LIQUEFACTION POTENTIAL OF SANDS
UsING THE CPT

By Peter K. Robertson' and Richard G. Campanella,’ M. ASCE

Asgmmact: Existing methods for the evaluation of liquefaction potential using
data obtained from the Cone Penetration Test (CPT} are reviewed. A modified
CPT-based method for the liquefaction assessment of sand is presented. Infor-
mation available on the liquefaction of silty sands is reviewed, and a procedure
for considering the influence of silt content is also presented. Field and labo-
ratory data from Canada, Japan, China and the United States are presented 1o
provide a preliminary evajuation of the proposed CPT-based liquefaction as-
sessment methods.

INTRODUCTION

Some of the most comprehensive work on liquefaction and cyclic mo-
bility assessment during earthquake loading was reported by Seed (20)
and Seed, et al. (23).

In general, most methods available for evaluating the liquefaction or
the cyclic mobility potential of a soil deposit subjected to earthquake
loading involve two parts: (1} Estimation of the cyclic stress or strain
condition developed in the field due to the design earthquake; and (2)
estimation of the field liquefaction characteristics. For soil under level
ground conditions, the cyclic characteristics are best represented by the
average cyclic stress ratio, 1/0,,, i.e., the ratio of the average cyclic shear
stress, 7, developed on horizontal planes in the soil as a result of the
earthquake motions to the initial vertical effective stress, a,,. This pa-
rameter has the advantage of taking into account the depth of the soil
layer involved, the «i2pth of the water table and the intensity of earth-
quake or other cyclic loading phenomena (22).

Most methods compare the average cyclic stress ratio to cause lique-
faction or a certain level of cyclic mobility, 7,/o;, , with the average cyclic
stress ratio generated by the earthquake ground motions, t/o), . By as-
suming undrained conditions, most methods ignore the possible effects
of dissipation of excess pore pressures.

The cyclic stress ratios developed in the field due to earthquake load-
ing can be computed using a simplified approach developed by Seed
and Idriss {21).

The estimation of the field liquefaction characteristic is determined: (1)
By use of field correlations using in-situ tests; or (2) by means of labo-
ratory tests on representative samples of the soil deposit. Many prob-
lems exist in laboratory testing, e.g., adequate simulation of field con-
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ditions, systern compliance and membrane penetration and development
of uniform shear stresses. Because of the difficulty in obtaining and lest-
ing undisturbed samples of cohesionless soils, many engineers prefer to
adopt the field performance correlation approach {15).

Several field performance correlations have been developed using in-
situ testing techniques as an index of field liquefaction characteristics.
Examples of these are the Standard Penetration Test (12,23), the elec-
trical resistivity probe (1) and the Cone Penetration Test (27). Other
methods for the assessment of liquefaction potential have been devel-
oped using in-situ tests such as the self-boring pressuremeter (25) and
the in-situ measurement of shear wave velocity (6), but these have not
yet been fully correlated to field performance.

In general, there is very little field data available to establish good
correlations of field performance with in-situ test methods other than
the Standard Penetration Test (SPT). The SPT is the most commonly
used in-situ test in North America and is conducted wotldwide to a greater
extent than any other in-situ soil test. However, despite continued ef-
forts to standardize the SPT procedure, there are still continued prob-
lems associated with its repeatability and reliability.

The Cone Penetration Test (CPT), on the other hand, is becoming more
popular as an in-situ test for site investigation and geotechnical design.
The CPT is believed to be the most reliable tool for delineation of stra-
tigraphy and the continuous rapid measurement of penetration resis-
tance, q., and sleeve friction, f,. The electric cone has also allowed the
addition of pore-pressure measurements during penetration. The pro-
cedure and equipment of the quasi-static electric cone penetration test
are easily standardized (24). The most significant advantages of the CPT
are its simplicity, repeatability, accuracy and continuous record. Because
of the inherent variability of most soil deposits, the continuous nature
of CPT data is extremely valuable.

This paper outlines alternate ways in which the CPT can and has been
correlated to liquefaction resistance, and presents limited field and lab-
oratory data to evaluate the correlations. The applicability and potential
of continuous pore-pressure measurements during cone penetration are
also briefly discussed.

Exisrng CPT-BaseD LIQUEFACTION ASSESSMENT METHODS

Liquefaction studies in China have led to a correlation between earth-
quake shaking conditions causing liquefaction or cyclic mobility and the
cone penetration resistance of sands (27). In this correlation, the critical
value of cone penetration resistance, 4.4, separating liquefiable from
nonliquefiable conditions to a depth of 15 m, is determined by

Gerit = ool = 0.065(H, = N1 = 0.05(H, = 2)} -« evevnenvrninnnnnns 1

in which H, = depth of water level below ground surface in meters; H,
= depth to top of sand layer under consideration; and 4, = function of
the shaking intensity as shown in Table 1. This empirical equation was
the result of field test data from the Tangshan earthquake area, where
the sand was primarily a clean sand with little fine content. The mean
grain size was Dy = 0.25 mm. The method was later expanded (28) to
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TABLE 1.—Shaking Intensity

Aeduced
Maximum apicentral Critical penetration resistance Modified
surtace accel- distance, in G . iN kilograms per mercalli
oration, a,.. kilometers square centimeters intensity
[\ {2} (3) {4)
01g 80.5 47 vil
02¢g 38.0 ' 117 Vil
04g 18.6 180 IX

Note: Chinese Code.

incorporate data from a silty sand site (Lutai), where Dy = 0.07 mm.

The practical application of this method may present some difficulty
since the epicentral distance and intesity of shaking is involved.

Another method that uses cone penetration resistance for the assess-
ment of liquefaction potential was developed by Douglas, et al., (9). This
method involves the conversion of CPT data to equivalent SPT N values
by conducting preliminary studies at each new site to establish the cor-
relation between 4. and N for the particular sand at the site. The equiv-
alent SPT N values can then be used in SPT-based liquefaction resistance
correlations.

Seed, et al. (23), recently proposed a correlation between liquefaction
resistance for level ground conditions and CPT data. The method uses
the available correlations (19) between SPT and CPT test data, and ap-
plies them to the critical boundaries separating liquefiable from nonli-
quefiable conditions using the extensive database of the SPT correlation
with field liquefaction characteristics. A summary of the Seed, et al. (23),
CPT method is shown in Fig. 1. The range between the proposed curves,

however, is very large, especially at the larger penetration resistance val-
ues,

DeveLorment o Moowriep CPT Basen LIQUEFACTION ABSESSMENT
MeTwoos

The penetration resistance of both the SPT and CPT and the resistance
of soil to liquefaction are similarly influenced by most soil compositional
and environmental variables (19). These variables include soil density,
soil structure, cementation, aging, stress state and stress history. Thus
a knowledge of how these variables influence the resistance to cone pen-
etration can be applied to provide a correlation between CPT resistance
and liquefaction resistance.

Normalized Cone Resistance.—Since the SPT method proposed by
Seed and Idriss (21) has proven extremely successful, it would appear
logical to produce a CPT method along similar lines. Thus, one of the
first requirements would be to modify the cone bearing, 4., to an over-
burden stress level of 1 kg/cm? (1 tsf) or 100 kPa, using the relation:

Modified Cone Penetration Resistance, Q. =Co-q, ............... 2)

Since most calibration chamber test studies show that the cone bearing,
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F13. 1.—~Correistion Between Liquefaction Reslstance of Sands for Level Ground
Condhitions and Modified Cone Penetration Resistance (After Seed, et al., Ref. 23)
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FIG. 2.—Proposad Variation of Correction Factor, C;, with Effective Overburden
Prossure

g. . versus relative density (D,) relationships all have similar shapes (16),
it should be possible to modify g, using one of these correlations. The
writers have carried this out using the very comprehensive data pro-
duced by Baldi, et al. (2), and the resulting correction factors are shown
in Fig. 2. The correction factors, Cy, shown in Fig. 2 are very similar to
those proposed by Schmertman (18) and to the factor Cy proposed by
Seed, et al. (23) for the SPT. This itlustrates that CPT and SPT resistances
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vary in a similar manner with depth for sand at a constant relative den-
sity.
Relative Density Correlation.——As a first step in a CPT method for
liquefaction assessment, use can be made of the relative density corre-
lation by Baldi, et al. (3). This has been done by the writers by combin-
ing the field liquefaction resistance data produced by Christian and Swiger
(5) (Fig- 3) to produce the CPT resistance curve shown in Fig. 4. The
liquefaction resistance curve by Christian and Swiger (5) has been cho-
sen because it appears to represent quite closely the observed field lig-
vefaction behavior.
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SPT-CPT Correlation.—Possibly a more logical method to derive a CFT
liquefaction relation is by conversion of SPT to CPT. This has several
advantages: The SPT liquefaction method is based on a large amount of
experience from observed cases of liquefaction (23) and the SFT and CPT
are both similarly influenced by most soil variables. Thus, correct con-
version of SPT data to CPT can better account for factors, such as aging
and stress history, that the density relationship cannot.

A considerable number of studies (see Fig. 5) have taken place over
the years to quantify the relationship between SPT N values and CPT
tip resistance, 4. . A wide range of g./N ratios have been published lead-
ing to much confusion. The variation in the published q./N ratio can be
rationalized somewhat by reviewing the derived g./N ratios as a function
of mean grain size (Dy). A summary of many of the derived g./N re-
lationships is shown in Fig. 5, as a function of mean grain size {Dso).
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It is clear that the 4./N ratio increases with increasing grain size. The
scatter in results appears to increase with increasing grain size. This is
not surprising, since penetration in gravelly sand (D, ~ 1.0 mm} is sig-
nificantly influenced by the larger individual gravel-sized particles, not
to mention the variability of delivered energy in the SPT data. Also,
sand deposits in general are usually stratified or nonhomogeneous,
causing rapid variations in SPT N-values and CPT tip resistance. There
was also some difficulty in defining the Dy from some of the references.

The 4./N relation is significantly affected by SPT hammer type, since
this affects the energy transmitted to the rods.

A recent publication (17) examined how the 4./N ratio varies with the
amount of energy delivered to the drill rods. Kovacs, et al. {14), and
Robertson, et al. (17), have shown that the energy delivered to the rods
during a SPT can vary from about 20-90% of the theoretical maximum,
475 ] (4,200 in.-lb). The energy delivered to the drill stem varies with
the number of turns of rope around the cathead, and varies with the
fall height, drill rig type, hammer and anvil type, and operator char-
acteristics.

When using the rope and cathead procedure with two tumns of the
rope, the typical energy delivered from standard donut- and safety-type
hammers is about 50-60% of the theoretical maximurm (13). Schmert-
mann (18) has suggested that, based on limited data, an efficiency of
about 55% may be the norm for which it can be assumed that many
North American SPT correlations were developed. Most of the data pre-
sented in Fig. 5 were obtained using standard donut-type hammers with
a rope and cathead system. '

Robertson, et al. (17), presented energy measurements on SPT data
that indicate that the average energy ratio of 55% may represent the
average energy level associated with the 4./N correlation shown in
Fig. 5.

The SPT liquefaction method by Seed was based on data mainly ob-
tained using standard donut- and safety-type hammers with two turns
of the rope around the drum (cathead). The work by Kovacs, et al. (14),
would indicate that the average efficiency of the energy delivered to the
rods using the foregoing (Seed) procedure ranges from 50-60%. Thus,
the correlation shown in Fig. 5 can be used to convert CPT data to equiv-
alent SPT N values for use in the Seed SPT-based liquefaction correla-
tions. For medium sands {Dg, = 0.25 mm), a q./N ratio of 4.5-5.0 can
therefore be considered representative. |

For silty soils (Dy = 0.1 mm), a q./N ratio of 4.0 can be considered
more representative. As mentioned earlier, the SPT and CPT are simi-
larly influenced by most soil variables and thus N and 4. appear to vary
similarly with depth (i.e., ¢’). Thus, the 4./N ratio can be used to di-
rectly convert normalized N, to . values, with litfle error.

The recent SPT and liquefaction data studied by Seed, et al. (23), show
several data points where liquefaction did occur that plot below the orig-
inal dividing line. A proposed lower bound to the SPT data points is
shown in Fig. 6. The resulting lower bound appears to agree betier with
the field data shown in Fig. 3.

Proposed CPT Liquefaction Relationship.—A comparison between the
different CPT liquefaction relations suggested here is shown in Fig. 7.
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The relative density (D,) curve was obtained from Fig. 4. T‘he SPT curve
was obtained using the lower bound correlation proposed in Fig. 6 with
a ¢./N ratio of 4.5, as suggested from Fig. 5. A proposed CPT design
correlation was chosen on the bases of the following;: _

1. Factors such as aging, cementation and stress history tend to in-
crease the resistance tog'liqgl,nefaction. Therefore, a relationship based on
relative density (D,), such as that shown in Fig. 4, may tend to under-
estimate the liquefaction resistance; thus, the proposed design correla-
tion is larger than the D, curve. )

2. The SPT correlation is based on a large amount of fiekd observations
which include factors such as aging, cementation and stress history. Thus,
the relation based on SPT data will tend to be more representative of
field behavior. However, the g./N ratio of 4.5 is an average low value
for sands (Dg = 0.25 mm) based on a standard 2 rope-turn-around-the-
cathead hammer energy level. Some of the data, reviewed by Seed and
Idriss (22), particulacly the Japanese data, was alll.most certainly obtained
using higher energy hammers where ¢./N ratios may be closer to 5.5

K|



(10). Also, for medium to coarse sand (Ds > 0.25 mm) the ratio will
tend towards 5.5. Thus, the proposed design correlation is lower than
the SPT (4./N = 4.5) curve.

The proposed CPT design correlation shown in Fig. 7 is therefore based
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predominantly on field observations of liquefaction-related phenomena
for earthquakes of magnitude 7.5 (see Figs. 3 and 6). The correlation can
be extended to earthquakes of different magnitudes, as suggested by
Seed, et al. (23).

Silty Sands.—The proposed correlation shown in Fig. 7, however, is
only applicable to clean sands with Dy = 0.25 mm. To identify sands
of this nature with CPT data alone, use can be made of the soil classi-
fication chart developed by Douglas and Olsen (8) but adapted by the
writers, as shown in Fig. 8. Work by Douglas (7) and experience gained
at the University of British Columbia (UBC) would suggest that soils
susceptible to liquefaction fall within an area on the soil classification
chart designated Zone A. Loose clean quartz sands with a Dy = 0.25
mm tend to fall within the upper area of Zone A with 30 kg/cm’ < g,
< 150 kg/cem? and friction ratio, FR < 1.0. Soils that fall within the lower
area of Zone A are the loose silty sands and silts, since a decrease in
mean grain size tends to cause a decrease in penetration resistance. These
soils tend to have higher resistance to liquefaction for the same pene-
tration resistance values and tend to develop more pore pressures dur-
ing penetration because of their lower permeability.

Field and laboratory observations have shown that the liquefaction re-
sistance tends to increase with decreasing grain size below a mean grain
size (Dyw) of approximately 0.25 mm. It appears, however, that this in-
crease is also associated with an increase in the cohesive nature of the
soil. This effect was incorporated into the SPT-based method proposed
by Iwasaki, et al. (12), by increasing the cyclic stress ratio to cause lig-
uefaction by an amount dependent on the mean grain size, using the
relation - |

At Dgu
B 0146108 = (M) «eevsnenencnnanseinananrnsananes 3)

t

aly 0.35

This was based on laboratory results and shows that there is a steady
gradual increase in liquefaction resistance with decreasing grain size be-
jow a mean grain size of Dy = 0.6 mm. The field data reviewed by Seed,
et al. (23), showed an increase in cyclic stress ratio of about 0.075 with
a decrease in mean grain size (Ds) from 0.25-0.15 mm. This corresponds
to a decrease in the SPT N value of about 7.5 for a constant cyclic stress
ratio. For comparison, the Twasaki, et al. (12), method predicts a 0.04
increase with a decrease in mean grain size from 0.25-0.15 mm. Data
from Chinese CPT work (282 in silty sands indicate a decrease in cone
resistance of about 40 kg/cm’ for a decrease in grain size from a medium
sand (Dg ~ 0.25 mm) to a silty sand (Ds = 0.15 mm). This is equivalent
to an increase in cyclic stress ratio to cause liquefaction of about 0.05 for
constant cone resistance. The writers have combined these observed re-
sponses to generate a second correlation for CI'T -based liquefaction by
decreasing the proposed sand correlation shown in Fig. 7 by a cone re-
sistance of 40 kg/cm®. The combined proposed CPT-based liquefaction
correlations are shown in Fig. 9.

The correlations proposed in Fig. 9 for CPT data are based on empir-
ical relationships and require considerable field verification. The CPT-
based method should be used in the same manner proposed by Seed,
et al. (23), for the SPT-based method. The CPT data can be used to pro-
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vide a preliminary identification of liquefaction-susceptible soils using
the chart shown in Fig. 8. Soils that fall within the upper shaded area
of Zone A can be considered as sands with a D, = 0.25 mm. Soils that
fall within the lower hatched area of Zone A can be considered as silty

. sands or silts with a Dy = 0.15 mm. The CPT data would provide a

continugus and repeatable measure of the penetration resistance and the
correlations in Figs. 8 and 9 can be expected to provide a preliminary
estimate of liquefaction potential. The CPT would provide data to iden-
tify potential critical areas where detailed assessment may be required,
which may include sampling or further in-situ testing, or both,

PreLmamary EvaLuanion or Proroset CPT ConRELATION

To evaluate the proposed CPT liquefaction assessment curve shown
in Fig. 9, data obtained from the literature has been reviewed by the
writers from a number of sites around the world. The data will be pre-
sented in the following sections. .

A summary of field and laboratory data from three sites are presente
in Table 2. The sites are described in detail, and include Vancouver,
B.C., Canada {Campanella et al., Ref. 5); Niigata, Japan (Ishihara and
Koga, Ref. 11; and Tokyo Bay, Japan (Ishihara, et al., Ref. 12}.

The data includes field CPT and SPT penetration resistance profiles
and laboratory cyclic triaxial results carried out on undisturbed samples
obtained from boreholes adjacent to the CPT and SPT soundings. The
values of the laboratory-derived cyclic stress ratio to produce liquefac-
tion or 10% double amplitude strain in 15 cydes have been plotted against
modified cone resistance, (J., and compared to the proposed CFT lig-
uefaction curves in Fig. 10. .

The data from Canada and from Niigata, Japan, for sands with Dy, >
0.25 mm, plot close to the proposed sand resistance curve. The data
from Canada and Tokyo Bay, Japan, for silty sands with Dy, < 0.15 mm
plot close to or above the proposed silty sand resistance curve, It is in-
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TABLE 2.—Summary of Fleld and Laborstory Resulta from Vancouver, Canada;
Niigata and Tokyo Bay, Japan
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teresting to note that much of the silty sand data plots well above the
proposed CPT correlation.

Tangshan, China.—As mentioned earlier, Zhou (27) performed cone
penetration tests in the Tangshan area of China and obtained an em-
pirical correlation between cone penetration resistance and earthquake
intensity. In his correlation, the critical value of cone penetration resis-
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tance, g , separating liquefiable from nonliquefiable conditions to a depth
of 15 m, was defined.

This correlation can be reduced to the same parameters as those in
Fig. 9. with the aid of correlations between earthquake shaking intensity
and maximum ground accelerations. Unfortunately, there is no unique
correlation between intensity and maximum ground acceleration. How-
ever, the Chinese code (27) suggests maximum surface accelerations for
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different earthquake intensities, and since the CPT correlation is based
on Chinese data, it appears logical to use the Chinese code correlation.
If the maximum surface accelerations are used to estimate the field cyclic
stress ratio, the data obtained by Zhou (27) will result in the points shown
in Fig. 11, Remarkably good agreement is obtained between the pro-
posed CPT correlation and the independently obtained Chinese data.
The usefulness of the Chinese data is that it is based entirely on field
performance.

Zhou (28) expanded the database using data from a silty sand site
(Lutai) where Dy, = 0.07 mm. This additional data point is included in
Fig. 11 and agrees with the proposed silty sand resistance line.

The electric cone used by Zhou does not conform to European or
Amencan standards. The cone was 16 cm?, and had a 60° tip with a 100
cm’ friction sleeve immediately behind the tip. The diameter reduced to
the smailler diameter push rods u'nmedmtely behind the friction sleeve
The standard cone has a 10 ¢cm?® base area, a 60° cone and a 150 an?
friction sleeve. However, based on Schmertmann’s work with the me-
chanical cone, which also reduces in diameter behind the tip, the cone
resistance values from the Chinese cone can be expected to be similar
to those obtained with a standard electric cone.

Imperial Valley, U.S.A.
data from two sites in the Imperial Valley, California, which experienced
some liquefaction effects during the 1979 earthquake. Full details of the
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- sites are given by Youd and Bennett (26). .
One site was located on Heber Road, where lateral spreading dis-
rupted the pavement about 1 km northeast of the Imperial Fault. Youd
_and Bennett (26) identified three major sand deposits underlying the
site. One sand deposit (Unit A;) was considered by Youd and Bennett
to have liquefied, and another sand deposit (Unit A;) was considered to
have developed high pare pressures and limited shear-strain {cyclic mo-
bility). A third sand deposit (Unit A,) was not considered to have liq-

’

Y ST T T 7 T
. -bg" 3
L~ N 4
, : -+ 0.4 cisan Sands 7
- T Dyo > 0.25mm
% E
x ¥ o3 =
C w2
N i = .
T -F
b 0.2 —
" [ ‘
o
g b
-} 0.t -
v
>
Ll u . .
0 1 11 I L1 1 1
1] 100 200
MODIFIED CONE PENETRATION RESISTANCE,
o, Jkg/cm® ‘
(e ;
0.9 P11 T T 1
e ‘
L
W 0.4 —
- -E""
P& L03f N
' £ g )
P go2, Silty Sands T
» . Dyp € 0.13mm
v *
g op 7
bl
v
o ] | 1 1 1 1 1 Lol
0 100 200
MODIFIED CONE PENETRATION RESISTANCE,
Og.lotcm‘
)

:ﬁgﬁ;#mmmrmmmmmcmwomm,n
N Correlation; (b) Comparison of CPT Liquaefaction Data for Siity Sand
and Sitts with Ssed, st al. (23), CPT Comelation i '

Je8

uefied. The range of modified cone resistance values from the three sand
deposits is shown in Fig. 12. The Imperial Valley earthquake in 1979 was
of magnitude 6.6. The corresponding CPT resistance curve for a M =
6.6 earthquake (i.e., 10 cycles at 0.65 Tm) is shown in Fig. 12. The es-
timated field cyclic stress ratio at Heber Road was thought to be about
0.4 (Youd, personal communication, 1984). Fig. 12 indicates that Unit A;
is highty susceptible to liquefaction, since it lies well above the resistance
curve; Unit A, is also susceptible to liquefaction but would have limited
shear-strain potential; and Unit A, is resistant to liquefaction. The field
evidence supports these predictions.

The other site studied by Youd and Bennett (26} was located at River
Park. The River Park site had a layer of brown flood-plain sediment,
1.8-2.5 mm thick (Unit A) at ground surface. The flood-plain sediment
ranged from a sandy silt to silt to clayey silt. The silty layer overlies a
0.9-1.5 m thick layer of soft-to-medium-stiff flood-basin clay (Unit B). A
massive bed of gray point-bar sand (Unit C) underlies the clay layer.
The sand immediately beneath the clay ranges from loose to moderately
dense. The density increases with depth so that within a few feet below
the base of the clay the sand has a cone resistance greater than 100 kg/
em? and SPT N value greater than 20. During the 1979 earthquake, sand
boils containing both types of sand (Unit A and C) erupted at River Park.
The range of modified cone resistance values from the two sand deposits
at the River Park site are shown in Fig. 12. CPT results indicate that the
silty sand surface layer (Unit A) is susceptible to liquefaction and that
the upper few feet of the underlying sand (Unit C) is also susceptible
to liquefaction. The field evidence support these predictions.

Summary.—Considering the fact that all the data presented here were
obtained from many independent sources, the agreement is very prom-
ising. The sand curve (Dy > 0.25 mm) appears to represent a good lower
bound to the available data. The silty sand curve (Ds < 0.15 mm) aiso
represents a good lower bound, but several laboratory-derived points .
plot considerably higher than the lower bound line. This highlights the
insensitive nature of penetration resistance as a measure of liquefaction
or cyclic mobility resistance in fine-grained soils. However, cone pene-
tration in these fine-grained soils often takes place under undrained con-
ditions and dynamic pore pressures can be generated.

As a comparison, the same CPT data shown in Figs. 10 and 11 are
presented in relation to the CPT correlation proposed by Seed, et al.
(23), and are shown in Figs. 13(a) and 13(b). Several of the data points
in Fig. 13 plot below the Seed, et al. (23), correlations. This would in-
dicate that the larger g./N ratio values of 5 and 4.5, suggested by Seed,
et al. (23), are more applicable for the sand and silty sand correlations,
respectively. Even so, these values may still produce slightly unconser-
vative liquefaction resistance values. .

One of the major advantages of CPT data for the evaluation of lig-
uefaction potential in sands is the continuous nature of the results. This
is illustrated in Fig. 14 which shows a comparison of predicted cyelic
stress ratio to cause liquefaction at the Vancouver site. Fig. 14 compares
the predicted cyclic stress ratio to cause liquefaction from SPT, CPT (us-
ing Fig. 9) and laboratory testing. Both the SPT and CFT methods agree

- remarkably well with the laboratory-measured values. The CPT method,
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however, provides a continuous prediction which gives considerable in-
sight into the variation of the cyclic resistance with depth due to the
variations in soil conditions.

ConcLusioN

Correlations between cyclic stress ratio to cause liquefaction and mod-
ified cone bearing have been proposed for sands and silty sands. The
correlations are based on empirical relationships and require consider-
able field verification. However, the proposed correlations provide a ba-
sis from which to evaluate'the use of CPT data for assessment of field
liquefaction. The proposed CPT-based method should be used in a sim-
ilar manner to the SPT method proposed by Seed, et al. (23). For any
given site with level ground conditions and a given value of maximum
ground acceleration, the possibility of liquefaction can be evaluated on
an empirical basis with the aid of Figs. 2 and 9. By determining the
appropriate values of (), (Fig. 2) for the deposit lower bound values of
cyclic stress ratio, 7/0;,, to cause liquefaction can be obtained (Fig. 9)
and compared with the cyclic stress ratio induced by the design earth-
quake (r/o;,). The CPT soil classification chart (Fig. B) can be used to
provide a preliminary identification of liquefaction-susceptible soils and
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subsequently be updated or adjusted as additional relevant data are re-
ported.

The proposed CPT correlations were evaluated using feld and labo-
ratory data from Canada, Japan, China and the U.S. The proposed cor-
relation for sand (D5 = 0.25 mm) appears to represent a good lower
bound to the available data. The silty sand curve (Ds; < 0.15 m) also
represents a reasonable lower bound, but several data points plot con-
siderably higher than the lower bound line.

The CPT correlations presented by Seed, et al. (23), are very similar
to those proposed here, provided the 4./N ratios of 5 and 4.5 are applied
for sands and silty sands, respectively. The proposed correlations pre-
sented in this paper represent lower bounds, whereas the correlations
by Seed, et al. (23) (using 9./N = 5 and 4.5), may represent boundaries
with an 80-90% confidence level. .

Cone penetration in fine-grained soils often takes place under un-
drained or partially drained conditions and dynamic pore pressures can
be generated. The addition of continuous pore pressure measurements
during cone penetration has the potential to significantly improve our
understanding of CPT data for liquefaction assessment in fine-grained
soils. However, the use of dynamic pore pressures during cone pene-
tration, as a measure of liquefaction resistance, is extremely difficult to
quantify because of soil permeability and variations in cone design. A
comprehensive case history to illustrate the importance of cone design
in relation to liquefaction assessment was given by Campanella, et al.
(4). It was shown that remarkably different dynamic pore-pressure pro-
files could be obtained in silts for cones with the pore-pressure element
located either on or immediately behind the cone tip. Good correlations
were obtained between dynamic pore pressures measured behind the
tip and liquefaction resistance. However, considerably more research and

field verification is required to quantify and clarify the use of dynamic |, .

pore pressures during cone penetration testing for liquefaction assess-
ment. This is an area of intense research.

The proposed CPT correlations (Fig. 9) assume the cone bearing to be
ultimate values from thick deposits (i.e., uninfluenced by adjacent soil
interfaces). If a soil layer is less than 10 to 20 cone diam in thickness,
the cone bearing may not reach its ultimate value within the layer be-
cause of the close proximity of the adjacent interfaces (16). However,
the pore-pressure response is likely to be less influenced by adjacent
layers.

CPT data can provide information to identify potential critical areas
where a detailed assessment may be required, which may include sam-
pling or further in-situ testing, or both. This is espedially so for some
fine-grained soils that can be successfully sampled and tested in the lab-
oratory.
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