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ABSTRACT

This paper outlines a procedure for evaluating
liquefaction resistance of soils using shear wave
velocity measurements. The procedure follows
the general format of the Seed-Idriss simplified
procedure based on SPT blow count. It was
developed following suggestions from industry,
researchers, and practitioners, and using case
history data from 26 earthquakes and over 70
measurement sites in soils ranging from sand to
sandy gravel with cobbles to profiles including
silty clay layers. The procedure correctly
predicts moderate to high liquefaction potential
for over 95 % of the liquefaction case histories.
A case study is provided to illustrate the
application of the proposed procedure.
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1. INTRODUCTION

Evaluating the liquefaction resistance of soils is
an important step in the engineering design of
new structures and the retrofit of existing
' structures in earthquake-prone regions. The
evaluation procedure widely used in the United
States and throughout much of the world is
termed the simplified procedure. This simplified
procedure was originally developed by Seed and
Idriss (1971) using blow counts from the
Standard Penetration Test (SPT) correlated with
a parameter representing the seismic loading on
~ the soil, called the cyclic stress ratio.
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Small-strain shear wave velocity, Vg, measure-
ments provide a promising alternative, or
supplement, to the penetration-based approach.
The use of Vg as an index of liquefaction
resistance is soundly based, since both Vg and
liquefaction resistance are similarly influenced
by void ratio, state of stress, stress history, and
geologic age. Furthermore, the' strong
theoretical basis underlying stress wave
propagation offers the opportunity for additional
advances in the approach.

During the past two decades, several simplified
procedures for evaluating liquefaction resistance
based on Vg have been proposed (Dobry et al.,
1981; Dobry et al., 1982; Seed et al., 1983,
Bierschwale and Stokoe, 1984; de Alba et al.,
1984; Hynes, 1988; Stokoe et al, 1988,
Tokimatsu and Uchida, 1990; Tokimatsu et al.,
1991; Robertson et al., 1992; Kayen et al., 1992;
Andrus, 1994; Lodge, 1994; Rashidian, 1995;
Kayabali, 1996; Andrus and Stokoe, 1997;
Rollins et al., 1998; and Andrus et al., 1999).
Some of these procedures follow the general
format of the Seed-Idriss simplified procedure,
where Vs is corrected to a reference overburden
stress and correlated with the cyclic stress ratio.
Nearly all were developed with limited or no
field performance data. This paper outlines the
procedure proposed by Andrus and Stokoe
(1997), and updated by Andrus et al. (1999)
using an expanded database.

The expanded database compiled by Andrus et
al. (1999) consists of field performance data
from 26 earthquakes and Vg measurements at




over 70 sites. Much of the new data are from
the 1995 Hyogoken-Nanbu (Kobe), Japan
earthquake (moment magnitude, M,, = 6.9).

2. LIQUEFACTION RESISTANCE FROM ¥
2.1 Cyclic Stress Ratio (CSR)
The cyclic stress ratio, 7,,/0",, at a particular

depth in a level soil deposit can be expressed as
(Seed and Idriss, 1971):
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where 7,, is the average equivalent uniform
cyclic shear stress caused by the earthquake and
is assumed to be 0.65 of the maximum induced
stress, d,,qy is the peak horizontal ground surface
acceleration, g is the acceleration of gravity, ¢,

is the initial effective vertical (overburden)

stress at the depth in question, oy, is the total
overburden stress at the same depth, and »; is a
shear stress reduction coefficient to adjust for
flexibility of the soil profile.

2.2 Stress-Corrected Shear Wave Velocity

Following the traditional procedures for .

correcting SPT blow count to account for
overburden stress, one can correct Vg to a
reference overburden stress by (Sykora, 1987;
Robertson et al., 1992):

)O. 25

where Vg, is the overburden stress-corrected
shear wave velocity, P, is a reference stress, 100
kPa or about atmospheric pressure, and o, is
initial effective overburden stress in kPa. In
using Eq. (2), it is implicitly assumed that the
initial effective horizontal stress, o', is a
constant factor of the effective overburden
stress. The factor, generally referred to as K,
is assumed to be approximately 0.5 at sites
where liquefaction has occurred. Also, in
applying Eq. (2), it is implicitly assumed that V

P,
o'y

Vsi=Vs ( (2)

—470—

is measured with both the directions of particle
motion and wave propagation polarized along
principal stress directions and one of these
directions is vertical (Stokoe et al., 1985).

2.3 Cyclic Resistance Ratio (CRR)

The value of CSR separating liquefaction and
non-liquefaction occurrences for a given Vg, or
corrected blow count, is called the cyclic
resistance ratio.

Andrus and Stokoe (1997) proposed the
following relationship between CRR and Vg;:

2
CRR = a(—‘fﬂ) +
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where V7, is the limiting upper value of ¥, for
liquefaction occurrence, a and b are curve fitting
parameters, and MSF is the magnitude scaling
factor. The first term of Eq. (3) is based on a
modified relationship between Vg, and CSR for
constant average cyclic shear strain suggested by
R. Dobry (personal communication to R. D.
Andrus, 1996; Andrus and Stokoe, 1997). The
second term is a hyperbola with a small value at
low values of Vg, and a very large value as Vg,
approaches V7.

The magnitude scaling factor, which accounts
for the effect of earthquake magnitude on CRR,
can be expressed by:

where n is an exponent. The lower bound for
the range of magnitude scaling factors
recommended by the 1996 National Center for
Earthquake Engineering Research (NCEER)
Workshop on Evaluation of Liquefaction
Resistance of Soils (Youd et al., 1997) is defined
by Eq. (4) with » -2.56 (Idriss, personal
communication to T. L. Youd, 1995).

M.
7.5

MSFz( @



Figure 1 presents the case history data for
magnitude 5.9 to 8.3 earthquakes adjusted using
Eq. (4) with n = -2.56. Also presented in Fig. 1
are the proposed CRR-V, curves. The curves
are defined by Eq. (3) with a = 0.022, b = 2.8,
Vi = 200 m/s for fines content (FC) = 35 %,
Vi =208 m/s for FC =20 %, and V5 =215
m/s for FC £ 5 %. The case histories, and CRR-
Vs, curves, are limited to relatively level ground
sites with average depths less than 10 m,
uncemented soils of Holocene age, ground water
table depths between 0.5 m and 6 m, and Vg
measurements made below the water table.

Of the 90 liquefaction case histories shown in
Fig. 1, only two incorrectly lie in the no-
liquefaction region. The two liquefaction cases
that lie in the no-liquefaction region are for sites
at Treasure Island, California. These sites are
located along the perimeter of the island where
liquefaction was marginal during the 1989 Loma
Prieta earthquake (M, = 7.0).

~ 2.4 Factor of Safety

A common way to quantify the hazard for
liquefaction is in terms of a factor of safety, FS.
The FS against liquefaction can be defined by:

_ CRR

- 6
CSR ©)

FS

Liquefaction is predicted to occur when FS< 1,
and liquefaction is predicted not to occur when
FS > 1. The acceptable value of FS for a
particular site will depend on several factors,
including the acceptable level of risk for the
project, the extent and accuracy of seismic
measurements, the availability of other site
information, and the conservatism in
determining the design earthquake magnitude
and the expected value of a,.

3. CASE STUDY

Figure 2 presents the liquefaction evaluation for
a crosshole test array at the Treasure Island Fire
Station site and the 1989 Loma Prieta
earthquake. Values of Vg and CSR shown in
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Figs. 2(a) and 2(d), respectively, were calculated
assuming soil densities of 1.76 Mg/m® above the
water table and 1.92 Mg/m?® below the water
table. Based on a,, of 0.16 g and 0.11 g
recorded in two horizontal directions at the fire
station during the 1989 earthquake (Brady and
Shakal, 1994), a geometric mean value of 0.13 g
was used to calculate CSR.

Values of FS shown in Fig. 2(e) are less than 1
for the depths of 4 m to 9 m. Between the
depths of 4 m and 7 m, the sand contains non-
plastic fines and is considered liquefiable.
Between the depths of 7 m and 9 m, the soil
exhibits plastic characteristics and may be non-
liquefiable by the so-called Chinese criteria.
According to the Chinese criteria, non-
liquefiable clayey soils have clay contents
(particles smaller than 5 pm) = 15 %, liquid
limits = 35 %, or moisture contents < 90 % of
the liquid limit (Seed and Idriss, 1982). Thus,
the layer most likely to liquefy, or the critical
layer, lies between the depths of 4 m and 7 m.

Although no sand boils or ground cracks
occurred at the site during the 1989 earthquake,
there is a sudden drop in the fire station strong
ground motion recordings at about 15 seconds
and small motion afterwards (Idriss, 1990). This
behavior is unlike behavior observed in
recordings at other seismograph stations located
on soft-soil sites in the San Francisco Bay area.
De Alba et al. (1994) attributed this behavior to
liquefaction of an underlying sand. It is possible
that the 4 m thick layer capping the site,
predicted not to liquefy in Figs. 2(d) and 2(e),
prevented the formation of sand boils at the
ground surface (Ishihara, 1985).

4. CONCLUSIONS

Outlined in this paper is a procedure for
evaluating liquefaction resistance through Vs
measurements. The proposed procedure follows
the general format of the Seed-Idriss simplified
procedure based on SPT blow count.
Liquefaction criteria based on Vg have been
developed with case history data from soils
ranging from sand to sandy gravel with cobbles



to profiles including silty clay layers. Caution
should be exercised when applying the
procedure to sites where conditions are different
from the database. Additional well-documented
case histories with all types of soil that have and
have not liquefied during earthquakes are
needed, particularly from denser soils (¥V5; > 200
m/s) shaken by stronger ground motions (g, >
0.4 g), to further validate the procedure.

5. ACKNOWLEDGMENTS

The authors gratefully acknowledge the review
of this work by the participants of the 1996
NCEER and the 1998 Multidisciplinary Center
for Earthquake Engineering Research (MCEER,
formally NCEER) Workshops on Evaluation of
Liquefaction Resistance of Soils. We thank
Riley Chung for his support and -encouragement,
and Nicholas Carino and Alan Rauch for their
reviews. Also, special thanks to Susumu Iai,
Kohji Ichii, Osamu Matsuo, Susumu Yasuda,
Mamoru Kanatani, Yukihisa Tanaka, Kohji
Tokimatsu, K. Ishihara, and Takeji Kokusho for
the information on Japanese liquefaction studies
graciously shared with the first author.

6. REFERENCES

1.  Andrus, R. D. (1994). “In Situ Characteri-
zation of Gravelly Soils That Liquefied in
the 1983 Borah Peak Earthquake,” PA.D.
Dissertation, The Univ. of Texas at Austin.

2. Andrus, R. D., and Stokoe, K. H., IT (1997).
“Liquefaction Resistance Based on Shear
Wave Velocity,” NCEER Workshop on
Evaluation of Liquefaction Resistance of
Soils, Technical Report NCEER-97-0022,
T. L. Youd and I. M. Idriss, Eds., 4-5 Jan.
1996, Nat. Ctr. for Earthquake Engrg. Res.,
Buffalo, NY, pp. 89-128.

3. Andrus, R. D, Stokoe, K. H., I, and
Chung, R. M. (1999). “Draft Guidelines
for Evaluating Liquefaction Resistance
Using Shear Wave Velocity Measurements
and Simplified Procedures,” NISTIR 6277,
Nat. Institute of Standard and Technology,
Gaithersburg, MD.

4. Bierschwale, J. G., and Stokoe, K. H., II
(1984). “Analytical Evaluation of Lique-
faction Potential of Sands Subjected to the
1981 Westmorland Earthquake,” Geotech.

~472 -

10.

11.

12.

Engrg. Report GR-84-15, The Univ. of
Texas at Austin.

Brady, A. G., and Shakal, A. F. (1994).
“Strong-Motion Recordings,” The Loma
Prieta, Calif., Earthquake of Oct. 17, 1989-
-Strong Ground Motion, U.S. Geological
Survey Professional Paper 1551-A, R. D.
Borcherdt, Ed., U.S. Gov. Printing Office,
Washington, D.C., pp. A9-A38.

de Alba, P., Baldwin, K., Janoo, V., Roe,
G., and Celikkol, B. (1984). “Elastic-Wave
Velocities and Liquefaction Potential,”
Geotech. Testing J., ASTM, Vol. 7, No. 2,
pp. 77-87.

de Alba, P., Benoit, J., Pass, D. G., Carter,
J. J., Youd, T. L., and Shakal, A. F. (1994).
“Deep Instrumentation Array at the
Treasure Island Naval Station,” The Loma
Prieta, Calif., Earthquake of Oct. 17, 1989-
-Strong Ground Motion, U.S. Geological
Survey Professional Paper 1551-A, R. D.
Borcherdt, Ed., U.S. Gov. Printing Office,
Washington, D.C., pp. A155-A168.

de Alba, P, and Faris, J. R. (1996).
“Workshop on Future Research Deep
Instrumentation Array, Treasure Island
NGES, July 27, 1996: Report to the
Workshop Current State of Site Character-
ization and Instrumentation,” Univ. of New
Hampshire at Durham.

Dobry, R., Ladd, R. S., Yokel, F. Y.,
Chung, R. M., Powell, D. (1982).
“Prediction of Pore Water Pressure Buildup
and Liquefaction of Sands During
Earthquakes by the Cyclic Strain Method,”
NBS Building Science Series 138, Nat.
Bureau of Standards, Gaithersburg, MD.

Dobry, R., Stokoe, K. H., II, Ladd, R. S,
and Youd, T. L. (1981). “Liquefaction
Susceptibility from S-Wave Velocity,”
Proc, In Situ Tests to Evaluate
Liquefaction Susceptibility, ASCE Nat.
Convention, 27 Oct., St. Louis, MO.

Fuhriman, M. D. (1993). “Crosshole
Seismic Tests at Two Northern California
Sites Affected by the 1989 Loma Prieta
Earthquake,” M.S. Thesis, The Univ. of
Texas at Austin.

Hynes, M. E. (1988). “Pore Pressure
Generation Characteristics of Gravel Under
Undrainded Cyclic Loading,”  Ph.D.
Dissertation, Univ. of Calif., Berkeley.



13.

14.

15.

Idriss, I. M. (1990). “Response of Soft Soil
Sites During Earthquakes,” H. Bolton Seed
Memorial Symposium, BiTech Publisher,
Vancouver, B.C., Vol. 2, pp. 273-289.

Ishihara, K. (1985). “Stability of Natural
Deposits During Earthquakes,” Proc.,
Eleventh Int. Conf. on Soil Mechanics and
Found. Engrg., A. A. Balkema Publishers,
Rotterdam, Netherlands, pp. 321-376.

Kayabali, K. (1996). “Soil Liquefaction
Evaluation Using Shear Wave Velocity,”

" Engrg. Geology, Elsevier Publisher, New

16.

17.

18.

19.

20.

21.

York, NY, Vol. 44, No. 4, pp. 121-127.

Kayen, R. E., Mitchell, J. K., Seed, R. B.,
Lodge, A., Nishio, S., and Coutinho, R.
(1992). “Evaluation of SPT-, CPT-, and
Shear Wave-Based Methods for Liquefac-
tion Potential Assessment Using Loma
Prieta Data,” Proc., Fourth Japan-U.S.
Workshop on Earthquake Resistant Design
of Lifeline Facilities and Countermeasures
for Soil Liquefaction, Technical Report
NCEER-92-0019, M. Hamada and T. D.
ORourke, Eds., 27-29 May, Honolulu,
Hawaii, Nat. Ctr. for Earthquake Engrg.
Res., Buffalo, NY, Vol. 1, pp. 177-204.

Lodge, A. L. (1994). “Shear Wave
Velocity Measurements for Subsurface
Characterization,” Ph.D. Dissertation,
Univ. of Calif. at Berkeley.

Rashidian, M. (1995). “Undrained Shear-
ing Behavior of Gravelly Sands and its
Relation with Shear Wave Velocity,”
Thesis, Geotech. Engrg. Lab., Dept. of
Civil Engrg., Univ. of Tokyo, Japan.

Robertson, P. K., Woeller, D. J., and Finn,
W. D. L. (1992). “Seismic Cone Penetra-
tion Test for Evaluating Liquefaction
Potential Under Cyclic Loading,” Canadian
Geotech. J., Vol. 29, pp. 686-695.

Rollins, K. M., Diehl, N. B., and Weaver,

T. J.(1998). “Implications of V&-BPT (N)g -

Correlations for Liquefaction Assessment
in Gravels,” Geotech. Earthquake Engrg.
and Soil Dyn. III, Geotech. Special Pub.
No. 75, P. Dakoulas, M. Yegian, and B.
Holtz, Eds., ASCE, Vol. I, pp. 506-517.

Seed, H. B., and Idriss, I. M. (1971).
“Simplified Procedure for Evaluating Soil
Liquefaction Potential,” J. of the Soil
Mechanics and Found. Div., ASCE, Vol.
97, SM9, pp. 1249-1273.

—4713-

22.

23.

24,

25.

26.

27.

28.

29.

Seed, H. B., and Idriss, 1. M. (1982).
Ground Motions and Soil Liquefaction
During Earthquakes, Earthquake Engrg.
Res. Institute, Berkeley, CA.

Seed, H. B., Idriss, I. M., and Arango, 1.
(1983). “Evaluation of Liquefaction
Potential Using Field Performance Data,” J.
of Geotech. Engrg., ASCE, Vol. 109, No.
3, pp. 458-482.

Stokoe, K. H., II, Lee, S. H. H., and Knox,
D. P. (1985). “Shear Moduli Measure-
ments Under True Triaxial Stresses,” Proc.,
Advances in the Art of Testing Soil Under
Cyclic Conditions, ASCE, pp. 166-185.

Stokoe, K. H., II, Roésset, J. M,
Bierschwale, J. G., and Aouad, M. (1988).
“Liquefaction Potential of Sands from
Shear Wave Velocity,” Proc., Ninth World
Conf. on Earthquake Engrg., Tokyo, Japan,
Vol. I, pp. 213-218.

Sykora, D. W. (1987). “Creation of a Data
Base of Seismic Shear Wave Velocities for
Correlation Analysis,” Geotech. Lab. Misc.
Paper GL-87-26, U.S. Army Engineer
Waterways Exp. Station, Vicksburg, MS.

Tokimatsu, K., Kuwayama, S., and
Tamura, S. (1991). “Liquefaction Potential
Evaluation Based on Rayleigh Wave
Investigation and Its Comparison with
Field Behavior,” Proc., Second Int. Conf.
on Recent Advances in Geotech. Earth-
quake Engrg. and Soil Dyn., S. Prakash,
Ed., 11-15 Mar., St. Louis, MO, Univ. of
Missouri at Rolla, Vol. I, pp. 357-364.

Tokimatsu, K., 'and Uchida, A. (1990).
“Correlation Between Liquefaction
Resistance and Shear Wave Velocity,”
Soils and Found., Japanese Society of Soil
Mechanics and Found. Engrg., Vol. 30, No.
2, pp. 33-42.

Youd, T. L., Idriss, I. M., Andrus, R. D.,
Arango, 1., Castro, G., Christian, J. T.,
Dobry, R., Finn, W. D. L., Harder, L. F,,
Jr., Hynes, M. E., Ishihara, K., Koester, J.
P., Liao, S. S. C., Marcuson, W. F., III,
Martin, G R., Mitchell, J. K., Moriwaki, Y.,
Power, M. S., Robertson, P. K., Seed, R.
B., and Stokoe, K. H., I (1997).
“Summary Report,” NCEER Workshop on
Evaluation of Liquefaction Resistance of
Soils, Technical Report NCEER-97-0022,
4-5 Jan. 1996, Nat. Ctr. for Earthquake
Engrg. Res., Buffalo, NY, pp. 1-40.



Cyclic Stress or Resistance Ratio, CSR or CRR

Fig. 1 - Curves Proposed by Andrus et al. (1999) for Calculation of CRR from Vs Measurements Along
with Case History Data Based on Lower Bound Values of MSF for the Range Recommended by
the 1996 NCEER Workshop (Youd et al., 1997) and Average r, Values Developed by Seed and

Idriss (1971).
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