Updating Assessment Procedures
and Developing a Screening

Guide for Liquefaction
e

Research Objectives

The main objectives of this research program are to provide consensus
updates to standard procedures and prepare guidance documents for assess-
ing liquefaction hazards for highway bridge sites. The scope of these studies
includes evaluation of liquefaction resistance of soils with standard and cone
penetration tests, shear wave velocity measurements, and Becker penetra-
tion tests. Additional issues, such as updated magnitude scaling factors, are
addressed. The research findings are incorporated in unified, well-established
guidelines for use by practicing engineers.

iquefaction-induced ground and foundation displacements have

been major causes of bridge damage during past earthquakes. The Great
Alaskan earthquake of March 27,1964 marked the commencement of stud-
ies to understand and mitigate liquefaction hazard (McCulloch and Bonilla,
1970; Kachadoorian, 1968;Youd, 1993). Over the past 30 years, a proce-
dure, termed the “simplified procedure,” has evolved for evaluating the
seismic liquefaction resistance of soils. This procedure has become the
standard practice in North America and throughout much of the world.
Seed and Idriss (1971) developed and published the basic “simplified pro-
cedure.” The procedure has been corrected and augmented periodically
since that time with landmark studies by Seed (1979),Seed and Idriss (1982),
and Seed et al. (1985).

In 1985, the Committee on Earthquake Engineering of the National
Research Council (NRC) organized a workshop with experts from the pro-
fession and observers who thoroughly reviewed the state-of-the-art for
assessing liquefaction hazard in order to evaluate and update the proce-
dure. The workshop produced a report (NRC, 1985) that has become a
widely used reference. Another workshop, held in 1996 and sponsored by
MCEER, was convened to review developments and gain consensus for fur-
ther augmentations to the procedure. The scope of the workshop was lim-
ited to evaluation of liquefaction resistance. The workshop proceedings
provide futher updates to the simplified procedure (see Youd and Idriss,
1997) and various recommendations were made on the following topics:

1. Use of the standard and cone penetration tests for evaluation of
liquefaction resistance
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2. Use of shear wave velocity
measurements for evaluation of
liquefaction resistance

3. Use of Becker penetration test
for gravelly soils

4. Magnitude scaling factors

5. Correction factors for large
overburden pressures

In addition, a “screening guide”
for assessing liquefaction hazard
was developed by Youd (1998). The
guide presents procedures for the
systematic evaluation of liquefac-
tion resistance and damage poten-
tial for bridge sites and guidance for
the prioritization of sites for further
investigation and possible remed-
iation. The screening guide proce-
dures are generic, and can be used
to determine liquefaction hazard
for a variety of other types of struc-
tures.

Evaluating Liquefaction
Resistance of Soils

In general, soil liquefaction is a
major concern for structures con-
structed on saturated sandy soils.
Major earthquakes,such as the 1906
San Francisco, 1964 Alaska, 1964
Niigata,Japan, 1989 Loma Prieta,and
1995 Kobe, Japan, produced exten-
sive damage as a consequence of lig-
uefaction and illustrate the need for
engineering procedures to assess
and mitigate the hazard. Since 1964,
experimental and analytical studies
have been carried out to better un-
derstand this phenomenon. Much
of the early work was based on labo-
ratory testing of reconstituted
samples subjected to cyclic loading
by means of cyclic triaxial, cyclic
simple shear, or cyclic torsional

This research developed unified procedures for the
assessment of seismic hazard to highway systems as a
consequence of liquefaction, and produced two significant

publications.

Proceedings of the NCEER Workshop on

Evaluation of Liquefaction Resistance of Soils, NCEER-97-0022,
provides consensus updates to standard procedures that can
be used for evaluations of liquefaction susceptibility for a wide
array of applications. The consensus approach to liquefaction
evaluation is being referenced in many new documents for
geotechnical engineers. The approach has recently been
recommended by the city and county of Los Angeles, thus it is
expected that geotechnical consultants in the Los Angeles area
will refer to the updated “simplified procedure” described in
these proceedings. The Screening Guide for Rapid Assessment
of Liquefaction Hazard at Higbhway Bridge Sites, MCEER-98-
0005, is intended for use by highway engineers with
experience in geotechnical engineering practice, but not
necessarily specialized in seismic hazard evaluation. It is based
on well-established experimental and analytical procedures
developed in the U.S. and Japan and structured for

implementation by practicing engineers.

The simplified

procedures and the screening guide are not highway specific,
i.e., they can be used for generic liquefaction evaluation
purposes for a wide variety of structures.



tests. The outcome of these studies
generally confirmed the fact that re-
sistance to cyclic loading is influ-
enced primarily by the state of the
soil, the intensity and duration of the
cyclic loading, and the grain char-
acteristics of the soil. However, the
results also showed that the distur-
bance induced by sampling and test
preparation procedures so greatly
affected the test results that labora-
tory procedures were abandoned
for routine engineering practice. At
that point, the laboratory procedure
was replaced by a procedure based
on cheaper and generally more reli-
able field tests, such as standard
cone penetration tests, for evalua-
tion of liquefaction resistance.

The calculation or estimation of
two primary seismic variables is re-
quired to evaluate liquefaction
resistance. These variables are the
seismic demand placed on a soil
layer, expressed in terms of cyclic
stress ratio (CSR), and the capacity
of a soil layer to resist liquefaction,
expressed in terms of cyclic resis-
tance ratio (CRR).

Seed and Idriss (1971) formulated
the following equation for calculat-
ing CSR:

CSR = (7,,/0%,) =
0.65(amx /g)(()'vo/o"m)rd @

where a  is the peak horizontal
acceleration during an earthquake,
gis the gravitational acceleration, o
and ¢! are total and effective over-
burden stress, respectively;and r is
a stress reduction factor. Curves
showing the range and average val-
ues of 7 are plotted in Figure 1. For
noncritical projects such as hazard
screening, the following equations

may be used to estimate average val-
ues of r for use in Equation 1:
0.0-0.00765z z<9.2m O
- 0.174-0.0267z 9.2<z<23m0

Ya = [9.744-0.008z 23<z<30mU
.50 z>30m

@

where z is depth below ground sur-
face in meters. Average values of 7,
estimated from these equations are
plotted on Figure 1.

Several procedures have been ap-
plied to determine CRR. As noted
above, field tests have become the
state-of-the-practice for routine in-
vestigations to avoid the difficulties
associated with sampling and test-
ing. Accordingly, as part of the gen-
eral consensus recommendations
from the 1996 workshop (see Youd
and Idriss, 1997), four field tests
were recommended for general use
in evaluating liquefaction resist-
ance for engineering practice.
These are: (1) standard penetration
test (SPT),(2) cone penetration test
(CPT), (3) measurement of shear-
wave velocity (V), and (4) Becker
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penetration test (BPT) for gravelly
sites. The advantages and disadvan-
tages of each test are listed in Table
1. A conscientious attempt was made
to correlate liquefaction resistance
criteria from various tests to provide
generally consistent results, no mat-
ter which test is employed and inde-
pendent of the testing conditions.
Some recommendations and consid-
erations for each test are briefly dis-
cussed in the following.

Standard Penetration Test (SPT)

Criteria for evaluating liquefaction
resistance based on SPT blow
counts are largely embodied in the
CSR versus (V) plot as shown in
Figure 2. Conservatively drawn CRR
curves separate data indicative of
liquefaction from data indicative of
nonliquefaction for various fines
contents. The CRR curve for mag-
nitude 7.5 earthquakes and for fines
contents less than 5% is the basic

m Table 1. Comparison of Advantages and Disadvantages of Various Field Tests

Test Type
Feature

SPT V, BPT
Number of test
measurements at Abundant Limited Sparse
liquefaction sites
Type of stress- . . . Partially
strain behavior Drained, large | Partially Qralned, Small strain | drained,
. . large strain .
influencing test large strain
Quality control
and repeatability Poor to good Good Poor
Detection of
variability of soil Good Fair Fair
deposits
Soil types in P

Primaril

which test is Non-gravel All grellvel R
recommended
Test prowdeg Yes No No
sample of soil
Test measures
1nd§x or Index Engineering Index
engineering property
property

penetration criterion for a simpli-
fied procedure and is referred to as
the “simplified base curve.” A rec-
ommended adjustment to this plot
was to modify the trajectory of the
simplified base curve at low (V)
to a projected CRR intercept of
about 0.05 as shown in Figure 2.
This adjustment reshapes the base
curve to achieve consistency with
CRR curves developed from cone
penetration test (CPT) data and
probabilistic analysis by Liao et al.
(1988) and Youd and Noble (1997).

Cone Penetration Test (CPT)

Although not as commonly used
as the SPT, the CPT is becoming a
major tool for delineating soil
stratigraphy and for conducting pre-
liminary evaluations of liquefaction
resistance. Criteria have been de-
veloped for calculating liquefaction
resistance (CRR) directly from CPT
data (see Robertson and Wride in
Youd and Idriss, 1997). These cri-
teria may be applied in practice—
provided adequate samples are
retrieved, preferably by the SPT pro-
cedure—to verify the soil types and
liquefaction resistance assigned.

Figure 3 shows the primary chart
used for determining liquefaction
resistance from CPT data for clean
sands. The chart shows CSR plot-
ted against corrected and normal-
ized CPT resistance, g, from sites
where liquefaction was or was not
observed following past earth-
quakes. Similarly,a CRR curve de-
fines the boundary between lique-
faction and nonlique-faction. This
chart is valid for magnitude 7.5
earthquakes and clean, sandy soil.
The figure also shows that cyclic
shear strain and ground deforma-
tion potential at liquefiable sites
decrease as penetration resistance
increases (dashed curves).
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specimens allowing direct compari-
son between laboratory and field be-
havior, and (4) it is directly related
to small-strain shear modulus. Two
significant limitations of using V in
liquefaction hazard evaluations are
that seismic wave velocity measure-
ments are made at small strains
whereas liquefaction is a large strain
phenomenon, and seismic testing
does not provide samples for classi-
fication of soils and identification of
nonliquefiable soft clay-rich soils. A
paper by Andrus and Stokoe (Youd
and Idriss, 1997) reviews current
simplified procedures for evaluat-
ing the liquefaction resistance of
granular soil deposits using small-
strain shear wave velocity.

Becker Penetration Tests (BPT)

Liquefaction resistance of non-
gravelly soils has been evaluated pri-
marily through CPT, SPT and occa-
sionally with V measurements.
However, CPT and SPT are not gen-
erally reliable in gravelly soils as large
gravel particles may interfere with
the normal deformation of soil ma-
terials around the penetrometer, in-
creasing penetration resistance.
Therefore, the Becker penetration

test (BPT) has become an effective
tool using large-diameter penetrom-
eters. The BPT consists of a 3 m long
double-walled casing driven into the
ground with a double-acting diesel-
driven pile hammer. The BPT resis-
tance is defined as the number of
blows required to drive the casing
through an increment of 300 mm.

The BPT is not correlated directly
with liquefaction resistance, but is
used to estimate equivalent SPT blow
counts through empirical correla-
tions. The equivalent SPT blow count
is then used to estimate liquefaction
resistance. However, studies have
shown that SPT blow counts can
only be roughly estimated from BPT
measurement due to deviations in
hammer energy for which Harder
and Seed (1986) developed an en-
ergy correction procedure based on
measured bounce-chamber pressure,
and friction along the driven casing
and its influence on the penetration
resistance.

Workshop Conclusions

In addition to discussing the vari-
ous tests described above, workshop
participants examined magnitude
scaling factors; corrections for high

g
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overburden pressures, static shear
stresses and age of deposit; seismic
factors, such as magnitude and peak
acceleration;and energy-based crite-
ria and probabilistic analyses. Gen-
eral consensus recommendations
included the following (see Youd and
Idriss, 1997):

» Consenesus criteria for evaluat-
ing liquefaction resistance were
developed for SPT, CPT, shear
wave velocity and BPT tests.

* Two or more test procedures
should be applied at each site to
assure both adequate definition
of soil stratigraphy and consis-
tent evaluation of liquefaction re-
sistance is attained.

* New sets of magnitude scaling
factors are recommended for en-
gineering practice. These factors
are greater than those used pre-
viously for earthquakes with
magnitude less than 7.5. The
new factors yield safe but less
conservative estimates of lique-
faction resistance.

» Evaluating liquefaction resis-
tance beneath sloping ground or
embankments is not well under-
stood at this time.

¢ Moment magnitude, M, should
be used as an estimate of earth-
quake size for liquefaction resis-
tance calculations.

» The preferred procedure for esti-
mating peak acceleration is to ap-
ply attenuation relationships
consistant with soil conditions at
a given site.

Developing a

Screening Guide
Liquefaction does not occur ran-

domly in natural deposits but is lim-

ited to a rather narrow range of seis-
mic, geologic, hydrologic, and soil

environments. Taking advantage of
relationships between these envi-
ronments and liquefaction suscep-
tibility, a screening guide was de-
veloped which guides geotechnical
engineers in conducting rapid as-
sessments of liquefaction hazard.
The guide presents a systematic
application of standard criteria for
assessing liquefaction susceptibility,
evaluating ground displacement
potential, and assessing the vulner-
ability of bridges to liquefaction-in-
duced damage. The screening pro-
ceeds from least complex, time-con-
suming and data-intensive evalua-
tions to the more complex, time-
consuming, and rigorous analyses.
Thus, many bridge sites can be
evaluated and classified as low haz-
ard with very little time and effort.
Only bridge sites with significant
hazard need to be evaluated with
the more sophisticated and time-
consuming procedures.

The screening guide is conserva-
tive—that is, at each juncture in the
screening process, uncertainty is
weighed on the side that liquefac-
tion and ground failure could oc-
cur. Thus, a conclusion that lique-
faction and detrimental ground dis-
placement are very unlikely is a
much more certain conclusion than
the converse outcome—that lique-
faction and detrimental ground dis-
placements are possible.This con-
servatism leads to the corollary con-
clusion that additional investigation
is more likely to reduce the esti-
mated liquefaction hazard than in-
crease it.

The principal steps and logic path
for the screening procedure are
listed in Figure 5. In assessing lig-
uefaction hazard, the recom-
mended procedure is to start at the
top of the logic path, perform the
required analyses for each step,and

“The simplified
procedures and
the screening
guide are not
bhighway
specific, i.e.,
they can be used
Jor generic
liquefaction
evaluation
purposes for a
wide variety of
structures.”
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Possible sensitive soil

hazard; high priority
for further investigation

<[]

SCREENING EVALUATION
FOR LIQUEFACTION
HAZARD AT BRIDGE SITES

Review Prior Evaluations
of Liquefaction Hazard

o FS > 1.3 for current estimates
of seismicity mapped as

@ Liquefaction Suscueptibility

is very low

No Previous
Evaluation

Geologic Evaluation of
Liquefaction Susceptibility

susceptibility is very low

Yes

No or
Unknown

Seismic Hazard Evaluation

a_ . for given M is less than
limits in Screening Guide
p. 15

No or
Unknown

Water Table Evaluation

Water Table Depth is
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No or
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v
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MC > 0.9LL and LI > 0.6, and
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®Deposits of sensitive clay or depositional
conditions for sensitive clay
confirmed in area

Low liquefaction hazard;
low priority for
further investigation

prioritize for
further investigation

Possible liquefaction hazard;

Probable high liquefaction

further investigation

I Soil Classification Analysis I

Soil Classifi
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® All Soils Non-liquefiable by
Criterian Screening Guide, p.31
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@ All soils are USCS Soil Types
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A
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m Figure 5. Flow Diagram Showing Steps and Criteria for Screening of Liquefaction Hazard for Highway Bridges




proceed downward until the bridge

is classified into one of four catego-

ries:

1. Confirmed high liquefaction and
ground failure hazard—very high
priority for further investigation
and possible mitigation;

2. Confirmed liquefaction suscep-
tibility but unknown ground fail-
ure hazard—high priority for fur-
ther investigation;

3. Insufficient in-formation to as-
sess liquefaction susceptibility—
prioritized for further investiga-
tion;

4. Low liquefaction hazard—low
priority for further investigation.

If there is clear evidence that lig-
uefaction or damaging ground dis-
placements are very unlikely, the site
is classed as “low liquefaction haz-
ard and low priority for further in-
vestigation,” and the evaluation is
complete for that site. If the avail-
able information indicates a likely
hazard, or if the data are inadequate
or incomplete, the site is classed as
having possible liquefaction hazard,
and the screening proceeds to the
next step. If the available site infor-
mation is insufficient to complete a
liquefaction hazard analysis, then
simplified seismic, topographic, geo-
logic, and hydrologic criteria are
used to prioritize the site for further
investigation. The complete details
of the procedure are given by
Youd (1998).

Conclusions and
Recommendations for
Future Research

The consensus approach to lique-
faction evaluation is being refer-
enced in many new documents for
geotechnical engineers throughout

the U.S. The updated“simplified pro-
cedure” has been recommended in
both the city and county of Los An-
geles as the preferred approach to
use to assess liquefaction potential
at a given site. In a companion ef-
fort, liquefaction hazard maps have
been produced for southern Califor-
nia and the California Division of
Mines and Geology will produce
similar maps for northern California.
Taken together, the updated maps
and the updated “simplified proce-
dure”will greatly enhance the accu-
racy of liquefaction hazard assess-
ments. Accurate assessments will
allow retrofit projects to be priori-
tized according to potential impact
and new projects to be designed to
accommodate potential hazards.

Finally, there are issues that should
be further investigated and ad-
dressed in the liquefaction evalua-
tion procedures. The evaluation of
liquefaction resistance beneath slop-
ing ground or embankments (slopes
greater than 6%) is not well under-
stood. Hence, such evaluations are
beyond the applicability of the sim-
plified procedure, and further stud-
ies are required to develop proce-
dures for the evaluation of liquefac-
tion resistance beneath sloping
ground. Moreover, it is known that
liquefaction resistance increases
with soil plasticity. However, more
research is needed in order to quan-
tify this relationship. Recently,
probabilistic methods have been
used in some risk analyses, but are
still outside the mainstream of stan-
dard practice. Similarly, seismic en-
ergy passing through a liquefiable
layer can be potentially adopted as
a liquefaction resistance criteria.
This concept is relatively new and
also requires further research.

“The updated
‘simplified
procedure’ has
been
recommended
in both the city
and county of
Los Angeles as
the preferred
approach to use
to assess
liquefaction
potential at a
given site.”
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