.9 2.60 90 67 12.8 18.4 1 1.25 1.20 0.95 1 1 18.4 0.0

The above table also illustrates a bookkeeping detail about reporting representative values for all the other
parameters. The issue is that computing representative values for (N)g and (N)gocs using the average
values for depth, N, and FC, does not produce values equal to those obtained by directly averaging
(N1)so and (Nj)eoes. Alternatively, the representative value of N, can be back-calculated based on the
average values for depth and FC along with the averaged values of (N;)s and (N;)socs- In the above table,
the back-calculated representative Ny, value is 12.8, which is only 5% less than the average N, of 13.4.
This difference can be positive or negative, but is almost always less than a few percent (see Appendix
C). The advantage of the latter approach (bottom row in the above table) is that the reported values are
internally consistent, which has its advantage for others who wish to use the database for sensitivity
analyses.

At the Entrance Kiosk, the first five N,, values below the water table in boring UC-B1 were 5, 4, 6, 8, and
9, after which they increased markedly. The first three N values represent a 2-m thick interval of the
upper clean sand strata, for which the average of the corresponding three (Ni)q0cs Values is 8.5. If the first
five N values, representing a 3.5-m thick interval, are assumed to have liquefied, then the average (N)socs
value is 10.3. The value of 10.3 was adopted as representative of this stratum for this case history. For
forward evaluations, however, the choice of (N)ges = 8.5 would be more conservative.

Consider the forward analysis of these two sites based on this method for selecting representative (N )gocs
values. If there was an earthquake that was just strong enough to produce a computed FSj; = 1.0 for the
representative (N)gocs value of 18.4 at the Beach Path, then the FSj;; would be less than 1.0 for three of the
five SPT tests in the looser strata. Since ground deformations may develop over thinner intervals within
the identified strata, this approach for selecting representative (Ni)ges values should result in the
liquefaction correlation (which generally bounds the bulk of the data) being conservative for forward
applications in practice. In fact, in many instances it may prove most effective to treat each blow count
separately in forward applications, rather than using an average value. In other instances, such as
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applications involving earthfill dams, use of an average (N)sos for a stratum may be more appropriate if
the potential failure surfaces are extensive relative to the stratum's dimensions. In general, the
appropriateness of any averaging of (N;)es values for a specific stratum in forward analyses or case
history interpretations depends on the spatial characteristics of the stratum (e.g., thickness, lateral extent,
continuity), the mode of deformation (e.g., reconsolidation settlement, lateral spreading, slope instability),
and the spatial dimensions of the potential deformation mechanisms relative to the strata of concern.

Wildlife Liquefaction Array

Liquefaction occurred at the Wildlife Liquefaction Array in the 1981 Westmoreland and in the 1987
Superstition Hills earthquakes. A cross-section of the site is shown in Figure 3.3. Results of CPT, SPT,
and laboratory index tests were obtained from Youd and Bennett (1983), Holzer and Youd (2007), and
Bennett (2010, personal communication). Liquefaction was triggered in the silty sand layer between
depths of about 2.5 and 6.5 m, as evidenced by the pore pressure transducer records and inclinometer
readings. The upper 1 m of this layer is predominantly sandy silt and silt with an average fines content of
about 78%, whereas the lower portion is predominantly silty sand with an average fines content of about
30%. Twenty-one N values obtained in six borings that span a distance of about 30 m in the area of
liquefaction (boils and modest lateral spreading) are summarized in Table 3.4. Only some of the FC
values come directly from the SPT samples; therefore, FC for other SPT N values were estimated based
on data for parallel samples or average FC values for the same sample descriptions. The (N)gocs Values
ranged from about 10 to 22 (excluding one value of 28), and had a trend of increasing with depth.
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Figure 3.3: Profile at the Wildlife Liquefaction Array (Bennett et al. 1984)
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Table 3.4. Computation of the representative (N )gocs value for Wildlife Liquefaction Array site

Depth  Depthto Cyc Gy (Nm) (N1)eo Cs Ce Cn Cr Cs FC (N1)eo,cs  A(N1)s0,cs

(m)  GWT(m) (kpa) (kPa) (%)

2.3 1.2 43 32 4 6.1 1 1.13 1.70 0.8 1 69 11.7
3.0 1.2 57 39 6 9.2 1 1.13 1.59 0.85 1 33 14.6
3.0 1.2 57 39 5 7.8 1 1.13 1.63 0.85 1 20 12.3
3.4 1.2 63 42 3 4.6 1 1.13 1.60 0.85 1 33 10.1
3.4 1.2 63 42 5 7.6 1 1.13 1.58 0.85 1 17 11.5
3.4 1.2 63 42 10 14.2 1 1.13 1.48 0.85 1 25 19.3
3.7 1.2 69 45 6 8.6 1 1.13 1.49 0.85 1 33 14.1
3.8 1.2 72 46 13 17.4 1 1.13 1.39 0.85 1 20 21.9
43 1.2 81 51 5 6.9 1 1.13 1.43 0.85 1 33 12.3
43 1.2 81 51 11 14.4 1 1.13 1.37 0.85 1 20 18.9
43 1.2 81 51 7 9.4 1 1.13 1.40 0.85 1 33 14.9
43 1.2 81 51 9 11.9 1 1.13 1.38 0.85 1 25 17.0
4.6 1.2 87 54 10 14.3 1 1.13 1.33 0.95 1 20 18.8
4.9 1.2 92 56 4 5.8 1 1.13 1.36 0.95 1 33 11.3
5.2 1.2 98 59 4 5.7 1 1.13 1.33 0.95 1 33 11.2
5.2 1.2 98 59 17 224 1 1.13 1.23 0.95 1 25 27.5
5.3 1.2 101 61 6 8.3 1 1.13 1.29 0.95 1 33 13.8
5.5 1.2 104 62 10 13.4 1 1.13 1.25 0.95 1 33 18.9
6.1 1.2 116 68 9 11.7 1 1.13 1.21 0.95 1 33 17.1
6.1 1.2 116 68 12 15.3 1 1.13 1.19 0.95 1 33 20.8
6.1 1.20 116 68 12 15.4 1 1.13 1.19 0.95 1 25 20.4
7.0 1.2 133 76 6.0 7.5 1 1.13 1.16 0.95 1 18 11.6
7.0 1.2 133 76 14.0 16.9 1 1.13 1.13 0.95 1 33 22.4

Average values:
4.6 7.8 10.6 Average= 30 15.7
Representative values given the above averages:
4.6 1.2 87 54 7.1 10.3 1 1.13 1.36 0.95 1 30 15.7 5.4

The data in Table 3.4 can be used to illustrate the uncertainty associated with determining a representative
value of (N)gocs for a case history. The average (N)gocs Values for each of the six borings are 12.7, 14.0,
15.4, 15.7, 17.7, and 18.9. Thus, if only one of these six borings had been drilled, then the average
(N1)socs value for this site might have ranged from 12.7 to 18.9. Using all six borings, the average and
median (N)ecs Values for the entire layer are 15.7 and 14.8, respectively, which are reasonably close
together. Thus, as the number of borings and SPT data points increases, it becomes easier to evaluate the
distribution of the (N)g0cs Values and hence select a representative value. For this case, (Nj)goes = 15.7,
was selected as representative because the critical stratum is well defined and the borings are located
relatively close together.

Miller and Farris Farms

Liquefaction and ground failure developed along the Pajaro River between the Miller and Farris Farms
during the 1989 Loma Prieta earthquake. A cross-section across the zone of ground failure is shown in
Figure 3.4. Exploration data from the site are described in Bennett and Tinsley (1995) and discussed in
Holzer et al. (1994) and Holzer and Bennett (2007). They concluded that the zone of ground failure was
restricted to the areas underlain by the younger (Qyr) floodplain deposit, which fills an old river channel
that was incised into the older (Q,f) floodplain deposit. Thus, boring CMF-10 (left side of Figure 3.4),
with its relatively thick surface deposit of high-plasticity silt, is in an area of no liquefaction, whereas
boring CMF-8, with its relatively thick interval of Qys, is in an area of liquefaction. Holzer et al. (1994)
reported that the liquefied layer (Qyf) had (N;)s values of 14+7 with an average FC = 22% based on a
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total of 15 blow counts from several borings. The variation in average (N;)¢ values for the liquefied
layer from individual borings is illustrated by considering borings CMF-3, -5, and -8 which spanned a
distance of about 550 m within the failure zone parallel to the river; these borings had 3, 1, and 3 blow
counts in the liquefied layer, respectively, from which representative (N;)go values of 9.9, 20.9, and 9.8
with FC of 27%, 13%, and 25% were obtained, respectively. Some of the variability in these average
(Ny)go values is likely due to the small sample sizes (i.e., one to three blow counts cannot be expected to
provide an accurate indication of the true average blow count in the vicinity of a boring), while some of it
could be due to systematic variations in the average (N;)¢ value across the site. These three borings are
listed separately in Table 3.4 because of the relatively large distances between any two borings. For the
nonliquefied layer (Q.f), a representative (Ni)g value of 20.2 for boring CMF-10 was obtained by
averaging the two lower blow counts (12 and 25) with FC = 20%, which resulted in a representative
(N])60CS =24.6.

This site is one of several examples used by Holzer and Bennett (2007) to illustrate how the boundaries of
a lateral spread are often controlled by changes in geologic facies. It also illustrates how borings located
short distances outside of a ground failure zone may, or may not, be representative of the soils that have
liquefied. For this reason, the interpretation of liquefaction case histories using borings located outside
the failure zone have the potential to be misinterpreted unless the geologic conditions are fully understood
and taken into consideration. It also emphasizes the need for investigators to incorporate and include the
geologic conditions in the description of the case histories investigated.
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Figure 3.4. Profile across the failure zone at the Miller (south side of Pajaro River) and Farris Farms
(north side of Pajaro River) during the 1989 Loma Prieta Earthquake (Holzer et al. 1994)
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Balboa Boulevard

Liquefaction and ground failure developed along Balboa Boulevard during the 1994 Northridge
carthquake. The estimated PGA at the site was about 0.84 g (Holzer et al. 1999). A cross-section across
the zone of ground failure is shown in Figure 3.5. Exploration data from the site and interpretations of the
behavior are presented by Holzer et al. (1999) and discussed by O'Rourke (1998). The site is underlain
by an 8- to 10-m-thick stratum of Holocene silty sand and lean clay with sand; the upper 1-m-thick unit is
fill (Unit A), underlain by sheet flood and debris flow deposits (Unit B), and then fluvial deposits
(Unit C). These Holocene deposits are underlain by Pleistocene silty sand (Unit D), which was identified
as the Saugus formation. Holzer et al. (1999) calculated average (N;)so.s Values for Units C and D using
the procedures described in Youd et al. (2001), which had been initially published in an NCEER report in
1997 (NCEER 1997). For Unit C, 8 SPT blow counts were obtained, of which 4 were in clayey sands and
4 were in silty sands; the average of the 4 tests in silty sands gave an (N)gos value of 21 with FC = 42%.
For Unit D, 44 SPT N values were obtained, of which 15 were in clayey sands and 29 were in silty sands;
the average of the 29 tests in silty sands gave an (N)¢o.s value of 59 with FC = 36%. Permanent ground
deformations were limited to the area where the water table is within the Holocene sediments, such that
the silty sand soils within Unit C were identified as the material that liquefied during the earthquake. The
procedures described in this report produce a representative (N)gocs value of 18.7 for Unit C based on the
average of the 4 SPT blow counts obtained in the silty sands of this stratum, as outlined in Appendix C.

Holzer et al. (1999) and Holzer and Bennett (2007) noted that the Balboa Boulevard site is an example of
how the location of lateral spreading and ground failure can be controlled by the position of the ground
water table relative to the geologic strata. As shown in Figure 3.5, ground failure along Balboa Boulevard
was limited to the area where the ground water table was within the Holocene sediments, while no ground
failure was observed where the ground water table was within the underlying, denser Pleistocene
sediments. This case history also illustrates how the identification of the major geologic facies can be
essential for understanding or predicting the extent and location of ground failure during earthquakes.
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Malden Street

Ground failure along Malden Street during the 1994 Northridge earthquake is an example of ground
failure due to lurching in soft clays (O'Rourke 1998, Holzer et al. 1999). The estimated PGA at this
location was 0.51 g. A cross-section across the ground failure zone is shown in Figure 3.6. The failure
zone is underlain by an 8.5-m-thick stratum of Holocene lean to sandy lean clay (Units A and B), which is
underlain by Pleistocene silty sand (Unit D). The ground water table in the failure zone was at a depth of
3.9 m, and no Holocene sands were encountered below the water table. The fine grained soils of Unit B
typically had FC > 70% with an average PI of 18. Undrained shear strengths (s,) for Units A and B were
determined from field vane shear tests and CPT data. The s, in Unit B was generally less than 50 kPa,
compared to about 120 kPa for Unit A, and it decreased to an average value of s, = 26 kPa in the 1.5-m-
thick interval between depths 4.3 and 5.8 m in the area of ground failure. Holzer et al. (1999) computed
peak dynamic shear stresses, based on the estimated PGA of 0.51 g that were about twice the soil's
undrained shear strength. For the underlying Pleistocene sediment (Unit D), Holzer et al. (1999) obtained
8 SPT blow counts, of which 2 were in silty sands and 6 were in clayey sands; they reported an average
(N1)s0cs value of 43 (using the procedures from Youd et al. 2001) with an average FC = 27% based on the
two tests in silty sands. Holzer et al. (1999) and O'Rourke (1998) both concluded that cyclic
softening/failure of the soft clay along Malden Street caused the observed ground deformations. In fact,
O'Rourke used this site as a key example of ground failure due to lurching in soft clays, and not
liquefaction of a cohesionless deposit.

This case history illustrates the importance of recognizing that ground failures can develop in soft clays
under strong earthquake shaking, which is important to the interpretation of ground failure case histories
and to the forward prediction of ground failures in practice. Additional case histories from the 1999 Chi-
Chi and Kocaeli earthquakes have provided several examples regarding the behavior of low-plasticity fine
grained soils, including cases of ground failure attributed to cyclic softening of silty clays beneath
strongly loaded foundations (e.g., Chu et al. 2008) and cases where the low but measurable plasticity of
the fines fraction was identified as one of the characteristics associated with lateral spreading
displacements being significantly smaller than would be predicted by the application of current
liquefaction analysis procedures (e.g., Chu et al. 2006, Youd et al. 2009).

3.4. Classification of site performance

n.n

Site performance during an earthquake is classified as a "liquefaction”, "no liquefaction", or a "marginal"
case; some databases designate these cases as "yes", "no", or "no/yes", respectively. In this report, the
classification of site performance was based on the classification assigned by the original investigator,
except for the Seventh Street Wharf site at the Port of Oakland (discussed below). Cases described as
"liquefaction" were generally accompanied with reports of sand boils and/or visible ground surface
settlements, cracks, or lateral spreading movements. Cases described as "no liquefaction" were either
accompanied with reports of no visible surface manifestations (i.e., no sand boils, ground surface
settlements, cracks, or lateral movements) or can be inferred as having corresponded to such conditions

when not explicitly stated.

A case is described as "marginal" if the available information suggests that conditions at the site are likely
at, or very near, the boundary of conditions that separate the occurrence of liquefaction from
nonliquefaction. Only three cases are classified as marginal in the database because it is very difficult to
define a marginal case in most field conditions. Areas of liquefaction and nonliquefaction in the field are
often separated by distinct geologic boundaries (e.g., Holzer and Bennett 2007) such that borehole data
can be used to describe liquefaction and no liquefaction cases, but not the marginal condition. Thus
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Figure 3.6. Profile across the failure zone at the Malden Street site during the 1994 Northridge
Earthquake (Holzer et al. 1999)

explicit information is typically not available for marginal conditions. The three marginal cases in the
database are, therefore, discussed below.

The Seventh Street Wharf site at the Port of Oakland and its performance in the 1989 Loma Prieta
carthquake are described in Kayen et al. (1998) and Kayen and Mitchell (1998). Boring POO7-2 was
intentionally located in an area with surface manifestations of liquefaction, whereas boring POO7-3 was
in an area with no surface manifestations. The two borings, POO7-2 and POO7-3, were characterized as
"liquefaction" and "no liquefaction” sites, respectively, in Kayen et al. (1998). The following additional
information and updated interpretation of the performance of these sites was provided by Kayen (2010,
personal communication).

The two borings, POO7-2 and POO7-3, were separated by 70-100 m. At the location of POO7-3, there

were no sand boils in the immediate 15-20 meters. This site was at the back of the park (now converted
to container yard) at the farthest distance from the dike. In the zone along the bay margin, perhaps 20 m
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wide, there were ample fissures and sand boils, deformations toward the free-face, and a small lateral
spread into the bay. The distance from this zone to POO7-3 was about 20-30 m. Kayen (2010, personal
communication) indicated that, at this time, he would classify the location at POO7-3 as a liquefaction
site because it was too close to the park perimeter deformations to be classified as a non-liquefaction site
based on surface observations alone. This site was listed as a "marginal" case in the database presented
herein because the soil conditions at POO7-3 had similar stratigraphy but slightly denser conditions than
at POO7-2.

Two other sites are listed as marginal cases in the database. Seed et al. listed the Rail Road 2 case as a
"no/yes" case and assigned it a representative N value that corresponds to the value Koizumi (1966)
considered to have been the critical value that separated cases of liquefaction from cases of no
liquefaction in the Niigata earthquake. Thus, the N value assigned to the Rail Road 2 case was explicitly
derived as a point that should fall on the triggering curve. The Amatitlan B-1, B-2, B-3, and B-4 cases
from the 1976 Guatemala earthquake are described by Seed et al. (1979). Boring B-2 was intentionally
located in a nonliquefied zone, but very close to the boundary between the areas of liquefaction and no-
liquefaction. Seed et al. listed boring B-2 case as a "no/yes" case because they concluded that it probably
represented the limiting conditions at which liquefaction would just occur or just not occur for the ground
conditions and ground motions experienced at this site in the Guatemala earthquake.

3.5. Distribution of data

The distributions of (N)¢0, CSRy=756-1, M, and FC from the database are plotted versus the average
depths for the critical zones in Figure 3.7 for "liquefaction", "marginal", and "no liquefaction" cases.
These figures indicate that the database is limited to average critical depths less than 12 m and has very

few data points for M greater than 7.7 or less than 6.4 or for FC greater than 40%.

The distributions of the data are further illustrated in Figure 3.8 showing a,,,x versus M (two parameters
which enter the calculation of CSRy-75.-1) and FC versus (N;)¢ (two parameters which enter the
calculation of (Nj)sos). The plot of FC versus (N;)q indicates that the data points for FC greater than
about 25% are largely limited to (N)so values less than about 15.

The distributions of 'y, Cn, Cr, Ko, 14, and MSF are plotted versus average depth in Figure 3.9. The
computed values for 'y are generally less than about 140 kPa, the Cy factors are generally between 0.8
and 1.7 (cutoff value), the K, values are generally between 0.9 and 1.1 (cutoff value), and rq values are
generally greater than 0.8.

The maximum depth and average depth for the critical zones are compared in Figure 3.10; for example, if
the critical zone for a site extended between depths of 6 m and 10 m, the average depth would be 8§ m
while the maximum depth would be 10 m. This figure includes all the cases (liquefaction or no
liquefaction) for which a detailed calculation of the average (N)sos value was performed (Appendix C).
This figure shows that there were a significant number of cases for which the critical zone extended to
maximum depths of about 12 to 13 m, whereas Figures 3.7 and 3.9 indicate that there are relatively few
cases for which the average depth of the critical zone was close to 12 m.
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Explicit statements regarding the plasticity of the fines fraction [e.g., a plasticity index (PI) or statement
that the fines are nonplastic] are not provided for most case histories. For example, consider the 25 case
history data points for FC > 35%. These 25 case histories come from only 16 different sites since several
of the sites were shaken by more than one earthquake event.
plasticity index or nonplastic nature of the fines fraction was provided for 12 of these sites, although the

No explicit statement regarding the
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visual descriptions and classifications of the soils (e.g., SM, ML) implied either nonplastic or low-
plasticity fines. For the critical layers at Van Norman and Juvenile Hall, Cetin et al. (2000) suggest PI
values of 3-10 were representative of the fines fraction. For Unit C1 at Potrero Canyon (Bennett et al.
1998), the data from the SPT samples used to represent the liquefiable lenses (Appendix C) indicate an
average FC = 64%, classifications as SM or ML, and PI values of 2-3 for three of the 9 samples (PI values
not reported for the other samples); note that the summary in Holzer et al. (1999) suggests an average PI
= 5 for the range of silt and silty sand in the C1 unit. For the saturated portion of Unit C at Balboa
Boulevard (Bennett et al. 1998), the data from the four SPT samples in the sandy silt and silty sand
portions of this stratum indicated an average FC = 50%, classifications as SM or ML, and no indication of
plasticity; note that the summary in Holzer et al. (1999) suggests an average Pl = 11 for the heterogeneous
range of clays to silty sands in this stratum. While explicit information of fines plasticity is lacking
throughout the case history database, it is believed that the database presented herein corresponds
primarily to soils with essentially nonplastic or very low plasticity fines.
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4. EXAMINATION OF THE LIQUEFACTION TRIGGERING CORRELATION

4.1. Case history data

This section contains an examination of the updated case history data, as described in Section 3 and listed
in Table 3.1, for evidence of trends or biases relative to the liquefaction triggering correlation by Idriss
and Boulanger (2004, 2008). The full, updated database is shown with the Idriss-Boulanger triggering
correlation in terms of equivalent CSRy—75,-; versus equivalent clean sand (N)gocs in Figure 4.1. For
comparison, the database previously used by Idriss and Boulanger (2004, 2008) is shown in Figure 4.2.
Comparison of Figure 4.1 with Figure 4.2 indicates that the updated database includes considerably more
case histories and that the updated database continues to support the previously derived triggering
correlation.

The uncertainties in the measured or estimated (N;)gs and CSRy—754v=1 values for each case history
should be considered when evaluating the preferred position of a liquefaction triggering correlation
relative to the case history data points. Specifically, the consequence of these measurement (or
parameter) uncertainties is that a reasonably conservative, deterministic liquefaction triggering curve
should not be expected to fully envelop all of the liquefaction case histories. Heuristically, a deterministic
liquefaction triggering curve can be expected to be positioned so that the number of liquefaction case
histories falling below the curve is relatively small compared to the number of no-liquefaction case
histories falling above the curve. More formally, statistical methods can be used to address the influence
of measurement uncertainties and evaluate the uncertainty in liquefaction triggering correlations. In this
regard, the probabilistic analyses of the case history database presented in Section 6 of this report
indicates that the deterministic liquefaction triggering curve by Idriss and Boulanger (2004, 2008)
corresponds to a probability of liquefaction of about 16% based on model uncertainty alone [i.e., if the
(N1)soes and CSRy—755v-1 Values are known perfectly] and to a probability of liquefaction of about 35%
with the inclusion of measurement uncertainties [i.e., allowing for the uncertainty in the (N;)es and
CSRy-7.5,6v-1 Values for each case history].

Examination of the updated case history data (Table 3.1) included sorting the data into various parameter
bins (e.g., soil characteristics, earthquake magnitudes, data sources, and individual earthquakes) and
comparing the binned data to the Idriss-Boulanger triggering correlation. These comparisons are
presented in terms of (N)sos SO that the entire data (clean sands, silty sands and nonplastic sandy silts)
can be combined in different data bins.
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4.1.1. Variation with fines content

The data for clean sands (FC < 5%) are shown in the plot of CSRy=75 =1 Versus (Ni)socs in Figure 4.3a.
There are 2 liquefaction points that are below the Idriss-Boulanger triggering correlation and 8 no-
liquefaction points above it.

The Nakamura Dyke N-4 site in the February 20, 1978 Miyagiken-Oki earthquake is one of the
liquefaction points with FC < 5% that plots below the triggering curve. This case had a PGA =0.12 g, a
critical depth = 2.8 m, ', = 30 kPa, (N)s = 6.9, and FC = 5%. The representative (N)socs Value of 6.9 is
based on the average of 4 N values (5, 3, 5, and 6) from a single boring.

The Takeda Elementary School site in the June 21* aftershock of the 1983 Nihonkai-Chubu earthquake is
the other liquefaction point with FC < 5% that plots below the triggering curve. This case had an
estimated PGA = 0.11 g, critical depth = 4.3 m, ', = 42 kPa, (N)¢o = 13.3, and FC = 0%. The
representative (Ni)g0cs Value of 13.3 is based on the average of 3 N values (8, 7, & 8) from a single boring
provided by the Nakazato Town Office to Yasuda and Tohno (1988). Yasuda and Tohno (1988) reported
that this site liquefied during both the May 26™ main shock and the June 21* aftershock (26 days later);
they estimated the PGA as being 0.283 g and 0.111 g during the main shock and aftershock, respectively,
based on recordings at a station 6 km away.

The data for sands with 5% < FC < 15% are shown in the plot of CSRy-75.-1 versus (Nj)socs in
Figure 4.3b. There are 2 liquefaction points that are below the Idriss-Boulanger triggering correlation and
2 no-liquefaction points above it.

The Coastal region site in the 1976 Tangshan earthquake is one of the liquefaction points with 5% < FC <
15% that plots below the triggering curve. This case had PGA = 0.13 g, critical depth = 4.5 m, o'y, = 54
kPa, (Ny)so = 11.7, and FC = 12%. The representative (N;)socs Value of 13.8 is based on the average of 4
N values (7, 8, 13, and 10) from a single boring. Had only the first two N values been used, then the
resulting data point would be (N)g0es = 9.7, which would be positioned just to the left (i.e. above) the
triggering curve.

The Miller Farm CMF-5 site in the 1989 Loma Prieta earthquake is the second liquefaction point with 5%
< FC < 15% that plots below the triggering curve. This case corresponds to one of several borings within
an area of liquefaction parallel to a river, as discussed in more detail in Section 3.3. The data for CMF-5
was PGA = 0.39 g, critical depth = 7.0 m, c', = 108 kPa, (N)s = 20.9, and FC = 13%. The representative
(N1)s0cs value of 23.4 is based on a single N value from this boring. Two other borings within the failure
zone, CMF-3 and CMF-8, each had three N values in the liquefied layer and had representative (N)gocs
values of 15.3 and 14.9, respectively. If an average (N)ecs value had been adopted for the entire failure
zone (i.e., averaging the data across these borings), the resulting data points would plot above the
triggering curve. The data for these three borings were, however, plotted separately because they span a
relatively large distance (about 550 m), and thus they may reflect spatial variability as well as the effect of
small sample sizes.

The data with 15% < FC < 35% are shown in Figure 4.3c. Two liquefaction data points, corresponding to

the same site in two different earthquakes, fall just below the triggering curve and 4 no-liquefaction points
are above it.
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The Wildlife B site in the 1981 M = 5.9 Westmoreland and 1987 M = 6.5 Superstition Hills earthquakes
represents the two data points with 15% < FC < 35% that plot below the triggering curve. This site was
well characterized with 21 SPT N values from six borings, as described previously in Section 3.3.

The data with FC > 35% are shown in Figure 4.3d. There is 1 liquefaction data point that is just below
the triggering curve and 3 no-liquefaction points that are above it.

The Radio Tower B-1 site in the 1981 Westmoreland earthquake is the one liquefaction case with FC >
35% that plots just below the triggering curve. This case had a PGA = 0.20 g, critical depth =3.3 m, ', =
49 kPa, (N)s = 2.9, and FC = 75%. The representative (N)g0cs value of 8.4 is based on a single N value
from a single boring.

The full dataset, including all fines contents, has a total of 7 points that fall below the triggering curve and
18 nonliquefaction points that are above it. The 3 marginal data points fall very close to, or slightly
above, the triggering curve. The 7 points that fall below the triggering curve for the liquefaction cases are
listed below:

Table 4.1. Aspects of the seven data points falling below the Idriss-Boulanger triggering curve

Increment

Case (N1)socs (FO/S) CSRy-756v-1atm™ | CRRM=75 6v=1 atm™* tribgeg}:rvi\;lg
curve

Nakamura Dyke N-4 site 6.9 5 0.093 0.097 0.004
(1978 M = 6.4 Miyagiken-Oki earthquake)
Takeda Elementary School site 13.3 0 0.101 0.142 0.041
(June 21% M = 6.8 aftershock, 1983
Nihonkai-Chubu earthquake
Coastal region site 13.8 12 0.127 0.146 0.019
(1976 M = 7.6 Tangshan earthquake)
Miller Farm CMF-5 site 23.4 13 0.243 0.257 0.014
(1989 M = 6.9 Loma Prieta earthquake)
Wildlife B site 15.7 30 0.155 0.162 0.007
(1981 M = 5.9 Westmoreland earthquake)
Wildlife B site 15.7 30 0.148 0.162 0.014
(1987 M = 6.5 Superstition Hills
earthquake)
Radio Tower B-1 site 8.4 75 0.094 0.107 0.013
(1981 M = 5.9 Westmoreland earthquake)

*  Value of CSRy=75.5v=1 atm fOI the case history.
**  Value of CRRy=75 5v=1 atm from the triggering curve at (N)gocs for the case history.

Except for the Takeda Elementary School site, these are minor differeces and do not warrant changing the
triggering curve. Obviously, the liquefaction triggering correlation should not be controlled by a single
case history, particularly given the potential effects of measurement uncertainties in the case history
database.

Therefore, the position of the triggering curve appears to be relatively unbiased with respect to fines
content, and to be reasonably conservatively positioned.
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4.1.2. Variation with effective overburden stress

The distribution of data points for different vertical effective stresses is presented in Figures 4.4a through
4.4e showing the data for cases with o', binned between 0-0.4 atm, 0.4-0.6 atm, 0.6-0.8 atm, 0.8-1.2 atm,
and >1.2 atm, respectively. There are 1, 5, 0, 1, and 0 liquefaction points below the triggering curve in
these five bins, respectively, and there are 4, 6, 5, 2, and 1 no-liquefaction points above the triggering
curve, respectively. The bins with o', between 0.4-0.6 atm and 0.6-0.8 atm have the most data, including
the majority of the liquefaction cases that lie close to and along the liquefaction triggering curve. The bin
with o', between 0.0-0.4 atm has fewer data points, but their positioning relative to the triggering curve is
consistent with the data at o', between 0.4-0.8 atm. For the bin with ¢', between 0.8-1.2 atm, one
liquefaction point is slightly below the triggering curve while the other liquefaction points are at least 10-
20% above the triggering curve. The bin with o', > 1.2 atm has the fewest data and has only three
liquefaction points, all of which plot well above the triggering curve. Thus, the case histories do not
constrain the triggering curve equally well across these stress bins. Nonetheless, the overall distribution
of both the liquefaction and no-liquefaction data points relative to the triggering curve across these stress
bins appears reasonably balanced.
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Figure 4.4a. Distribution of case history data with different effective overburden stresses
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Figure 4.4b-c. Distribution of case history data with different effective overburden stresses
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Figure 4.4d-e. Distribution of case history data with different effective overburden stresses
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4.1.3. Variation with earthquake magnitude

The distribution of data points for different earthquake magnitudes is presented in Figures 4.5a through
4.5¢ showing the data for cases with M binned for the ranges of M <6.25, 6.25-6.75, 6.75-7.25, 7.25-7.75,
and M > 7.75, respectively. There are 2, 2, 2, 1, and 0 liquefaction points below the triggering curve in
these five bins, and 1, 2, 10, 5, and 1 no-liquefaction points above the triggering curve, respectively. The
liquefaction and no-liquefaction data points show no apparent bias with respect to M in the first four bins
(i.e., M up to values of 7.75). The few data points for M > 7.75 are also consistent with the triggering
curve, but they are not close enough to the curve to constrain it.
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Figure 4.5a. Distribution of case history data with different earthquake magnitudes
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Figure 4.5b-c. Distribution of case history data with different earthquake magnitudes
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Figure 4.5d-e. Distribution of case history data with different earthquake magnitudes
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4.1.4. Variation with SPT procedures

Data from the US and Japan are plotted separately because of the systematic differences in SPT test
procedures. The data from U.S. are shown in Figure 4.6a, and the data from Japan are shown in Figure
4.6b. There does not appear to be any differences in the distribution of data from either country, which
suggests that the various correction factors of SPT N values are reasonable.

The effects of SPT testing procedures became more widely understood in the 1980s. Accordingly, the
data from earthquakes occurring pre-1986 and post-1986 are plotted separately in Figures 4.7a and 4.7b,
respectively. Five of the seven liquefaction points that fall below the triggering curve are for pre-1986
events, while the other two are from post-1986 events.
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4.1.5. Case histories at strong ground motion recording stations

Data from sites at strong ground motion recordings are shown in Figure 4.8; the sites at recording stations
include the Akita station, Kawagishi-cho, Kushiro Port, Owi, Port Island, Treasure Island, and the
Wildlife B sites. One liquefaction case (Wildlife B in the 1987 Superstition Hills earthquake) is below
the triggering curve and one no-liquefaction case (Akita Port station in the 1983 Nihonkai-Chubu
earthquake) is above it.

Sites that have a factor of safety against liquefaction of 1.0 for a given earthquake loading would be
expected to develop liquefaction near the end of strong shaking and to plot very close to the triggering
curve. For example, consider the data points for the Treasure Island, Kushiro Port, and Wildlife B cases
identified in Figure 4.8. The Treasure Island (Youd and Carter 2005) and Kushiro Port Seismic Station
(Iai et al. 1995) sites are two sites where surface manifestation of liquefaction was not evident, but the
characteristics of the strong ground motion recording at the site showed evidence of significant soil
softening or liquefaction during or near the end of strong shaking. The pore pressure transducer and
accelerometer recordings at Wildlife B indicate that liquefaction developed near the end of strong
shaking. The fact the triggering curve passes close to these data points, as shown in Figure 4.8, is
consistent with the observations at these sites; e.g., if the true triggering curve was significantly lower
than the data points, then liquefaction would have been expected to develop early in shaking.
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Figure 4.8. Case history data for sites at strong ground motion recording stations
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4.1.6. Data from the 1995 Kobe earthquake

Data from sites affected by the 1995 Kobe earthquake, including the proprietary data set provided by
Professor Tokimatsu (2010, personal communication), are shown in Figure 4.9. These include 19 cases
of "liquefaction" and 25 cases of "no-liquefaction".

These data represent the largest set of cases involving liquefaction and no-liquefaction of higher-blow-
count soils under strong shaking (0.35 to 0.7 g). There were no cases of liquefaction for (N)es greater
than 25, which provides some constraint on the upward bend of the liquefaction triggering curve near
(N1)socs = 30. As shown in Figure 4.9, none of the liquefaction cases are below the triggering curve and
five no-liquefaction cases are above it.
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Figure 4.9. Case history data for sites from the 1995 Kobe earthquake
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4.2. Sensitivity of case history data points to components of the analysis framework

The sensitivity of the case history data points to the components of the analysis framework is investigated
by varying different components of the framework and observing the resulting changes in the case history
data points.

4.2.1. Overburden correction factor for penetration resistance, Cy

The case histories were reprocessed using the Liao and Whitman (1986) expression for Cy with a limit of
1.7 as adopted in the NCEER workshop (Youd et al. 2001), i.e.,

0.5
ch[Pf] <17 (“.1)

O,

vc

The Cy values calculated using this expression are equal to those computed using the Idriss-Boulanger
expression for (N;)g0.s = 13.7 (i.e., the exponent is equal to 0.5 for this condition). For vertical effective
stresses less than 1 atm, the Liao-Whitman expression moves data points with an (N{)goes > 14 to the right
and data points with an (N)so.s < 13 to the left. The movements in the data points, however, do not affect
the overall fit of the data with the liquefaction triggering curve as shown in Figure 4.10.
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Figure 4.10. Case history data processed using the Liao-Whitman (1986) expression for Cy
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4.2.2. Overburden correction factor for cyclic strength, K,

The effect of not limiting the overburden correction factor, K, to a maximum value of 1.1 was evaluated
by reprocessing the database with no limit. Without any limit, the relationships in the Idriss-Boulanger
framework produced 47 cases with K, values greater than 1.1, of which only 8 were greater than 1.2 and
only 2 were greater than 1.3 (largest value was 1.37). The larger K, values caused the corresponding data
points to move downward, as shown in Figure 4.11. The reprocessed data are, however, still in good
agreement with the liquefaction triggering curve. The higher K, values did not affect the fit between the
data and the triggering correlation because: (1) the case histories which were most affected were those
corresponding to denser soils at the shallowest depths; and (2) the triggering correlation was already
reasonably conservatively positioned relative to the case histories with larger (N;)eos values at the
shallowest depths, as previously shown by the plot for effective overburden stresses, o', < 0.4 atm, in
Figure 4.4a.
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4.2.3. Short rod

The short rod correction factor (Cy) is affected by the selection of rod stick-up lengths (i.e., rod length is
equal to the stick-up length plus the depth to the SPT test) and the method used to represent the short-rod
correction effect (e.g., smooth curve or discrete steps in Cr values). The rod stick-up lengths were taken
as 2.0 m for all cases from Japan and 1.5 m for all other cases in the current examination of the case
history database. The effect of alternative rod stick-up lengths is illustrated in Figure 4.12 where a value
of 2.5 m was assumed for all cases in the database. Use of the longer rod length results in slightly greater
(N1)soes values at the shallower depths, but the reprocessed data are still in good agreement with the

correction factor, Cy

liquefaction triggering curve.
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