LIQUEFACTION RESISTANCE USING CPT AND FIELD CASE HISTORIES

By Timothy D. Stark,! Member, ASCE, and Scott M. Olson,* Associate Member, ASCE

ABsTRACT: Relationships between cone penetration tip resistance and the liquefaction potential of sandy
soils are presented to facilitate use of the cone penetration test (CPT) in liquefaction assessments. The
relationships are based on 180 liquefaction and nonliquefaction field case histories where CPTs were performed
and illustrate the importance of median grain size and fines content on liquefaction resistance. The proposed
CPT-based relationships were developed to describe the field case histories where CPT data are available,
and eliminate the need to rely on conversions of standard penetration test (SPT) blow counts to CPT tip
resistance used by existing CPT liquefaction-potential relationships. A new conversion between CPT tip
resistance and SPT blow count is also proposed using the liquefaction-potential relationships developed from
CPT data and existing liquefaction-potential relationships developed from SPT data. Finally, tentative CPT-
based liquefaction-potential relationships are proposed for clean and silty gravel based on 18 liquefaction and

nonliquefaction case histories.

INTRODUCTION

The cone penetration test (CPT) offers a number of ad-
vantages over the standard penetration test (SPT) for lig-
uefaction assessments, including the following:

1. It is more economical to perform than the SPT, which
allows a more comprehensive subsurface investigation.

2. The test procedure is simpler, more standardized and
thus, more reproducible than the SPT.

3. It provides a continuous record of penetration resistance
throughout a soil deposit, which provides a better de-
scription of soil variability and allows thin (greater than
15 cm in thickness) liquefiable sand or silt seams to be
located. This is particularly important in sand and silts
because of the natural nonuniformity of these deposits.

Based on these advantages, it is desirable to develop rela-
tionships between CPT tip resistance and liquefaction poten-
tial, rather than relying on a conversion from the SPT blow
count to the CPT tip resistance to develop CPT liquefaction-
resistance relationships.

The two main reasons why the CPT has not been used
extensively for liquefaction assessment are: (1) The lack of a
sample for soil classification and grain size analyses; and (2)
limited amount of CPT-based field data pertaining to lique-
faction potential was available. The number of field case his-
tories with CPT data has increased significantly. This paper
utilizes 180 liquefaction field case histories where CPT data
are available to develop empirical liquefaction-potential re-
lationships for sandy soils. In contrast, the liquefaction po-
tential relationships published by Seed et al. (1985) are based
on only 125 liquefaction and nonliquefaction case histories.
The proposed CPT relationships are compared with existing
CPT-based liquefaction-potential relationships and liquefac-
tion field case histories where SPT blow counts are converted
to CPT tip resistance to investigate agreement. Finally, the
liquefaction potential of clean and silty gravel is estimated
from 18 field case histories.
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ESTIMATING LIQUEFACTION POTENTIAL

Seed et al. (1985) used equivalent cyclic stress ratio (CSR.,)
and SPT blow count (N) to develop a procedure for estimating
the liquefaction potential of sandy soils. Since CSR,, pertains
to a certain number of equivalent laboratory loading cycles
corresponding to an earthquake magnitude, it is proposed
here to refer to the earthquake loading as the seismic shear-
stress ratio (SSR). It is suggested that SSR is more descriptive
of field earthquake loading than the equivalent cyclic stress
ratio, because liquefaction potential is evaluated based on
field-performance data and not on laboratory test results. As
a result, the proposed relationships use SSR and CPT tip
resistance to estimate the liquefaction potential of sandy soils.

Seed et al. (1985) and Seed and De Alba (1986) proposed
boundary lines that separate field conditions causing lique-
faction from conditions not causing liquefaction in sandy soils
(Fig. 1) for an earthquake magnitude of 7.5. Because the
undrained yield strength, s,(yield), of the soil controls the
triggering of liquefaction, Stark and Mesri (1992) concluded
that the SSR corresponding to a boundary line in Fig. 1 is
equal to the undrained yield-strength ratio of the soil mobi-
lized in the field for a given corrected blow count. The mo-
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FIG. 1. Relationship between Seismic Shear-Stress Ratio Trig-
gering Liquefaction and (N,)s,-Values for Clean and Silty Sand and
M = 7.5 Earthquakes [after Seed and De Alba (1986)]
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bilized undrained yield-strength ratio is defined as s,(yield,
mob)/a’,, where o, is the vertical effective overburden stress.
The corrected blow count, (N, )¢, is defined as the SPT blow
count at a vertical effective overburden stress of 100 kPa and
an energy level equal to 60% of the theoretical free-fall ham-
mer energy to the drill stem.

Seed et al. (1985) proposed a standard blow count N,
which corresponds to a transfer of approximately 60% of the
theoretical free-fall hammer energy to the drill stem. The
following equation was suggested by Seed et al. (1985) to
correct various SPT energy ratios to an energy ratio of 60%
for use in liquefaction analyses:

Ng = N-(ER/60%) 1)

where ER = percent of the theoretical free-fall energy; and
N = SPT N-value corresponding to the ER. The value of Ng,
is corrected to an effective overburden stress of 100 kPa, i.e.,
(N,)e0, by multiplying Ng, by the effective stress correction
factor, Cy.

The factor of safety against liquefaction is estimated by
dividing the undrained yield-strength ratio (Fig. 1) corre-
sponding to the value of (N;)s at any depth of a potentially
liquefiable layer by the SSR generated by the design earth-
quake at the depth of interest. This factor of safety corre-
sponds to an earthquake magnitude (M) of 7.5, an initial
effective overburden stress less than or equal to 100 kPa, and
level ground conditions. Seed and Harder (1990) present cor-
rections to the undrained yield-strength ratio for earthquake
magnitudes other than 7.5, initial effective overburden stresses
other than 100 kPa, and sloping ground conditions.

The penetration resistance from the CPT, similar to a SPT
N-value, is influenced by soil density, soil structure, cemen-
tation, aging, stress state, and stress history and, thus, can
be used to estimate the undrained yield strength of soils (Rob-
ertson and Campanella 1985). However, unlike the SPT, a
CPT sounding can yield a continuous factor of safety against
liquefaction with depth for a potentially liquefiable soil. Fur-
ther, SPT N-values must be corrected for effective overbur-
den stress, hammer type and release system, sampler config-
uration, and drill rod length (Seed et al. 1985), while CPT
data only needs to be corrected for effective overburden stress.

Correction for Vertical Effective Overburden Stress

Since most field observations of liquefaction have occurred
at a vertical effective overburden stress between 50 and 120
kPa, CPT tip resistance values, q., and SPT N-values should
be corrected to correspond with a vertical effective overbur-
den stress of approximately 100 kPa. The corrected CPT tip
resistance q.,, is obtained using the following:

qcl = Cq.qc (2)

where C, = effective overburden stress-correction factor.

Seed et al. (1983) developed an effective overburden stress
correction for the CPT, and this correction was later con-
firmed by Mitchell and Tseng (1990) using cavity expansion
theory to predict g, and g., from laboratory tests on Monterey
No. 0, Tincino, and Hokksund sands. Kayen et al. (1992)
proposed the following equation to describe the effective
overburden stress-correction factor proposed by Seed et al.
(1983):

_ 1.8
708 + (0/0/01p)

®)

where o/ = a reference stress equal to one atmosphere
(approximately 100 kPa).

Despite the similarity in the shape of existing C, and Cy
(Seed et al. 1983; Liao and Whitman 1985) relationships,

values of C, are larger than Cy-values at vertical effective
stresses less than 100 kPA, and slightly lower than Cy values
at vertical effective stresses greater than 100 kPa. Therefore,
the CPT data used here is corrected to 100 kPa using values
of C, estimated from (3).

Estimating Seismic Shear-Stress Ratio

The seismic shear-stress ratio for each case history was
estimated using the simplified method proposed by Seed and
Idriss (1971). Using this method, the seismic shear-stress ratio
induced by the earthquake at any point in the ground is es-
timated as

GO0

SSR = 0.65-Zmex . Two ()

00

where a,,,,, = peak acceleration measured or estimated at the
ground surface of the site; g = acceleration of gravity (9.81 .
m/s?); o, = vertical total overburden stress; and r, = depth
reduction factor. The depth reduction factor can be estimated
in the upper 10 m of soil as

re=1— (0.012-2) )

where z = depth in meters (Kayen et al. 1992). The value
of the SSR was then corrected to an earthquake magnitude
of 7.5, using the magnitude correction C,, proposed by Seed
et al. (1985).

CPT-BASED CASE HISTORIES TO ESTIMATE

LIQUEFACTION POTENTIAL

Table 1 presents a compilation of 180 liquefaction and non-
liquefaction field case histories for sandy soils where CPT tip
resistance data are available. The representative values of g.
for the case histories are the values reported by the investi-
gator(s), or determined by averaging the tip resistance over
the interval of sampling where the value of median grain
diameter, Ds,, and fines content were determined. Values of
q., were than calculated as indicated in (2). The occurrence
of liquefaction at a site was judged by the investigator(s) from
the appearance of sand boils, settlement and/or damage of
overlying structures, or lateral ground spreading. The non-
occurrence of liquefaction was assumed by the lack of the
aforementioned liquefaction evidence.

Seed et al. (1985) and Seed and De Alba (1986) showed
that fines content (percent by weight passing U.S. Standard
Sieve No. 200) affects the relationship between SPT pene-
tration resistance and liquefaction potential (Fig. 1). It was
anticipated that fines content would have a similar effect on
CPT penetration resistance and liquefaction potential. Since
gradation and fines content both appear to influence CPT tip
resistance, the correlations proposed here utilize both D,
and fines content (FC) to describe soil gradation. The CPT
field data was divided into three categories based on D5, and
fines content. The three categories are clean sand [0.25 <
Ds, (mm) < 2.0 and FC (%) = 5], silty sand [0.10 = D,
(mm) = 0.25 and 5 < FC (%) < 35], and silty sand to sandy
silt [Dso (mm) < 0.10 and FC (%) = 35]. Fines content refers
to low to medium plasticity fines with a clay size fraction less
than 15%, as suggested by Seed et al. (1983). Clay size frac-
tion is defined as the percent by weight finer than 0.002 mm.
Because the fines content is not available for some of the
case histories, only median grain size was used to determine
the appropriate soil category, e.g., clean sand, silty sand, or
silty sand to sandy silt.

Liquefaction Potential of Clean Sand

Fig. 2 presents a compilation of 45 liquefaction and non-
liquefaction field case histories involving clean sand [0.25 <

JOURNAL OF GEOTECHNICAL ENGINEERING / DECEMBER 1995 / 857



TABLE 1. Database of CPT-Based Liquefaction and Nonliquefaction Case Histories in Sandy Soils
Site M=75
Ground- | Vertical | Vertical | Median seismic | seismic
water total | effective| grain Fines | CPT Site shear- | shear-
Liquefaction| Depth | depth | stress | stress |diameter|content| g, ot | @max stress | stress
Site Sounding | observed? | (m) (m) (kPa) | (kPa) (mm) (%) | (MPa) | C; ](MPa)| (g} ry ratio ratio Reference
) @ @ W] e [® | o] 6 | ©]0]ad) (12>J (13) | 149 | (15) | (1) (17)
(a) 1964 Niigata Earthquake (M = 7.5)
Kwagishi-Cho Yes 2.8 1.1 52.0 35.3 0.33 0-5 3.14 | 1.57 | 5.02{ 0.16 | 0.97 0.15 0.15 |Shibata and
Building Yes 4.6 1.1 85.3 51.0 0.33 0-5 1.57 | 1.38 | 2.17}| 0.16 | 0.94 0.16 0.16 Teparaksa
Yes 5.2 1.1 97.1 56.9 0.33 0-5 7.06 | 1.32 | 9.33| 0.16 | 0.94 0.17 0.17 (1988)
Yes 8.0 11 149.1 81.4 0.33 0-5 549 | 112 | 6.16| 0.16 | 0.90 0.17 0.17
Kwagishi-Cho Yes 4.8 2.0 89.2 61.8 0.33 0-5 534 | 1.28 | 6.82] 0.16 | 0.94 0.14 0.14
Building Yes 6.7 2.0 124.5 78.5 0.33 0-5 7.80 | 1.14 | 8.89] 0.16 | 0.92 0.15 0.15
Yes 11.1 2.0 206.9 117.1 0.33 0-5 951 | 092 | 873} 0.16 | 0.87 16 0.16
South Bank No 4.5 0.5 84.3 451 0.30 0-5 7.85 | 1.45 {11.34| 0.16 | 0.95 0.18 0.18
No 5.0 0.5 93.2 49.0 0.30 0-5 14.27 | 1.40 | 20.00| 0.16 | 0.94 0.19 0.19
(b) 1971 San Fernando Valley Earthquake (M = 6.4)
Juvenile Hall, 2-B1 Yes 8.5 8.4 167.6 166.1 0.058 62 6.37 | 0.74 | 470 0.50 | 0.90 0.29 0.25 |{Bennett
California 2-Bl1 Yes 10.2 8.4 200.5 182.6 0.073 50 6.86 | 0.69 | 4.75| 0.50 | 0.88 0.31 0.26 (1989)
2-C No 13.3 8.4 260.3 212.5 0.400 18 11.77 | 0.62 | 7.31| 0.50 | 0.84 0.33 0.28
2-C No 13.9 8.4 272.3 218.5 0.068 52 19.32 | 0.61 | 11.76 | 0.50 | 0.83 0.34 0.28
2-C No 14.8 8.4 290.3 221.5 0.044 68 21.57 | 0.59 §12.75| 0.50 | 0.82 0.34 0.28
4-B1 Yes 6.4 5.8 125.7 119.7 0.052 64 3.14 | 091 2.85] 0.50 | 0.92 0.32 0.26
4-B2 Yes 8.4 5.8 164.0 138.9 0.045 71 0.69 | 0.83 | 0.57| 0.50 | 0.90 0.35 0.29
4-C No 9.9 5.8 194.5 154.2 0.070 49 1.77 | 0.78 1.37| 0.50 | 0.88 0.36 0.30
4-C No 10.7 5.8 209.5 161.7 0.160 38 9.81 | 0.75 | 7.37| 0.50 | 0.87 0.37 0.31
4-C No 11.6 5.8 227.4 170.7 0.053 49 873 | 0.72 | 6.32| 0.50 | 0.86 0.37 0.31
4-C No 12.8 5.8 251.4 182.7 . 0.057 56 539 | 0.69 | 3.73} 0.50 | 0.85 0.38 0.32
4-C No 14.8 5.8 290.3 202.1 0.072 51 932 | 0.64 | 6.00| 0.50 | 0.82 0.38 0.32
6-B1 Yes 4.6 4.3 89.8 86.8 0.042 74 0.69 | 1.09 | 0.75] 0.50 | 0.95 0.32 0.26
6-C No 9.1 4.3 179.6 131.7 0.050 61 7.06 | 0.86 | 6.05(| 0.50 | 0.89 0.39 0.33
6-C No 10.7 4.3 209.5 146.7 0.095 46 10.79 | 0.80 | 8.64 | 0.50 | 0.87 0.40 0.34
6-C No 11.3 43 221.4 152.7 0.069 52 13.73 | 0.78 { 10.71 | 0.50 | 0.86 0.41 0.34
6-C No 13.9 43 272.3 178.2 0.060 56 8.83 | 0.70 | 6.21| 0.50 | 0.83 0.41 0.34
6-C No 15.1 43 296.3 190.2 0.082 47 6.86 | 0.67 | 4.61] 0.50 | 0.82 0.41 0.35
10-B1 Yes 5.0 4.7 98.8 95.8 0.072 52 1.96 | 1.03 | 2.02| 0.50 | 0.94 0.31 0.26
10-B1 Yes 5.8 4.7 113.7 103.3 0.055 65 0.69 | 0.99 | 0.68| 0.50 | 0.93 0.33 0.28
10-B1 Yes 6.6 4.7 128.7 110.8 0.038 83 294 1 095 ] 280 050 | 0.92 0.35 0.29
10-C No 10.2 4.7 200.5 146.7 0.067 52 0.69 | 0.80 | 0.55| 0.50 | 0.88 0.39 0.32
10-C No 1.1 4.7 218.5 155.7 0.059 55 1.96 1 0.77 | 1.51| 0.50 | 0.87 0.40 0.33
10-C No 12.2 4.7 239.4 166.2 0.130 38 490 | 074 | 3.62| 0.50 | 0.85 0.40 0.33
10-C No 13.1 4.7 257.4 175.2 0.062 54 981 | 0.71 | 6.98| 0.50 | 0.84 0.40 0.34
10-C No 14.6 4.7 287.3 190.2 0.045 64 15.69 | 0.67 | 10.55| 0.50 | 0.82 0.40 0.34
11-B1 Yes |63 5.9 1227 | 119.7 0.051| 61 1.96 | 091 | 1.78] 0.50 | 0.93 | 0.31 0.26
11-B1 Yes 7.3 59 143.6 130.2 0.100 43 1.96 | 0.86 | 1.69| 0.50 | 0.91 0.33 0.27
11-C No 9.8 5.9 191.5 154.2 0.240 25 20.60 | 0.78 §15.961 0.50 | 0.88 0.36 0.30
(c) 1975 Haicheng Earthquake (M = 7.3) (Ying-Kou city)
Paper mill site Yes 4.0 1.5 74.6 50.0 0.07 72 0.65 | 1.43 | 093] 0.15 | 0.95 0.14 0.14 |Arulanandan
et al.
(1986)
Glass fiber Yes 3.0 1.5 55.9 41.2 0.08 42 0.53 | 1.53 0.81| 0.15 | 0.96 0.13 0.13
site
Construction Yes 7.0 1.5 130.5 76.5 0.02 83 038 | 1.16 | 044 0.15 | 0.92 0.15 0.15
building site
Fishery and Yes 3.5 1.5 65.2 45.6 0.016 90 130 | 144 | 1.87| 0.15 | 0.96 0.13 0.13
shipbuilding
site
Middle school No 10.3 1.5 191.0 105.2 0.016 92 073 1 098 | 071} 0.15 | 0.88 0.16 0.15
site
Chemical fi- Yes 7.5 1.5 139.8 80.9 0.035 61 1.20 | 1.13 1.35| 0.15 | 0.91 0.15 0.15
ber site
(d) 1976 Tangshan Earthquake (M = 7.8)
Tanghsan T-10 Yes 3.0 1.5 55.9 41.2 0.06 —= 1.67 | 1.49 | 2.49] 0.40 | 0.96 0.34 0.35 |Shibata and
area Yes 6.0 15 111.8 67.7 0.25 — 9.22 | 1.23 | 11.30 | 0.40 | 0.93 0.40 0.41 Teparaksa
Yes 7.8 1.5 145.1 83.4 0.25 — 559 | 111 6.20 | 0.40 | 0.91 0.41 0.42 (1988)
Yes 8.5 1.5 158.9 90.2 0.30 — 7.45 1 1.06 | 7.94| 0.40 | 0.90 0.41 0.43
T-11 Yes 0.9 0.9 16.7 16.7 0.17 —* 1.47 | 1.87 | 2.75| 0.40 | 0.99 0.26 0.27
Yes 1.3 0.9 24.5 20.6 0.17 — 098 | 1.79 1.76 § 0.40 | 0.98 0.30 0.32
Yes 1.8 0.9 333 24.5 0.17 — 490 | 1.73 8.47 1 0.40 | 0.98 0.35 0.36
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TABLE 1. (Continued)
(1) (@) () (4) (5) (6) @) (8) (9) (10) 1 (1) | (1) | (13) | (14) | (1H) (16) (17)
T-12 Yes 2.0 1.6 373 333 0.14 — 245 | 1.59 | 391 0.40 | 0.98 0.28 0.29
Yes 3.0 1.6 55.9 42.2 0.14 — 2.55 | 1.48 | 3.77| 0.40 | 0.96 | 0.33 0.34
Yes 4.0 1.6 74.5 51.0 0.16 —* 3.14 | 1.38 | 433 0.40 | 0.95 0.36 0.37
Yes 4.7 1.6 87.3 56.9 0.16 —= 5.69 | 1.32 | 7.52| 040 | 0.94 | 038 0.39
Yes 6.4 1.6 119.6 72.6 0.16 —a 343 | 1.19 | 4.07 040 | 0.92 | 0.40 0.41
Yes 9.5 1.6 177.5 | 100.0 0.16 —a 824 | 1.01 | 8.30| 0.40 | 0.89 | 0.41 0.42
T-13 Yes 2.0 1.1 373 28.4 0.12 —= 1.67 | 1.67 | 2.78| 0.40 | 0.98 | 0.33 0.34
Yes 2.1 1.1 39.2 28.4 0.12 —3 3.43 | 1.67 | 5.72| 0.40 | 0.97 | 035 0.36
Yes 2.7 1.1 50.0 343 0.12 — 4.02 1 1.58 | 6.36| 0.40 | 0.97 0.37 0.38
T-14 Yes 1.5 1.3 28.4 26.5 0.17 —= 539 | 1.70 | 9.15| 0.40 | 0.98 | 0.27 0.28
Yes 3.0 13 55.9 39.2 0.32 — 8.83 | 1.52 | 13.38| 0.40 | 0.96 0.36 0.37
T-15 Yes 1.2 1.0 22.6 20.6 0.48 —a 6.86 | 1.79 |12.32| 0.40 | 0.99 | 0.28 0.29
Yes 1.8 1.0 33.3 25.5 0.48 - 1.16 { 1.71 | 1.98| 0.40 | 0.98 | 0.33 0.34
Yes 2.5 1.0 47.1 324 0.48 — 4.16 | 1.61 | 6.69| 0.40 | 0.97 [ 037 0.38
T-16 No 4.0 35 74.5 69.6 0.16 — | 11.25 | 1.21 [13.61| 0.40 | 0.95 | 0.26 0.27
No 8.4 35 156.9 | 108.9 0.20 —= | 15.46 | 0.96 [14.84 | 0.40 | 0.90 | 0.34 0.35
T-17 No 3.1 2.8 57.9 54.9 0.21 — | 11.17 | 1.34 [ 14.98 | 0.20 | 0.96 | 0.13 0.14
No 4.1 2.8 76.5 63.7 0.21 —2 | 11.89 | 1.26 {14.97| 0.20 | 0.95 | 0.15 0.15
No 5.2 2.8 97.1 73.5 0.14 —= | 17.42 | 1.18 [20.54| 0.20 | 0.94 | 0.16 0.17
T-18 Yes 4.7 3.6 87.3 76.5 0.17 —3 1.62 | 1.16 | 1.87| 020 | 0.94 | 0.14 0.14
Yes 5.2 3.6 97.1 81.4 0.17 — 3.58 | 1.12 | 4.02| 020 | 0.94 | 0.15 0.15
T-19 Yes L5 1.1 28.4 24.5 0.19 —a 1.01 | 1.73 | 1.74] 0.20 | 0.98 | 0.15 0.15
Yes 2.9 1.1 53.9 36.3 0.31 — 490 | 1.55 | 7.62 0.20 | 0.97 0.19 0.19
Yes 4.0 1.1 74.5 46.1 0.18 —a 2.85 | 143 | 4.09] 0.20 | 095 | ©0.20 0.21
Yes 5.5 1.1 103.0 59.8 0.18 — 594 [ 129 | 7.69| 0.20 | 0.93 | 0.21 0.22
T-20 No 1.2 1.1 22.6 21.6 0.17 — | 12.98 | 1.78 [23.07| 0.20 | 0.99 | ©0.13 0.14
No 1.7 1.1 31.4 25.5 0.17 —a | 12.81 | 1.71 |21.92] 0.20 | 0.98 | 0.16 0.16
No 2.1 1.1 39.2 29.4 0.17 —= | 16.27 | 1.65 [ 26.86 | 0.20 | 0.97 | 0.17 0.17
T-21 No 3.1 3.1 57.9 57.9 0.26 — 1 10.39 | 1.31 [ 13.63] 0.20 | 0.96 | 0.13 0.13
No 33 3.1 61.8 59.8 0.26 —a 894 | 1.29 |11.58 | 0.20 | 0.96 | 0.13 0.13
No 4.0 3.1 74.5 65.7 0.26 —a | 11.07 | 1.24 [13.76| 020 | 0.95 | 0.14 0.15
T-22 Yes 3.7 0.8 68.6 40.2 0.16 —a 1.90 | 1.50 | 2.86| 0.20 | 0.96 | 0.21 0.22
Yes 4.0 0.8 74.5 43.1 0.16 —a 490 | 147 | 7.20| 0.20 | 095 | 0.21 0.22
T-23 Yes 3.7 1.4 68.6 46.1 0.14 — 220 | 1.43 | 3.15| 0.20 | 0.96 | 0.19 0.19
Yes 3.9 1.4 72.6 48.1 0.14 —a 2.60 | 1.41 | 3.67| 020 [ 0.95 | 0.19 0.19
T-24 Yes 2.8 1.0 52.0 34.3 0.16 — 431 | 1.58 | 6.82| 020 | 097 | 0.19 0.20
Yes 3.2 1.0 59.8 38.2 0.16 —2 294 | 1.53 | 450|020 | 0.96 | 0.20 0.20
T-25 Yes 8.2 0.7 153.0 79.4 0.08 — 8.83 | 1.14 {10.03 | 0.20 | 0.90 0.23 0.23
T-26 Yes 5.2 0.8 97.1 53.9 0.14 —= 1.96 { 1.35 | 2.65]| 0.10 | 0.94 | 0.1 0.11
T-27 Yes 5.0 0.7 93.2 51.0 0.07 — 1.08 | 1.38 | 1.49) 020 | 0.94 | 0.22 0.23
T-28 No 1.0 0.7 205.0 | 103.9 0.08 —= | 1520 | 0.99 | 14.98 0.10 | 0.87 | 0.11 0.12
No 1.4 0.7 212.8 | 107.9 0.08 —a 637 | 0.97 | 6.15| 0.10 [ 0.86 | 0.11 0.11
T-29 No 4.8 1.0 89.2 52.0 0.10 — 8.83 | 1.37 [12.10] 0.10 | 0.94 | 0.11 0.11
No 53 1.0 99.0 56.9 0.10 — 245 | 1.32 | 324 010 | 0.94 | 0.1 0.11
No 59 1.0 109.8 61.8 0.10 —= | 16.18 | 1.28 [20.66 | 0.10 | 0.93 | 0.11 0.11
T-30 No 4.8 2.5 89.2 66.7 0.25 —= | 13.39 | 1.23 [16.52( 0.10 | 0.94 | 0.08 0.08
No 6.0 2.5 111.8 77.5 0.25 —= | 13.85 | 1.15 | 15.93| 0.10 | 0.93 | 0.09 0.09
No 8.5 2.5 158.9 | 100.0 0.28 —= | 1857 | 101 [18.70] 0.10 | 0.90 | 0.9 0.10
T-31 Yes 2.3 2.3 43.1 43.1 0.16 — 3.45 | 1.47 | 5.07] 0.20 | 0.97 | 0.13 0.13
Yes 3.1 2.3 57.9 50.0 0.16 —2 268 1 1.39 ) 3.727 0.20 | 0.96 0.14 0.15
T-32 Yes 3.0 2.3 55.9 49.0 0.21 —a 323 | 1.40 | 4521 0.20 | 0.96 | 0.14 0.15
Yes 32 2.3 59.8 4 51.0 0.21 —a 404 1 138 | 558|020 | 096 | 0.15 0.15
Yes 3.8 2.3 70.6 55.9 0.21 — 2.88 | 1.33 | 3.84| 0.20 | 095 | 0.16 0.16
T-33 Yes 3.2 2.3 59.8 51.0 0.15 — 294 | 1.38 ] 4.06] 020 | 0.96 | 0.15 0.15
Yes 5.0 2.3 93.2 66.7 0.32 —a 574 | 1.23 | 7.08| 0.20 | 0.94 | 0.17 0.18
Yes 5.6 2.3 103.9 71.6 0.32 — 8.83 | 1.19 | 10.54} 0.20 | 0.93 | 0.18 0.18
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TABLE 1. (Continued)
() @ @ @] e e ]nl] @ @ la[e]aa]e] a5 [ 16 (17

T-34 Yes 2.6 2.5 48.1 47.1 0.13 — 1.84 | 142 | 2.62| 0.20 | 0.97 0.13 0.13

T-35 Yes 3.9 2.9 72.6 62.8 0.17 — 2.50 | 1.27 | 3.17| 0.20 | 0.95 0.14 0.15

Yes 4.0 2.9 74.5 63.7 0.17 —3 441 | 1.26 | 5561 0.20 | 0.95 0.14 0.15

Yes 5.6 2.9 103.9 77.5 0.17 — 4.16 | 1.15 | 478} 0.20 | 0.93 0.16 0.17

T-36 No 6.0 2.3 111.8 75.5 0.22 — 7.85 | 1.16 | 9.14| 0.20 | 0.93 0.18 0.18

Lutai area L-1 No 6.9 0.4 111.8 57.2 0.062 —2 831 | 1.32 | 10.95| 0.20 | 0.92 0.23 0.24
No 12.0 0.4 223.6 110.6 0.067 —2 446 | 095 | 425|020 | 0.86 0.23 0.23

No 13.1 0.4 244.2 120.4 0.067 —2 568 | 091 | 5.14] 0.20 | 0.84 0.22 0.23

L2 Yes 5.9 0.2 111.8 54.3 0.062 —* 2.43 | 1.35 3.28 | 0.20 | 0.93 0.25 0.26

Yes 6.0 0.2 118.7 55.3 0.062 -4 1.54 | 1.34 | 2.06| 0.20 | 0.93 0.26 0.27

Yes 11.2 0.2 208.9 101.8 0.067 — 1.42 | 1.00 | 1.42| 0.20 | 0.87 0.23 0.24

Yes 1.6 0.2 215.7 104.6 0.067 — 2.11 | 0.98 | 2.07| 0.20 | 0.86 0.23 0.24

Yes 12.1 0.2 225.5 109.7 0.067 —3 2.55 | 0.96 2.44] 0.20 | 0.85 0.23 0.24

L-3 Yes 11.2 0.4 208.9 101.8 0.067 —2 2.68 | 1.00 2.67 | 0.20 | 0.87 0.23 0.24

Yes 11.5 0.4 214.8 104.6 0.067 — 1.75 | 0.98 | 1.71| 0.20 | 0.86 0.23 0.24

L4 No 11.1 0.8 206.9 106.5 0.067 — 7.49 | 097 | 7.28| 0.20 | 0.87 0.22 0.23

(e) 1977 Vrancea Earthquake (M = 7.2)
Dimbovitza Yes 4.2 1.0 78.5 47.1 0.20 —a 512 | 142 | 7.29] 0.22 | 0.95 0.23 0.22 |Shibata and
(Site 1) Yes 5.0 1.0 93.2 53.9 0.20 —2 3.66 | 1.35 | 4.94| 0.22 | 0.94 0.23 0.22 Teparaksa
Yes 6.0 1.0 111.8 62.8 0.20 —a 3.05 | 1.27 | 3.87} 0.22 | 0.93 0.24 0.23 (1988)
Yes 7.0 1.0 130.4 71.6 0.20 —a 129 | 1.19 | 1.55] 0.22 | 0.92 0.24 0.23
Yes 8.0 1.0 149.1 80.4 0.20 —* 5.12 | 1.13 5.78 1 0.22 | 0.90 0.24 0.23
(f) 1979 Imperial Valley Earthquake (M = 6.6)
Heber Road A2 No 4.0 2.1 62.8 4.5 0.11 15-20 | 19.90 | 1.45 | 28.91| 0.60 | 0.95 0.52 0.46 |Youd and
A2 Yes 4.0 2.1 62.8 44.5 0.11 15-20 1.80 | 1.45 2.561 0.60 | 0.95 0.52 0.46 Bennett
A3 No 4.0 2.1 62.8 4.5 0.08 40 7.00 | 1.45 [10.11] 0.60 | 0.95 0.52 0.46 (1983)
River Park Unit A Yes 2.0 0.2 31.4 13.9 0.07 50 2.00 | 1.92 | 3.77| 0.20 | 0.98 0.29 0.25
Unit C Yes 5.0 0.2 78.5 31.6 0.15 20 490 | 1.62 | 7.94| 0.20 | 0.94 0.30 0.26
(g) 1983 Nihonkai-Cho Earthquake (M = 7.7)
Noshiro-Cho No 3.1 2.0 56.9 47.1 0.32 —a 9.81 | 1.42 [ 1396} 0.23 | 0.96 0.17 0.18 |Shibata and
No 3.8 2.0 71.6 53.0 0.32 —1 15.69 | 1.36 | 21.35| 0.23 | 0.95 0.19 0.20 Teparaksa
No 5.0 2.0 94.1 63.7 0.32 —8 15.08 | 1.26 | 19.00 | 0.23 | 0.94 0.21 0.21 (1968)
Yes 2.8 2.1 53.0 45.1 0.32 —2 1.76 | 1.45 | 2.54| 0.23 | 0.97 0.17 0.17
Yes 3.4 2.1 62.8 51.0 0.32 —= 402 | 1.38 | 5.55| 0.23 | 0.96 0.18 0.18
Yes 5.1 2.1 94.1 65.7 0.32 —2 7.80 | 1.24 9.69 | 0.23 | 0.94 0.20 0.21
Yes 6.0 21 111.8 73.5 0.32 — 8.80 | 1.18 | 10.38 | 0.23 | 0.93 0.21 0.22
(h) 1988 Sanguenay Earthquake (M = 5.9)

Ferland, No 2.5 1.8 50.8 43.1 0.10 15 4.26 | 1.47 6.25 | 0.25 | 0.97 0.19 0.14  |Tuttle et al.
Quebec, No 35 1.8 70.4 53.1 0.10 15 491 1.36 6.68 | 0.25 | 0.96 0.21 0.15 (1990)
Canada Yes 4.5 1.8 90.0 63.0 0.10 15 2.76 | 1.27 3491 0.25 | 095 0.22 0.16

No 5.5 1.8 109.6 72.8 0.10 15 571 1.19 | 6.77] 0.25 | 0.93 0.23 0.17

No 6.5 1.8 129.3 82.6 0.10 15 6.51 | 1.11 7.26| 0.25 | 0.92 0.23 0.18

No 7.5 1.8 148.9 92.4 0.10 15 777 | 1.05 | 8.16 | 0.25 | 0.91 0.24 0.18

No 8.5 1.8" 168.5 102.2 0.10 15 7.77 | 099 | 7.73] 0.25 | 0.90 0.24 0.18
(i) 1989 Loma Prieta Earthquake (M = 7.1)

San Francisco | MAR1 No 5.8 2.3 118.4 84.0 0.303 5 16.75 | 1.10 | 18.51 | 0.24 | 0.93 0.20 0.19 |Bennett
Marina Dis- (1990)
trict

MAR2 No 3.4 2.7 69.4 63.0 0.239 3 9.75 | 1.27 | 12.34| 0.24 | 0.96 0.16 0.16
No 5.8 2.7 118.4 88.5 0.253 2 19.00 | 1.08 | 20.44 | 0.24 | 0.93 0.19 0.19
MAR3 No 3.8 2.7 77.6 67.2 0.275 4 13.94 17.14 | 0.24 | 0.95 0.17 .16
No 4.9 2.7 100.0 78.9 0.361 3 18.00 20.52 | 0.24 | 0.94 0.19 0.18
No 6.9 2.7 140.9 100.1 0.350 4 13.00 13.08 | 0.24 | 0.92 0.20 19
MAR4 Yes 3.4 2.9 64.1 59.1 0.178 5 335 | 1.30 | 4.36] 0.24 | 0.96 0.16 0.15
Yes 6.1 2.9 115.0 83.6 0.160 21 075 | 1.11 | 0.83] 0.24 | 0.93 0.20 0.19
MARS Yes 6.4 2.4 120.6 81.8 0.197 3 120 | 1.12 | 1.34| 0.24 | 0.92 0.21 0.20
MARG6 No 7.0 5.5 131.9 117.1 0.244 6 5.50 | 0.92 5.061 0.24 | 0.92 0.16 0.15

Leonardini 39 Yes 2.3 1.4 45.6 36.4 0.10 20-25 1.30 | 1.55 2.02| 0.14 | 0.97 0.11 0.10 [Charlie et al.

Farm 38 Yes 2.2 1.7 44.1 39.5 0.10 20-25 1.50 | 1.51 227 0.14 | 0.97 0.10 0.09 (1994)
37 No 3.0 2.1 60.4 51.8 0.12 20-25 2.50 | 1.37 343) 0.14 | 0.96 0.10 0.10

Port of Rich- |POR2 Yes 5-7 2.5 108.9 66.2 0.07 57 1.7 1.24 2,11 0.16 | 0.93 0.15 0.14 |Kayen et al.

mond POR3 Yes 5-7 2.5 108.9 66.2 0.07 57 1.9 1.24 2351 0.16 | 0.93 0.15 0.14 (1992) and
POR4 Yes 5-7 2.5 108.9 66.2 0.07 57 1.5 | 1.24 | 1.86| 0.16 | 0.93 0.15 0.14 Mitchell
et al.

San Francisco- | SFOBB1 Yes 5-7.5 2.0 128.8 87.1 0.27 7 4.7 1.08 5.10| 0.29 | 0.93 0.26 0.24 (1994)
Oakland SFOBB2 Yes 6-9 2.0 154.5 100.6 0.26 12 10.0 1.00 | 10.04 | 0.29 | 091 0.26 0.25
Bay Bridge |SFOBB3 Yes 6-8 2.0 154.5 100.6 | >0.25 —2 9.0 1.00 | 9.00| 0.29 | 0.91 0.26 0.25

SFOBB4 Yes 6-8 2.0 154.5 100.6 | >0.25 —* 5.0 1.00 5.00( 0.29 | 091 0.26 0.25
SFOBBS Yes 6-8 2.0 154.5 100.6 | >0.25 —1 9.4 1.00 9.40| 0.29 | 0.91 0.26 0.25
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TABLE 1. (Continued)
(1) () (3) 4 (5) (6) 7 @ 9) (10) 1 (1Y) | (12) | (18) | (14) | (15) (16) a7
Port of Oak-  |POOT7-1 Yes |5-8 30 | 1305 | 912 | >025 | 0-5 ;117 | 1.06 |12.38 0.29 | 0.92 | 025 | 0.23
land POO7-2 Yes 5-7 3.0 111.8 82.4 0.30 3 8.7 112 | 971 0.29 | 0.93 0.24 0.22
POO7-3 Yes 4-7 3.0 116.5 84.6 0.30 5 6.5 1.10 | 7.15| 0.29 | 0.93 0.24 0.22
POO7-4 No 7-12 | 30 | 177.1 | 1133 | >025 | 0-5 | —= | 094 [17.00} 029 | 0.89 | 026 | 0.24
POO7-5 Yes |46 3.0 932 | 73.6 | >025 | 0-5 | — | 118 |12.00] 029 | 094 | 022 | 0.22
POOT7-6 Yes  [4-7 30 | 1025 | 78.0 | >025 | 0-5 | —= | 1.15[10.00| 0.29 | 0.93 | 023 | 022
Oakland Air- |ACPT3 Yes  |2-5 2.0 652 | 505 | 022 10 —2 1139 [1000] 027 | 0.96 | 022 | 0.0
port ACPT4 Yes  |2-5 2.0 652 | 505 | 0.22 10 —s | 139 | 500] 027 |09 | 022 | 020
ACPT7 Yes |2-5 2.0 652 | 505 | 022 10 53 | 139 7350027 | 09 | 022 | 020
Bay Farm Is- |BFI-P6 Yes  |2-5 2.0 652 | 505 | 022 10 6.1 | 139 | 845|030 | 096 | 024 | 023
land DFI-DIKE| No 3-5 2.0 746 | 549 | 022 20 | 260 | 1.34|34.87| 030|095 | 025 | 024
BFI-CPT1 Yes  |2-4 2.0 559 | 461 | 022 | —* | —= | 143 (1000|030 | 096 | 023 | 021
Note: MAR = Marina, and POR = Port of Richmond.
#Not available.
06 T — T T T The one nonliquefaction case history that plots above the
025 < Deg (rem) < 20 proposed relationship is from the 1971 San Fernando Valley
M=75 FCS&;T?S Earthquake (Bennett 1989). This case involved a clean sand
O o5} - 4 surrounded by sandy silt with significantly higher fines con-
2 tent. Therefore, the reported g.-value may be considerably
o« . PROPOSED lower than a typical clean sand would exhibit.
2 04f RELATIONSHIP The proposed relationship for clean sand is limited to values
u ) . . of Dy, less than 2.0 mm because: (1) Liquefaction field case
E . histories with CPT data and values of Dy, greater than 2.0
(] 03l mm are limited; and (2) the use of a standard cone pene-
% ‘ trometer (‘‘Standard” 1994) in coarse sand and gravel (gravel
L o content as low as 5%) may result in artificially large values
% o of g.. These large values of g. may, therefore, lead to an
) 02 o og° 7 overestimation of liquefaction resistance (Seed and De Alba
s 'y o 1986).
] FELD PERFORMANGE Fig. 3 compares the proposed liquefaction-potential rela-
'd,-’ o1} ©| LIGUEFACTION _ '® |- tionship with several existing correlations of liquefaction po-
0 tential for clean sand and an earthquake magnitude of 7.5.
The relationships proposed by Mitchell and Tseng (1990) for
0 ! ! ! L | D5y = 0.40 mm and D5, = 0.20 mm are not included in Fig.
0 5 10 15 20 25 30 3, because they are nearly coincident with the relationships

CORRECTED CPT TIP RESISTANCE, q4 (MPa)

FIG. 2. Relationship between Seismic Shear-Stress Ratio Trig-
gering Liquefaction and g.,-Values for Clean Sand and M = 7.5
Earthquakes

D5, (mm) < 2.0 and FC (%) = 5] for which CPT data are
available. From the field data, a boundary line was drawn
between liquefied sites and nonliquefied sites. This boundary
defines a relationship between the mobilized undrained yield-
strength ratio and CPT g, ,-values for clean sand and mag-
nitude 7.5 earthquakes. This boundary represents a reason-
able lower bound of the liquefied data, instead of attempting
to encompass all the data, to be consistent with the concept
of the mobilized undrained yield-strength ratio. Fig. 2 shows
that the proposed liquefaction-potential relationship for clean
sand is in good agreement with the field-case-history data.

Only one of the 29 field case histories where liquefaction
was observed lies on the outside edge of the proposed rela-
tionship. This case history is from the 1989 Loma Prieta
Earthquake (Kayen et al. 1992). The representative g -value
corresponds to the average tip resistance in the depth range
indicated by Kayen et al. (1992) as probably having liquefied.
Within this depth range there is a zone of looser sand (lower
g.-values), which may correspond more precisely to the zone
that liquefied initially. Therefore, the reported g .-value may
be slightly larger than the g.-value in the looser sand. How-
ever, since the data point lies on the outside edge of the
boundary, reinterpretation of the g -value would not alter the
proposed relationship.

proposed by Shibata and Teparaksa (1988) for D5, = 0.25
mm and Seed and De Alba (1986) for Dy, = 0.8 and FC <
5%, respectively. The relationship developed during this study
is in agreement with the relationship proposed by Robertson
and Campanella (1985) for SSR values between 0.13 and 0.25.

06 T T T T T

.l Dsg (mm) = 0.25 \ wo7s
. Dsp (mm) = 0.40 ! ' " N

Dsp (mm) = 0.80

04

03 |-

RELATIONSHIP
(025 < Dsg(mm) < 2.0}
(FC. (%) < 5)

— - — SEED & Da ALBA (1986)
(FC. (%) <5

— — — ROBERTSON &
CAMPANELLA (1985)
(Dso(mm) > 0.25)

----- ISHIHARA (1985)
(025 < Dsg{mm) < 050)_
{FC. (%) <10}

— - — SHIBATA &
TEPARAKSA (1988)
{Dsp(mm) 2 0.25)

0 | ! ! ! [
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CORRECTED CPT TIP RESISTANCE, gy (MPa)

FIG. 3. Comparison of CPT Liquefaction-Potential Relationships
for Clean Sand and M = 7.5 Earthquakes
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At values of SSR less than 0.13 and greater than 0.25, the
proposed relationship differs from the Robertson and Cam-
panella (1985) relationship. At values of SSR less than 0.13,
the proposed relationship can be extended to the origin as
indicated by the SPT- and CPT-based clean-sand liquefaction-
potential relationships proposed by Seed and De Alba (1986).
At values of SSR greater than 0.25, the proposed relationship
is less conservative than the Robertson and Campanella (1985)
relationship.

The Seed and De Alba (1986) relationships were developed
by converting the SPT (N, )4-values corresponding to the clean-
sand liquefaction-potential relationship (Seed et al. 1985) to
CPT g.,-values for various values of Dy, rather than utilizing
case histories in which CPT data are available. Seed and De
Alba (1986) converted the SPT (N,)q-values on the clean-
sand liquefaction-potential boundary to CPT g,,-values using
the q./Ng, relationship that they proposed. This relationship
is shown in Fig. 4 and will be discussed subsequently.

Robertson and Campanella (1985) also used the SPT field
database presented by Seed et al. (1984) to develop CPT-
based liquefaction-potential relationships for clean sand and
silty sand. The SPT N-values from the case histories presented
by Seed et al. (1984) were converted to CPT g -values using
the Robertson and Campanella (1985) SPT-CPT conversion
(also shown in Fig. 4). This differs from the Seed and De
Alba (1986) conversion for values of Dy, greater than ap-
proximately 0.02 mm and, thus, explains the difference in
these liquefaction-potential relationships.

Ishihara (1985) used data in which field CPT g -values are
available at the site of soil sampling, and the corresponding
cyclic shear strengths were determined from laboratory cyclic
triaxial tests to develop the liquefaction-potential relationship
for clean sand in Fig. 3. In summary, Ishihara (1985) did not
utilize field case histories to develop a liquefaction-potential
relationship for clean sand, and the resulting relationship is
less conservative than the proposed relationship.

Shibata and Teparaksa (1988) utilized field case histories
in which CPT ¢ -values and field SSRs are available to de-
velop liquefaction-potential relationships. A grain size cor-
rection was developed to correct or calibrate the g.-values of

soils with Ds, less than 0.25 mm to correspond to g.-values
obtained in clean sands (Ds, = 0.25 mm). Shibata and Te-
paraksa (1988) assumed that the boundary between liquefied
and nonliquefied sites is hyperbolic. This led to the devel-
opment of a hyperbolic equation relating g., to SSR with a
correction for D5, < 0.25 mm. The equation was used to
estimate liquefaction potential for soils with Ds, < 0.25 mm.
By inserting various values of Dy, < 0.25 mm into the equa-
tion, Shibata and Teparaksa (1988) calculated liquefaction-
potential relationships for silty sand (D5, = 0.20 mm and D;,
= 0.15 mm) and silty sand to sandy silt (D5, = 0.10 mm and
D5y = 0.05 mm), which will be presented later in this paper.

Mitchell and Tseng (1990) developed two theoretical lique-
faction-potential curves for clean sand (Ds, = 0.40 mm and
Dy, = 0.20 mm), based on laboratory measured values of
cyclic shear strength and theoretical values of CPT tip resis-
tance predicted using the cavity expansion theory. As men-
tioned earlier, the relationship for D5, = 0.40 mm is in agree-
ment with the clean-sand liquefaction-potential relationship
proposed here for SSR values less than 0.25. The relationship
for Dy, = 0.20 mm is less conservative than the relationship
proposed here, except for SSR values greater than 0.35.

In summary, the liquefaction-potential relationship pre-
sented in Fig. 2 is generally in agreement with existing rela-
tionships. However, earlier studies relied on a grain size cor-
rection (Shibata and Teparaksa 1988), a conversion of SPT
blow count to CPT tip resistance (Seed and De Alba 1986;
and Robertson and Campanella 1985), or laboratory cyclic
triaxial data with estimated (Mitchell and Tseng 1990) or
measured (Ishihara 1985) values of CPT tip resistance to es-
timate the liquefaction potential of clean sand. The proposed
relationship is based solely on CPT-based liquefaction and
nonliquefaction case histories and utilizes 45 clean-sand case
histories to predict liquefaction potential. Therefore, the lig-
uefaction-potential relationship proposed here represents the
best estimate of the field behavior of clean sand during earth-
quakes from CPT data.

Liquefaction Potential of Silty Sand

Fig. 5 presents a compilation of 84 liquefaction and non-
liquefaction field case histories involving silty sand [0.10 <

TTTTT T T T 717717

KULHAWY & MAYNE (1990)
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FIG. 4. Conversion of SPT N-Values to CPT g.-Values Using Median Grain Diameter
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FIG. 5. Relationship between Seismic Shear-Stress Ratio Trig-
gering Liquefaction and gq.,-Values for Silty Sand and M = 7.5
Earthquakes

Ds, (mm) = 0.25 and 5 < FC (%) < 35] where CPT data
are available. From the field data, a boundary line between
liquefied sites and nonliquefied sites was established. Similar
to the boundary for clean sand, the boundary in Fig. 5 defines
arelationship between the mobilized undrained yield-strength
ratio and CPT q_;-values for silty sand and magnitude 7.5
earthquakes. The relationship for silty sand plots to the left
of the relationship for clean sand. It is anticipated that the
plasticity of the fines reduces the potential for liquefaction
during earthquake shaking because the fines reduce soil par-
ticle movement and pore-water pressure generation during
shaking. Thus, a higher SSR is required to cause liquefaction
in a silty sand than in a clean sand of equal relative density.
In addition, the fines may cause a partially undrained con-
dition during penetration, which can lead to a decrease in
CPT tip resistance as compared with a clean sand of equal
relative density. These two factors result in a silty sand ap-
pearing more resistant to liquefaction than a clean sand of
equal relative density.

Only one of the 53 case histories where liquefaction oc-
curred plots on the outside edge of the proposed boundary
(Fig. 5). The case history not bounded is sounding T-31 from
the 1976 Tangshan Earthquake (Shibata and Teparaksa 1988).
It was not possible to obtain the original CPT log for inter-
pretation; therefore, further scrutiny of the reported g -value
was not possible for this case history. However, revising the
measured g.-value for this case history would not affect the
proposed boundary.

It is seen that several nonliquefaction case histories plot
above the proposed silty sand liquefaction-potential relation-
ship, and thus in the liquefaction zone. The three cases below
a SSR value of 0.2 are near the boundary and probably rep-
resent the transition from liquefiable to nonliquefiable con-
ditions. The two anomalous cases with SSR values near or
slightly above 0.3 are from the 1971 San Fernando Valley
Earthquake and involve silty sand surrounded by soil with
significantly higher fines content. Therefore, the reported g,,-
values may be lower than a typical silty sand would exhibit.

The final anomalous case with a SSR of 0.46 corresponds
to the Heber Road site in the 1979 Imperial Valley Earth-
quake (Youd and Bennett 1983). Youd and Bennett (1983)

indicated that it is possible that pore-water pressures in-
creased and liquefaction occurred in this siity sand. However,
Youd and Bennett (1983) found no surficial evidence of lig-
uefaction from that soil unit. Therefore, this case was judged
as a “‘no liquefaction” case history. As a result, this case was
not weighted as heavily as cases where liquefaction was or
was not clearly observed for the determination of the pro-
posed boundary.

Fig. 6 compares the proposed liquefaction-potential rela-
tionship for silty sand with existing correlations of liquefaction
potential for silty sand and an earthquake magnitude of 7.5.
The proposed relationship is in agreement with the relation-
ship proposed by Robertson and Campanella (1985) for silty
sand (D5, < 0.15 mm), except for SSR values less than ap-
proximately 0.2. The proposed relationship also shows good
agreement with the relationship proposed by Seed and De
Alba (1986) for silty sand (D5, = 0.25 mm and fines content
= 10%). However, poor agreement is found with the Seed
and De Alba (1986) relationship for silty sand (D5, = 0.20
mm and fines content = 15%). The proposed relationship is
in between the relationships proposed by Shibata and Te-
paraksa (1988) for Dy, values of 0.15 mm and 0.20 mm.

In summary, previous silty sand liquefaction-potential re-
lationships are sensitive to changes in Ds,. This uncertainty
is attributed to a lack of CPT-based case histories to clarify
the effect of Ds,. The proposed relationship (Fig. 5) encom-
passes the range of D5, [0.10 < Dy, (mm) < 0.25] of existing
relationships. As a result, the proposed relationship appears
to clarify the effect of Ds, on the liquefaction potential of
silty sand and provides an encompassing relationship.

Liquefaction Potential of Silty Sand to Sandy Siit

Fig. 7 presents a compilation of 51 liquefaction and non-
liquefaction field case histories for silty sand to sandy silt [Ds,
(mm) < 0.10 and FC (%) =< 35] where CPT data are available.
From the field data, a boundary separating liquefied sites
from nonliquefied sites was established. Similar to the clean-
sand and silty-sand relationships, this boundary defines a re-
lationship between the mobilized undrained yield-strength ra-
tio and CPT gq,-values for silty sand to sandy silty and mag-
nitude 7.5 earthquakes. The proposed relationship is a slight
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modification of the relationship proposed by Seed and De
Alba (1986) for silty sand (D5, = 0.10 mm and FC = 35%)
to describe the recently obtained CPT data.

Only one of the 28 cases where liquefaction was observed
lies outside of the proposed boundary. This case history cor-
responds to the T-25 sounding from the 1976 Tangshan Earth-
quake (Shibata and Teparaksa 1988). The anomalously large
q.-value was reported by the investigators without explana-
tion, and no further scrutiny was possible.

Several silty sand to sandy silt nonliquefaction cases plot
above the proposed boundary. These cases generally involve
soils with a fines content of 50% or greater. It is anticipated
that the large fines content caused an undrained or partially
drained condition during the CPT, which probably resulted
in an underestimation of the g.-value. It is possible that an-
other boundary may need to be developed for sandy silt with
a fines content of 50% or greater. However, at present there
is insufficient data to develop such a relationship. Therefore,
the proposed relationship for silty sand to sandy silt may
underestimate, or conservatively estimate, the liquefaction
resistance of a soil containing more than 50% fines.

The nonliquefaction case history with a SSR equal to 0.15,
that plots above the proposed relationship, is the Middle School
site from the 1975 Haicheng Earthquake (Arulanandan et al.
1986). In this case, the soil layer that was reported to have
liquefied had a clay size fraction of more than 20%. This large
clay size fraction probably accounts for the low g -value. Fur-
ther, the liquefaction depth was reported as more than 10 m.
At this depth, surface evidence of liquefaction may not be
readily visible.

Fig. 8 compares the proposed liquefaction-potential rela-
tionship for silty sand to sandy silt with existing relationships
for silty sand and an earthquake magnitude of 7.5. The pro-
posed relationship is a modification of the Seed and De Alba
(1986) relationship for silty sand to sandy silt (D5, = 0.10
mm and FC = 35%). Modifications to the Seed and De Alba
(1986) relationship were made to encompass the liquefaction
case histories near a SSR value of 0.13, and to exclude the
nonliquefaction case histories near SSR value of 0.32 (Fig.
7). The relationship proposed here is in between the rela-
tionships proposed by Shibata and Teparaksa (1988) for Dj,
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= 0.10 mm and D5, = 0.05 mm. Robertson and Campanelia
(1985) and Ishihara (1985) did not present liquefaction re-
lationships for silty sand to sandy silt.

In summary, fines content and median grain diameter in-
fluence the liquefaction resistance of soils. As a result, dif-
ferent empirical relationships are presented for the liquefac-
tion potential of clean sand, silty sand, and silty sand to sandy
silt that are based on values of corrected CPT tip resistance
(Fig. 9). The proposed liquefaction-potential relationships in
Fig. 9 are obtained from Figs. 2, 5, and 7, and constitute a
design assessment chart that can be used to estimate the factor
of safety against liquefaction for an earthquake magnitude of
7.5, a vertical effective overburden stress equal to 100 kPa,
and level ground conditions. Corrections described by Seed
and Harder (1990) should be used to adjust the undrained
yield-strength ratio estimated in Fig. 9 for other earthquake



magnitudes, effective overburden stresses, and sloping ground
conditions.

As recognized by investigators, the main disadvantage of
the liquefaction relationships in Fig. 9, and thus, the use of
the CPT in liquefaction assessments, is that an estimate of
fines content and Dy, is required. It is possible to estimate
fines content from soil classification charts, e.g., Olsen and
Farr (1986) and Robertson (1990), based on CPT and/or pi-
ezocone values of tip resistance and friction ratio. However,
because of the uncertainties in estimating Ds, from CPT re-
sults, it is recommended that the CPT be used to delineate
zones and/or seams of potentially liquefiable soils. In zones
of potential liquefaction, a sample and blow count(s) should
be obtained to determine D, fines content, and to verify
the liquefaction potential. This combination of CPTs and one
or more borings has been used for many years and, thus,
should not significantly increase the cost of a site investiga-
tion. Further, the proposed CPT-based liquefaction-potential
relationships would allow the use of CPT data directly and
should increase the effectiveness of liquefaction assessments
because of the continuous profile of tip resistance versus depth.
This profile allows the natural variability of sandy deposits
to be characterized.

COMPARISON OF PROPOSED CPT RELATIONSHIPS
AND SPT CASE HISTORIES

To utilize the large database of SPT-based liquefaction and
nonliquefaction case histories (Seed et al. 1984) for compar-
ison with the proposed CPT-based relationships, the SPT N-
values must be converted to CPT g_values. Because of the
large variation in the g./Ng, conversion ratio for a given value
of Ds,, several conversions have been proposed (Fig. 4). The
conversions developed for use in liquefaction analyses are
presented by Seed and De Alba (1986), Robertson and Cam-
panella (1985), and Andrus and Youd (1989). Several con-
versions over a larger range of D, have also been proposed
for general use, e.g., Kulhawy and Mayne (1990).

Clarification of SPT-CPT Conversion

Fig. 4 presents existing SPT-CPT conversions and the pro-
posed SPT-CPT conversion. Fig. 4 also includes g./Ng, data
presented by Seed and De Alba (1986), Robertson and Cam-
panella (1985), and additional data from field investigations
conducted by Youd and Bennett (1983), Bennett (1989), Ben-
nett (1990), and Kayen et al. (1992). The additional data
exhibit a large variation in the ratio of g./Ng, for a particular
value of Ds,. All SPT data was corrected to a SPT hammer
energy of 60% as described earlier, and the data in Fig. 4 are
average values of g./Ny, reported by the investigators for
subsurface layers where CPTs and SPTs were conducted ad-
jacent to one another. The subsurface layers where adjacent
CPT and SPT data are available did not necessarily liquefy.

The SPT-CPT conversion suggested by Seed and De Alba
(1986) is based on median grain size and remains approxi-
mately constant for Dy, values greater than approximately
0.5 mm (Fig. 4). As a result, Seed and De Alba (1986) used
avalue of g./Ng, between 0.42 and 0.51 (MPa/blows/ft), which
corresponds to a D5, between 0.25 mm and 0.8 mm, to convert
the SPT (N,)q-values that correspond with the clean-sand
liquefaction-potential relationship (Seed et al. 1985) to g,;-
values. These g.,-values were used-to develop their CPT-
based liquefaction-potential relationships for clean sand (Seed
and De Alba 1986}, and are presented in Fig. 3.

Robertson and Campanella (1985) also proposed a SPT-
CPT conversion relationship based on median grain size, but
used an average energy ratio of 55% for the SPT N-values.
For consistency, the Robertson and Campanella (1985) SPT-

CPT conversion and data were corrected to an energy ratio
of 60% using (1), and are presented in Fig. 4. Their SPT-
CPT conversion indicates that the value of g./N, should in-
crease for all values of Dx,.

Andrus and Youd (1989) developed a SPT-CPT conversion
by extending the Seed and De Alba (1986) conversion to
account for values of Dy, up to 40—45 mm. The case histories
used to extend the SPT-CPT conversion involve the 1983
Borah Peak Earthquake and gravelly soils. Andrus and Youd
(1989) found no correlation between g. and N, when values
of Ds, were obtained from SPT samples. The investigators
assumed this lack of agreement resulted from the diameter
of the split spoon sampler being too small to obtain a rep-
resentative sample of the gravelly soil. However, values of
Ds, obtained from 127-mm auger samples produced a logical
correlation between g, and Ny, because a more representative
value of D5, was obtained. Therefore, the values of D5, from
the 127-mm auger samples were used to extend the SPT-CPT
conversion. The values of CPT tip resistance used by Andrus
and Youd (1989) were obtained using an electric cone with
a conical tip area of 0.0015 m2. This conical tip area is larger
than the standard cone (*‘Standard” 1994), which is 0.001 m?.
The extended conversion developed by Andrus and Youd
(1989) is considerably lower than the conversion proposed
here. This may be caused by the N-values obtained from the
SPT being slightly higher than would be expected for a clean
sand. If the SPT sampler encountered large soil particles, the
N-value could be artificially high. The overestimated N-values
would result in lower values of g./Ng.

The conversion proposed by Kulhawy and Mayne (1990)
is based on statistical analysis of q./Ng, data from 197 cases,
with values of Djs, ranging from 0.001 mm to 10 mm. This
database included the data from Robertson and Campanella
(1985) and Seed and De Alba (1986). For values of D, greater
than 1 mm, however, the data used by Kulhawy and Mayne
(1990) is limited and does not include several of the cases
from Andrus and Youd (1986).

The SPT-CPT conversion proposed here was developed by
determining the g./N, ratios that yielded the best agreement
between SPT liquefaction case histories and the proposed
CPT-based liquefaction-potential relationships in Fig. 9. The
proposed SPT-CPT conversion is intermediate to the Seed
and De Alba (1986) and Robertson and Campanella (1985)
conversions (Fig. 4). As expected from the agreement be-
tween the liquefaction-potential relationships for clean sand
proposed here and by Robertson and Campanella (1985) in
Fig. 3, the proposed SPT-CPT conversion is coincident with
the Robertson and Campanella (1985) conversion for values
of D5, greater than 0.3 mm. Similarly, the proposed SPT-
CPT conversion is coincident with that developed by Seed
and De Alba (1986) for values of Ds, less than 0.08 mm.
However, there is a lack of agreement between the new SPT-
CPT conversion and existing conversions in Fig. 4 for values
of Ds, between 0.08 mm and 0.3 mm. The proposed SPT-
CPT conversion deviates from the Seed and De Alba (1986)
relationship to the Robertson and Campanella (1985) rela-
tionship for values of Dy, between 0.08 and 0.3 mm.

Ratios of g./Ng, used to determine the proposed SPT-CPT
conversion were estimated by comparing the proposed CPT-
based liquefaction-potential relationships in Fig. 9 with the
SPT-based liquefaction-potential relationships proposed by
Seed and De Alba (1986) in Fig. 1. For example, the CPT-
based clean-sand liquefaction-potential relationship (Fig. 9)
yields a value of g, of 12.5 MPa for a SSR of 0.25. In the
SPT-based clean-sand liquefaction-potential relationship (Fig.
1), the value of (N;), corresponding to a SSR of 0.25 is 21.8
blows/ft. Therefore, the value of g.,/(N;)e is 12.5 MPa di-
vided by 21.8 blows/ft, which equals 0.57 for a SSR of 0.25.
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TABLE 2. Additional SPT-Based Liquefaction and Nonliquefaction Case Histories

Ground- Vertical Median M=75
water Vertical | effective SPT grain Fines seismic
Liquefaction| Depth depth |total stress| stress (Ny)so diameter | content Qo1 shear-
Site Boring | observed? (m) (m) (kPa) (kPa) (blows/ft) (mm) (%) g./Ng | (MPa) |stress ratio| Reference
i) @] @ ) (6) (®) 7) ®) ©) (10 | (n | (2 | (19 (14)
(a) 1987 Seismic Exploration

Lake Ackermann, Yes 4.7 3.05 90.7 74.6 32 0.40 0-5 0.628 2.01 0.12 Hryciw et al.

Michigan (1990)
(b) 1990 Luzon, Philippines Earthquake (M = 7.8)

Luzon Area, A.B. 13 No 9.4-10.7 0.9 187.3* 97.6* 22.9 0.13 8 0.414 9.48 0.203 Tokimatsu
Fernandez Ave- 4 Yes 2.4-6.1 0.9 79.2¢ 102.02 153 0.13 0 0.414 6.33 0.203 et al. (1994)
nue 5 Yes 3.7-5.2 0.9 82.9 48.1¢ 13.9 0.13 2 0.414 5.75 0.197 and Ishihara

10 No 4.6-6.5 0.9 103.42 57.8¢ 12.0 0.13 15 0.414 4.97 0.200 et al. (1993)
15 No 10.0-11.5 0.9 200.42 103.72 31.4 0.13 9 0.414 | 13.00 0.210
Luzon Area, 12 No 6.5-8.0 0.9 13510 72.82 25.2 0.15 15 0.436 | 10.99 0.208
Perez Boulevard 2 Yes 1.2-8.0 0.9 85.7¢ 49.42 5.8 0.15 10 0.436 2.53 0.224
3 Yes 7.6-9.3 0.9 157.5¢ 84.20 15.1 0.15 10 0.436 6.58 0.213
1 Yes 4.3-10.0 0.9 133.32 72.0¢ 14.2 0.15 10 0.436 6.19 0.206
11 Yes 7.7-10.7 0.9 171.5% 90.12 12.3 0.15 22 0.436 5.36 0.211
16 Yes 4 0.9 74.6° ‘ 44.22 20.0 0.15 9 0.436 8.72 0.191
*Values estimated from available information; not used for calculations.
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No correction is necessary to convert q.,/(N,)e to g./Ngo
because C, is equal to Cy at a vertical effective overburden
stress of 100 kPa. The ratio of g, obtained from the proposed
CPT-based clean-sand liquefaction relationship in Fig. 9, to
(N))eo, Obtained from the SPT-based clean-sand liquefaction
relationship in Fig. 1, ranges from 0.49 to 0.64 for all values
of SSR. The weighted average value of g.,/(N)s for clean
sands is 0.57, which is plotted in Fig. 4 with the corresponding
range at an average Ds, of 0.30 mm. This average value of
q.1/(N})so Was used to develop the proposed SPT-CPT con-
version. This ratio is near the upper boundary of the data in
Fig. 4 for a value of D5, between 0.2 and 0.3 mm. This suggests
that the trend line in Fig. 4 should increase for values of Dy,
greater than 0.25 mm instead of remaining constant as pro-
posed by Seed and De Alba (1986). This is also in agreement
with the trend of the SPT-CPT conversion proposed by Rob-
ertson and Campanella (1985).

This process was repeated for the silty sand (average D5,
of 0.17 mm) and silty sand to sandy silt (average D5, of 0.09
mm) liquefaction-potential relationships in Figs. 1 and 9. The
range and weighted average values of g./(N,)4 for these
liquefaction-potential relationships are shown in Fig. 4. Ad-
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tial Relationship and Converted SPT Field Case Histories

ditional support for the proposed SPT-CPT conversion was
obtained by determining the g./Ng, ratio required for the
marginally liquefied SPT clean sand case histories to coincide
with the CPT-based clean-sand liquefaction-potential curve.
Asshown in Fig. 4, these data plot slightly above the proposed
SPT-CPT conversion and also suggest that the conversion
should increase with increasing values of Dy,

These data guided the development of the proposed SPT-
CPT conversion. Prior to this compilation of CPT liquefaction
case histories and the comparison with SPT-based liquefac-
tion-potential relationships, an estimate of the accuracy of
SPT-CPT conversions for liquefaction analyses was not avail-
able. The proposed SPT-CPT conversion can be used for
liquefaction-potential assessments because it is based on field
liquefaction performance and not just on adjacent SPT and
CPT data. However, the proposed SPT-CPT conversion is
an average trend line, and there is considerable variance in
the data used to develop this conversion. In summary, the
proposed SPT-CPT conversion is more representative than
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existing conversions, but site-specific conversions are still more
desirable.

Comparison of CPT-Based Liquefaction-Potential
Relationships and SPT-Based Field Data

Table 2 presents an augmentation of the SPT-based lig-
uefaction-case-history database for sandy soils presented by
Seed et al. (1984). The SPT N-values reported by Seed et al.
(1984) and in Table 2 for liquefaction case histories were
converted to CPT g -values using the proposed SPT-CPT con-
version shown in Fig. 4. Figs. 10, 11, and 12 present the

converted SPT-based case histories and the corresponding
CPT-based liquefaction-potential relationships developed here
for clean sand, silty sand, and silty sand to sandy silt, re-
spectively.

The converted SPT data in Figs. 10 and 11 are in agreement
with the proposed CPT-based liquefaction-potential relation-
ships. The converted SPT data in Fig. 12 are in excellent
agreement with the CPT-based liquefaction-potential rela-
tionship for silty sand to sandy silt. Disparity between the
SPT data and CPT-based relationships is typically caused by
the inability of the average SPT-CPT conversion to account
for all case histories. The conversion proposed in Fig. 4 rep-
resents an average of the variable data. As shown in Fig. 4,
a large variation from the proposed trend line can exist for
individual case histories. This reinforces the need for site-
specific SPT-CPT conversions.

LIQUEFACTION POTENTIAL OF GRAVELLY SOILS

Although far less common than cases of liquefaction in
sandy soils, several case histories involving the liquefaction
potential of gravelly soils have been documented. These case
histories include the 1948 Fukui Earthquake (Ishihara et al.
1974), 1964 Alaskan Earthquake (Ishihara et al. 1989), 1975
Haicheng Earthquake (Wang 1984), 1976 Tangshan Earth-
quake (Wang 1984), 1983 Borah Peak Earthquake (Andrus
and Youd 1989), and 1988 Armenia Earthquake (Yegian
et al. 1994). Of these case histories, only the 1983 Borah Peak
Earthquake yielded near-level ground liquefaction and non-
liquefaction case histories where CPT tip-resistance data are
available. Yegian et al. (1994) documented case histories in
which a low permeability layer located directly above the
gravelly layer was believed to have impeded drainage and led
to a liquefaction flow failure.

The documented cases of liquefaction during the 1983 Borah
Peak Earthquake include both clean and silty gravels. The
Pence Ranch, Idaho site is underlain by a clean gravel, with
a fines content ranging from 1 to 5%. The Whiskey Springs,
Idaho site is underlain by a silty gravel, with a fines content

TABLE 3. Database of CPT-Based Liquefaction and Nonliquefaction Case Histories in Gravelly Soils

1983 Borah Peak Earthquake (M = 7.3)

Site M=75
Ground- | Vertical | Vertical | Median seismic | seismic
water total |effective| grain | Fines | CPT Site shear- | shear-
Liquefaction| Depth depth stress | stress |diameter|content| g, Qo1 | 8max stress stress
Site Sounding | observed? (m) (m) (kPa) (kPa) (mm) (%) |[(MPa)| C, |(MPa)| (g) Iy ratio ratio Reference
(1) (2) (3) 4) (5) (6) (7) (8) (9) | (10) | (11) | (12) | (13) | (14) | (15) (16) (17)
Pence Ranch, HY1-C Yes 1.8-3.6 1.65 47.9 38.6 5.4 2 4.6 (152 7.01| 0.3 |0.97 0.23 0.23 | Andrus and
Idaho HY1-D No 3.6-5.0 1.65 71.9 51.8 12.0 2 15.2 | 1.37 | 20.86 | 0.3 [ 0.95 0.28 0.27 Youd (1987,
1989) and
HY2-C Yes 0.9-4.1 1.45 429 329 9.0 3 53 11.60| 848| 03 [0.97| 0.25 0.24 Stokoe et al.
HY2-D No 4.1-5.0 1.45 79.3 49.1 4.0 5 15.2 {1.40 | 21.29| 0.3 | 0.95| 0.30 0.29 (1988)
HY3-C Yes 0.8-3.1 1.35 33.7 28.0 —a —a 56 11.67| 936| 0.3 (098] 0.23 0.22
HY3-D No 3.1-5.2 1.35 73.6 46.3 — e 17.1 1 1.43 124,49 | 0.3 [ 0.95 0.29 0.29
BR1-C Yes 2.1-5.3 1.85 65.7 47.6 2.5 1 7.3 |1.42]1034| 0.3 |096| 0.26 0.25
BR1-D No 5.3-7.0 1.85 109.1 67.1 —a —* 117.0 11.23[20.92| 03 [093| 029 0.29
PH1-C Yes 0.9-2.6 1.1 30.0 23.6 5.6 1 6.0 [1.74 1046 | 0.3 |0.98 0.24 0.24
PHI-D No 2.6-5.2 1.1 69.4 41.7 12.0 3 18.5 | 1.49 {27.47| 0.3 [0.95 0._31 0.30
Whiskey Springs, [WS1B-Cl1 Yes 1.8-4.0 0.8 58.3 37.4 10.0 21 5.65(1.54| 870| 0.5 {097 | 0.49 0.48
Idaho WS1B-D No 6.2 0.8 122.4 70.7 34.0 15 23.6511.20 | 28.42| 0.5 | 0.93 0.52 0.51
WS2-C1 Yes 2.4-43 2.4 63.2 54.2 2.0 30 469|135 632| 0.5 | 0.96 0.36 0.35
WS2-C3 No 4.3-6.0 2.4 100.5 74.1 >2.0 30 12,54 1.18 [ 14.75| 0.5 | 0.94 0.41 0.40
WS2-D No 6.0-9.2 2.4 154.1 103.6 16.0 20 16.28 1 0.99 | 16.08 | 0.5 | 0.91 0.44 0.43
WS3-Cl1 Yes 6.7-7.8 6.7 136.2 131.0 13.0 21 6.8910.86| 593| 0.5 | 091 0.31 0.30
WS3-C3 No 7.8-9.3 6.7 163.8 145.9 35 23 13.69 | 0.80 | 11.00 | 0.5 | 0.90| 0.33 0.32
WS3-D No 9.3-12.5| 6.7 215.7 174.5 3.5 17 |21.35[0.71|15.24 | 0.5 | 0.87| 0.35 0.34

“Not available.
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ranging from 15% to 30%. Table 3 presents the pertinent
data from both Idaho sites.

At both sites, a cone with a conical tip area of 0.0015 m?
rather than the standard tip area of 0.001 m? was used to
ensure penetration into the gravelly soils. The SSR values for
the sites were estimated using (4), which was used for the
sandy soil case histories. No correction was employed for
gravel content.

Fig. 13 presents the available case histories for gravelly
soils [Dso (mm) < 2.0]. The fines content of each of the case
histories is displayed next to the data point. Tentative lig-
uefaction-potential relationships are presented for clean gravel
(fines content less than 5%) and silty gravel (fines content
approximately 20%), based on the separation of sites that
experienced liquefaction and those that did not experience
liquefaction during the 1983 Borah Peak Earthquake. For
comparison, the CPT-based clean sand and silty sand lique-
faction relationships are included in Fig. 13, The liquefaction-
potential relationships for both the clean gravel and silty gravel
plot above the liquefaction-potential relationships for clean
sand and silty sand, respectively. This indicates that gravelly
soil exhibits greater liquefaction resistance than sandy soil.
Unfortunately, the data supporting this hypothesis are rather
limited. As more data becomes available on the field behavior
of gravelly soil during earthquakes, the liquefaction-potential
relationships presented here may need to be reevaluated.

CONCLUSIONS

The CPT appears to be better suited to liquefaction as-
sessments than the SPT because it is more standardized, re-
producible, cost-effective and, most importantly, yields a con-
tinuous penetration record with depth. The continuous profile
is important in sandy soils because these deposits are inher-
ently nonuniform. Therefore, a number of CPTs can be quickly
and economically conducted to identify thick and thin layers
of liquefiable soil, which may be cost-prohibitive with SPT.

This paper presented 180 field case histories where lique-
faction was and was not observed in sandy soils and values
of CPT tip resistance are available. These data are used to
develop relationships between soil resistance to liquefaction
and corrected CPT tip resistance for clean sand, silty sand,
and silty sand to sandy silt and an earthquake magnitude of
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7.5. The proposed CPT-based relationships were developed
to describe the field case histories where CPT data are avail-
able, and to eliminate the need to convert SPT blow counts
to CPT resistance.

Tentative liquefaction-potential relationships were pre-
sented for clean gravel and silty gravel and for an earthquake
magnitude of 7.5 based on 18 liquefaction and nonliquefaction
field case histories. An electrical cone with a conical tip area
of 0.0015 m? instead of the standard conical tip area of 0.001
m? was used to estimate the CPT tip resistance of the gravelly
soils. These relationships indicate that the liquefaction resis-
tance of gravelly soil is greater than the liquefaction resistance
of sandy soil.

The main disadvantage of the CPT is the lack of a sample
for soil classification and grain size analyses. Since liquefac-
tion resistance depends on fines content and median grain
size, it is recommended that a sample and blow counts be
obtained in the liquefiable soil to determine Ds,, fines con-
tent, and verify the liquefaction potential. The combination
of CPTs and SPTs has been used for many years and, thus,
should not significantly increase the cost of a site investiga-
tion. However, the CPT-based liquefaction-potential rela-
tionships will allow the CPT data to be directly used in lig-
uefaction assessments instead of relying on a conversion of
CPT tip resistance to SPT blow count.
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