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Abstract

Impressive progress has been made in the last 25 years in recognizing liquefaction
hazards, understanding liquefaction phenomena and analyzing and evaluating the potential
for liquefaction at a site. Recent findings related to the application of the seismic cone
penetration test (SCPT) for the evaluation of liquefaction potential are presented and
discussed. The seismic CPT provides independent measurements of penetration resistance,
pore pressures and shear wave velocity in a fast, continuous and economic manner. The
current methods available for evaluating liquefaction using penetration resistance are
presented and discussed. The important effects of increasing fines content on the
penetration resistance are also discussed. Recent developments in the application of shear
wave velocity to evaluate liquefaction potential are discussed and a new method based on
normalized shear wave velocity is proposed. Limited case history data are used to evaluate
and support the proposed correlation. A worked example is presented to illustrate the

usefulness of the SCPT for evaluating liquefaction potential at a site.
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Introduction

Since the earthquakes of 1964 in Japan and Alaska there has been significant
progress in recognizing liquefaction hazards, understanding liquefaction phenomena, and
analyzing and evaluating the potential for liquefaction at a site. Currently available

methodologies for the evaluation of liquefaction potential can be classified into two

categories:

(a) analyses based on laboratory testing data, and

(b) analyses based on in-situ testing results, as shown in Table 1.

Table 1 also briefly outlines the principal advantages and limitations of each

methodology.

Table 1

Summary of Main Laboratory and In-situ Tests Used to Evaluate Liquefaction Potential

Laboratory Tests Advantages Limitations
. . Design Earthquake loading on Difficult to account for
ggt;d;amed cyclic "undisturbed” samples simulated in effects of sample
& disturbance

Steady State analysis

laboratory

Steady State parameters determined
by tests on "undisturbed" samples in

Difficult to account for
effects of sample

laboratory disturbance
In-situ Tests Advantages Limitations
Standard Penetration Large historical data base, soil Equipment variability,
Test (SPT) samples infr@quent test interval,
recovered Variable energy levels
Cone Penetration Test ~ Continuous readings, economic fast Limited data base, no
(CPT) and standardized samples recovered
Shear Wave Velocity Can be used at sites difficult totest by ~ Limited data base, no
the other procedures samples recovered
Self-boring Test "undisturbed" soils in-situ No data base, difficult
Pressuremeter (SBPT) to interpret test data
Flat Dilatometer Test Near continuous readings, No data base
(DMT) economical and standardized




This paper briefly presents some recent findings related to the application of the
seismic cone penetration test (SCPT) for evaluating liquefaction potential. The SCPT
combines the piezocone penetration test (CPT) with measurement of shear wave velocity.
A small geophone or accelerometer is placed inside a standard 10 cm? electric cone and
seismic wave velocities are measured during pauses in cone penetration. Figure 1 shows a
schematic representation of the SCPT. Full details of the test are described by Robertson
et al., (1986). The SCPT is an ideal logging test that combines the excellent capabilities of
the CPT with the specific measurement of the seismic velocities (compression P and shear
S waves).

Before presenting some of the recent developments in the application of SCPT data

to liquefaction evaluation it is worth defining what is meant by liquefaction of soils.

Liquefaction Phenomenon

Granular soils, such as sands, derive their strength from the intergranular effective
stress. When these soils are saturated with water, the effective stress is the difference
between the total stress (due to the total weight of overburden) and the water pressure in the
soil pores. Hence, the strength and deformation properties of granular soils are dependent
on the level of porewater pressure.

During cyclic loading induced by earthquake shaking, the grains of soil tend to
move to form a denser arrangement. If the water in the pore spaces is unable to drain away
to accommodate the compaction, the porewater pressure increases. This decreases the
effective intergranular stress and the soil becomes weaker and more deformable. In very
loose granular soils, the rise in pore water pressure can be extremely large due to collapse
of the soil structure and there can be a very significant loss of strength. This phenomenon

has traditionally been referred to as soil liquefaction.



However, in recent years, research has shown that the behavior of granular soils
during cyclic loading is more complex. Vaid and Chern (1985) have explored the
behaviour of sands at various densities in undrained cyclic loading and have defined three
regimes of behaviour as shown on Figure 2. When the sand is contractive (Figure 2(a)),
the sand strain softens after the peak deviator stress has been attained and the undrained
strength reaches a minimum value which remains constant over a large range in strain. The
minimum constant undrained strength is called the steady state or residual strength. This
continued flow at constant resistance is called liquefaction or flow liquefaction.

Figure 2(b) shows the response of a sand that is initially contractive but then
becomes dilative with increasing strain. This phenomenon is called limited liquefaction.

If the sand is dense, porewater pressures still develop during seismic shaking and
may become large enough to eject sand and water and create sand volcanoes or boils. But
since the sands are dense they do not undergo flow deformation. However, the porewater
pressure does reduce the stiffness of the sand and the strength at small strains. Therefore
deformations tend to increase with duration of loading (Figure 2(c)) and may become large
enough in some cases to constitute failure. This phenomenon is called cyclic mobility. For
the sands that are initially contractive but become dilative with increasing strain cyclic
mobility correctly describes their response after the stage of limited liquefaction. The
deformation patterns of these sands are shown together in Fig. 2(d).

The magnitude of potential deformations at a liquefied site with contractive sand
depends on whether the static driving shear stresses (Tg) are less than or greater than the
residual strength (Tg5). If greater, large scale flow deformation may occur. The extent of
the deformations depends on the extent to which the driving stress exceed the residual
strength.

If the residual strength is greater than the driving shear stresses, large scale
deformations will not occur. In this case, the extent of the deformations depends on the

duration and intensity of loading. This problem is similar to cyclic mobility. A flow chart



showing the conceptual procedures for cyclic loading analyses for these different

conditions are illustrated in Figure 3.

Empirical Assessment of Liquefaction Based on Penetration Resistance

Seed and his colleagues (Seed, 1979; Seed et al. 1983, and Seed et al. 1984)
developed correlations relating the normalized SPT N-value and the average cyclic stress
ratio (Tav/0o') to cause liquefaction for an earthquake of magnitude M = 7.5, as shown on
Figure. 4. Recent efforts by Seed et al (1983) were directed towards standardizing the
SPT to a standard energy level of 60% of the free fall potential energy of the hammer.
Hence, the correlation presented in Figure 4 shows the normalized SPT N value corrected
to an energy level of 60%, (N1)60.

The curves presented in Figure 4 were based on observed response of
predominantly level ground sites during and after earthquake loading for magnitudes
around M = 7.5. Sites were considered to have "liquefied" based on observed surface
features such as sand boils. To aid in the application of these correlations, Seed et al.
(1984) proposed a set of curves that defined the approximate shear strain that could develop
during earthquake loading. These curves suggest that for clean sand (mean grain size, Ds(
=0.25 mm) with (N1)g0 <10~ 15 liquefaction would produce essentially unlimited
deformation (i.e. flow liquefaction). For clean sands with (N1)go > 10 ~ 15
'liquefaction’ would produce limited deformations or cyclic mobility (i.e. shear strains y <
20%).

There have been numerous studies on the correlation between CPT tip resistance
and SPT resistance (Douglas et al., 1981; Seed et al. 1983; Robertson et al. 1983). Figure
5 shows that the ratio of cone resistance (qc) to blow count (N) increases with increasing
mean grain diameter. The correlation shown in Figure 5 contains some SPT data where
energy measurements were made and corrected to an average level of 60% (Robertson et

al., 1983). The correlation shown in Figure 5 therefore, represents an energy level of



about 60%. Since, both the CPT and SPT penetration resistances are influenced by the
effective overburden stress in essentially the same manner (Baldi et al. 1985) it is proposed
to relate normalized cone penetration resistance (qc1) directly with normalized SPT N-value

at 60% energy (N1)60 using;

qQc1/(ND60 = 5 for clean sands e8]

The ratio of 5 was selected to represent a conservative value to develop further correlations.
The normalized cone penetration resistance qcj is the cone penetration resistance (q¢)

normalized for overburden pressure using;

del = Qe x( Pa,)O.S

vo

@)

Py = atmospheric pressure in the same units as Oy’
Ovo = effective overburden stress

Using the liquefaction correlation based on the SPT (Figure 4) it is possible to
produce a similar correlation based on the CPT for M = 7.5, as shown in Figure 6. The
curves in Figure 6 represent the correlation between normalized cone penetration resistance
(qc1) and the average cyclic stress ratio (t/0") to cause "liquefaction” for clean sands. The
curve is essentially similar to those proposed by Robertson and Campanella (1985), Seed
and de Alba (1986), Isihara (1985 )and Shibata and Teparaksa (1988). However, they do
have the advantage that they include the curves for estimating the amount of deformation.

The correlation shown in Figure 6 suggests that for clean sands with a normalized
cone penetration resistance qc1 < 50 ~ 75 liquefaction would produce essentially unlimited
deformation (i.e. flow liquefaction). For clean sands with q¢1 > 50 ~ 75 liquefaction

would produce limited deformations (i.e. shear strain y < 20%) or cyclic mobility.



The correlations shown in Figures 4 and 6 applies to earthquakes with a magnitude
M =7.5. The critical correlations for earthquakes of other magnitudes may be established
by multiplying the critical cyclic stress ratios by correction factors as suggested by
Seed (1979).

The data base for Figures 4 and 6 is limited to sites where liquefaction occurred
under effective overburden pressures less than 150 kPa. For overburden pressures greater
than this, it is necessary to make an appropriate reduction in the critical cyclic stress ratio
(Seed et al., 1983).

The application of Figure 6 can be illustrated by an example. For a magnitude
M =7.5 earthquake, if at a certain depth the average cyclic stress ratio applied by the
earthquake were 0.3 and the normalized cone penetration resistance at the same depth for a
clean sand were 10 MPa (100 bars), than "liquefaction" would occur and the estimated
shear strain would be approximately 10%. Hence, the implication is that flow deformation
would not occur but deformations could be significant. If a layer of say 5 m was expected
to experience the same shear strain during the earthquake, the accumulated horizontal

deformation could be estimated to be approximately 0.5 m.

Identification of Contractive Sands
The empirical correlations based on the work of Seed and shown in Figures 4 and
6 would suggest that clean sands could experience flow liquefaction if triggered when their

in-situ state is defined by the following normalized penetration resistance values;

(N1)6o < 10 to 15
Q1 €50 to 75

For flow liquefaction to occur the sands must be highly contractive during shear and the

static driving shear stresses must exceed the residual (steady state) strength. Therefore,



these normalized penetration resistance values can be used as a guide to identify potentially
contractive sands, as required in the flow chart in Figure 3.

Recent work (Been and Jefferies, 1985; Been et al., 1986; Been et al., 1988:
Sladen et al., 1985 and Sladen and Hewitt , 1989) has directed considerable attention to the
problem of identifying contractive, potentially liquefiable clean sands based on CPT
penetration resistance. The work by Been et al. (1986) was based on laboratory calibration
chamber studies using the state parameter concept. Negative state parameter values imply
dilative behaviour during shear. Hence, a state parameter () equal to zero implys the start
of contractive behaviour. Been et al.(1986) showed that the cone penetration resistance
could be normalized linearly with respect to the mean effective stress and correlated to the
state parameter (). The data presented by Been et al. (1986) suggest that contractive clean

sands (i.e. y = 0) can be defined by the following range of penetration resistance

e Po < 101045
Po

where po = mean total stress

Po' = mean effective stress.

The application of this normalization process requires the knowledge of the
horizontal effective stress, usually in the form of Ko. Unfortunately, in most preliminary
investigations Ko is unknown. However, if the objective is to identify the potential
existence of very loose sands it is often sufficient to assume Kg = 0.5 as a first estimate.
Also, for most onshore investigations involving the CPT the total overburden stress (po) is
small relative to the penetration resistance (qc), hence it is reasonable to use the much
simpler normalization of q¢/Gvo'. Therefore, based on the state parameter approach the
following approximate normalized penetration resistance values can be used to identify

loose, contractive sands;



10

qo/Ovo <7 to 30
The extensive calibration chamber studies performed in Italy (Jamiolkowski et
al.1989) suggest that this range is too low and that a normalized penetration resistance of
about q¢/Ovo' = 40 can be used to identify loose, contractive (i.e. non-diletive) sands.
Robertson (1986) suggested that contractive sands could be identified from correlations
between CPT penetration resistance and friction angle. Sands with a friction angle equal to
their constant volume friction angle (¢'cy) would be contractive. Hence, using the CPT
friction angle correlation suggested by Robertson and Campanella (1983) the following
normalized penetration resistance can be used to identify clean, silica sands that are
contractive:
qc/oy' <40 to 50
The work by Sladen and Hewitt (1989) involved the back analyses of several
failures of hydraulically placed sand used for construction of artificial islands in the
Beaufort Sea. Based on these observations Sladen and Hewitt (1989) suggest a
relationship between CPT penetration resistance and effective overburden stress to define

loose, contractive sands that can be approximated using:

qc/(0vo")0-65 = 70

Figure 7 compares the relationships based on the state parameter or dilation
approach with that proposed by Sladen and Hewitt (1989). Also included is the
relationship inferred from the work by Seed, using Figure 6.

Figure 7 shows that the observations by Seed are remarkably similar to those of
Sladen and Hewitt (1989) and that at shallow depth (low overburden stress) the

relationship based on the state parameter approach appears to be less conservative. These
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relationships apply to clean sands with limited fines content, their application to sand with a

high fines content remains questionable.

Fines Content

Seed et al. (1983) reviewed additional field data from sites with increasing amounts
of fines content and developed the correlations shown in Figure 8. The field data in
Figure 8 shows a strong dependency of liquefaction resistance on fines content.
Surprisingly, there appears to be considerable confusion about the effects of fines content
on resistance to cyclic loading. Troncoso (1990) compared the cyclic strength of tailings
sands with different silt contents ranging from 0 to 30% at a constant void ratio and found
that the cyclic strength decreased with increased fines content. However, Kuerbis and Vaid
(1989) studied the effects of fines using samples deposited using a slurry technique in a
manner that approximately replicated many field deposition conditions. They found for the
sand tested that up to 20% fines could be accommodated within the sand skeleton and that
samples of the same sand skeleton void ratio had the same cyclic strength for a non-plastic
fines content less than 20%. The work by Kuerbis and Vaid (1989) suggests that provided
the essentially non-plastic fines fill the sand skeleton voids the resistance to liquefaction can
remain unchanged. Clearly there is still much research required to fully understand the
effect that fines and their associated plasticity can have on the fabric and hence behaviour of
sands.

From the viewpoint of penetration testing, when there is an increase in fines content
there is often a substantial decrease in measured penetration resistance. This rapid decrease
in penetration resistance is probably due to the combined effects of increased soil
compressibility and decreased drainage during penetration. Since penetration resistance is a
large strain measurement it is sensitive to changes in soil compressibility. Hence, the
penetration resistance can show a marked decrease with increasing fines content. Also as

the fines fill the sand skeleton voids there is a decrease in permeability which moves the
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penetration process from drained to undrained. This change in drainage is especially
noticeable for cone penetration since the penetration rate is constant.

The determination of seismic shear wave velocities is a small strain measurement
and generally appears to be insensitive to small additions of non-plastic fines content. This
again is probably a feature of the fines filling the sand skeleton voids and it is the sand
skeleton that controls the seismic shear wave velocity. Figure 9 presents a summary of the
influence of fines content on penetration resistance, cyclic loading and shear wave velocity.

It has been common practice to correct the measured penetration resistance to an
equivalent clean sand value based on the type of data presented in Figure 8. Such
corrections have been suggested by Seed et al. (1984), Ishihara ( 1985), Tokimatsu and
Yoshimi (1983), Olson and Farr (1986) and Shibata and Teparaksa (1988). However,
these corrections can become very large especially when the measured penetration
resistance is small. Therefore, penetration resistance becomes a very insensitive parameter
to evaluate liquefaction resistance in soils with a large fines content. This can be illustrated
by the data in Figure 8 where normalized SPT (N1)g( values of between 2 and 3 were
recorded in soils with a fines content of 35% or greater. Hence, the correction to an
equivalent clean sand penetration resistance would be about 8, i.e. the correction is 3 to 4
times larger than the measured value. Corrections of this magnitude clearly reflect the
insensitivity of the measurement.

It is possible to estimate the fines content (FC) directly from CPT data. Figure 10
presents a recent soil behavior type classification chart based on normalized CPT data.
Soils that fall in zone 6 are generally clean sands or silty sands with small amounts of fines
(<5%). Soils that fall in zone 5 are silty sands and sandy silts and generally have fines
contents greater than about 15%.

Attempts have been made (Olsen, 1984; Olsen and Farr, 1986) to incorporate a

correction for fines content directly into a CPT based liquefaction chart. However, this
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approach is highly sensitive to the accuracy of the CPT sleeve friction measurement (fs),
which is known to be variable for cones of different design (Lunne et at. 1982).

Improvements to soil classification can be made using pore pressure measurements
during the CPT. Penetration pore pressures as well as the rate of dissipation of pore
pressures during pauses in the penetration can significantly improve soil classification
(Robertson, 1990).

Based on data collected in the Richmond area of British Columbia, Woeller et al.
(1989) suggested a correlation for low plastic soils (plasticity index <11%)between fines
content and the time for 50% dissipation (tsp) of pore pressures during a pause in
penetration as shown in Figure 11. The results in Figure 11 suggest that for tsg > 50 sec
the fines content is generally greater than 40%. For ts5q between 10 sec and 50 sec the
cone penetration process is partially drained and there appears to be no correlation between
ts0 and fines content. The increase in fines content makes the penetration process
progressively move from a drained penetration to an undrained penetration, which
encourages reduced penetration resistance.

Based on experience in China (Xie, 1979), the major variables that appear to
influence the resistance to liquefaction for soils with fines are, the plasticity of the fines and
the amount of clay size particles (i.e. percent finer than 0.005 mm). The Chinese (Wang,

1979) suggests the following criteria:

Percent finer than 0.005 mm <15%
Liquid Limit (LL) <35%
Water Content > 0.9 Liquid Limit
Liquidity Index >0.75

Criteria such as these, that incorporates some measure of the plasticity of the fines
appear to be more logical than the application of only fines content.
An example of the usefulness of the Chinese criterion has been described by

Robertson et al (1983). A site in New Westminster, B.C. has a layer of uniform,
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essentially non-plastic silt . The silt was part of a hydraulically placed deposit. The mean
grain size of the silt was D50 = 0.025 mm with a fines content of approximately 80%.
However, the percent clay sizes (< 0.005 mm) was essentially zero, the plasticity index
was only 8, the liquidity index was essentially 1.0 and the normalized cone penetration
resistance (qci) was only 5. Based on the only undisturbed sample that could be obtained
the cyclic stress ratio to cause liquefaction was approximately 0.09. This example
illustrates that granular soils with a high fines content can have a very low resistance to
liquefaction provided the fines are non-plastic and the amount of clay size particles is small.
The penetration resistance in these soils is often very small and existing corrections based

on fines content are very large.

Liquefaction Assessment From Shear Wave Velocity

Empirical methods have also been developed to evaluate liquefaction resistance
directly from shear wave velocity (Bierschwale & Stokoe, 1984). Over the past 15 years,
significant advances have been made in measuring shear wave velocities in the field.
Accurate and detailed profiles can be determined with conventional crosshole and downhole
seismic methods (Stokoe and Hoar, 1987; Wood, 1987). One of the most significant
advances in recent years in the measurement of seismic wave velocities has been the
development of the seismic cone penetration test (Campanella and Robertson, 1984;
Robertson et al, 1986). Shear wave velocity, Vg is influenced by many of the variables that
influence liquefaction, such as soil density, confinement, stress history and geologic age.
Thus, Vs has promise as a field index in evaluation liquefaction susceptibility.

The major advantage of using shear wave velocity as an index of liquefaction
resistance is that it can be measured in soils that are hard to sample (such as silts and sands)

or penetrate (gravels).
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Direct Shear Wave Velocity Correlations

The limiting shear wave velocities separating liquefied from non-liquefied sites for a
given intensity and duration of shaking must be determined from field data. So far the data
base is quite limited but it clearly shows that shear wave velocities can be a useful index of
liquefaction potential. Data from sites in the Imperial Valley, California, which liquefied
during the 1979 Imperial Valley, 1981 Westmorland and 1987 Superstition Hills
earthquakes suggest that the limiting shear wave velocity separating liquefiable from non-
liquefiable sites is about 140 m/s for earthquakes of local magnitude M|, = 6.5 generating
peak ground accelerations of about 0.17g. Extensive liquefaction occurred in the Imperial
Valley, California during the 1979 Imperial Valley and the 1981 Westmorland earthquakes
(Youd and Wieczorek, 1984).

Shear wave velocity profiles determined at six sites which liquefied in either the
1979 Imperial Valley or 1981 Westmorland earthquakes are shown in Figure 12. The soils
ranged from silty sands (SM) to sandy silts (ML). As can be seen from Figure 12, the
soils that liquefied all have shear wave velocities less than 140 m/s (460 ft/sec). If only the
1981 Westmorland earthquake with a moment magnitude M = 5.6 is considered, then only
site 1 through 4 liquefied and sands at these sites exhibit shear wave velocities less than
125 m/s (410 ft/sec) in the top 6 m (20 ft) of depth. The shear wave velocity of a silty sand
at one site along Heber Road (site 6) which did not liquefy during the 1979 earthquake is
also shown on Figure 12. This sand has a shear wave velocity greater than 150 m/s
(500 ft/sec). Therefore for the given moment magnitude of the earthquake (M = 6.6) and
distance from the fault, the limiting shear wave velocity to prevent liquefaction is about 140
m/s (460 ft/sec). A direct correlation between limiting shear wave velocities separating
liquefiable from non-liquefiable sites based on the Imperial Valley data are shown on
Figure 13 (Bierschwale and Stokoe , 1984). This data is based on calculated maximum

surface accelerations on adjacent firm ground.



16

The Imperial Valley data of liquefactior nd shear wave velocity represents a unique
data base to develop direct correlations, suchi as that shown in Figure 13. However, it
would appear that some improvements can be made over the existing observations.

Laboratory research (Hardin and Drenevch, 1970) has shown that shear wave
velocity is a function of void ratio and effective confining stress. Hence, for a sand of
constant void ratio (i.e. constant density) the shear wave velocity will increase with
increasing depth. Hence, a correlation between Vg and cyclic stress ratio (t/cy') to cause
liquefaction should be based on shear wave velocities normalized with respect to effective
overburden stress, similar to the manner penetration resistance is normalized with depth.
Research (Hardin and Drnevich, 1972) has shown that the shear wave velocity is
approximately a function of the effective overburden stress to the power 0.25. Therefore, a

normalized shear wave velocity (V1) can be determined using the following expression:

Vsl = Vs (Pa/oy' )0-25 3)

Where Vs1

i

normalized shear wave velocity
P, = reference stress, typically 100 kPa (1 bar)

t

oy’ = effective overburden stress in same units as P,

Vs = measured shear wave velocity

The Wildlife site in the Imperial Valley was fully instrumented in 1982 following
the 1981 Westmorland earthquake, in the hope of obtaining detailed quantitative data for a
liquefied site during the next earthquake. The 1987 Superstition Hills earthquake
(M = 6.6) in the Imperial Valley caused extensive sand boils, ground cracks and lateral
movement associated with liquefaction at the Wildlife site (Holzer et al, 1988).

Four separate earthquakes during November 23-24, 1987 (Table 2) triggered the
instrument array at the site: the first main shock (M = 6.2), a small aftershock, the second

main shock (M = 6.6) and one of it's aftershocks. Only the second main shock, with peak



horizontal accelerations of 0.21 and 0.17 g at the surface and downhole respectively,
caused long-term excess porewater pressures at the array. Excess porewater pressures
were not recorded during the first main shock which generated a peak surface acceleration
of 0.13 g. It appears from preliminary studies of the data that porewater pressures did not

develop during the larger main shock until the peak acceleration had exceeded 0.17 g.

17

More detailed studies of this event are still in progress.

TABLE 2

Earthquakes That Triggered The Wildlife Liquefaction Array

(Holzer et al, 1988)

Event Magnitude Date Time Peak Horizontal
(1987)  (Pacific Standard Surface Acceleration
Time)
1 6.2 (M) 23 Nov 17:54 0.13g
2 40 (ML) 23 Nov 22:23 <0.05g
3 6.6 (M) 24 Nov 05:16 0.21g
4 48 (ML) 24 Nov 05:35 0.02g

The data seems to suggest that, for an earthquake of moment magnitude M = 6.6

generating peak accelerations of 0.17g, potentially liquefiable sites would require a

minimum shear wave velocity of about Vs = 140 m/s to prevent the generation of pore

pressures and liquefaction. This represents a normalized shear wave velocity in the range

of 120 m/s to 150 m/s over the depth of 3 mto 6 m.
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It is interesting to note the continuing susceptibility of the Wildlife site to successive
earthquakes. Despite suspected liquefaction of the entire silty sand layer, it was not
possible to identify major physical changes within the deposit. In April 1988, cone
penetration tests were conducted by the US Geological Survey (USGS) near pre-
earthquake (1982) test locations to search for physical changes. Neither the detailed
stratigraphy nor the inferred porosity of the silty sand changed significantly between 1982
and the time of the post-earthquake studies in 1988, a result consistent with the small
volume of material deposited on the surface by sand boils. Thus, it is believed the deposit
continues to be susceptible to liquefaction following the 1979 Imperial Valley and the 1981
Westmorland earthquake. Indeed it is interesting that the 1981 earthquake (M = 5.6) could
reliquefy the site after it had liquefied previously during the 1979 earthquake which had a
magnitude M = 6.6. Field soils that develop large strains due to liquefaction do not
usually develop increased resistance to subsequent liquefaction.

Figure 14 presents a proposed correlation between normalized shear wave velocity
(Vs1) and t/0" to cause liquefaction based on the observation of liquefaction at Imperial
Valley. The data from the Wildlife Site in the Imperial Valley represents a unique set of
information since it represents the point at which liquefaction just occurred and therefore
should represent the boundary between liquefaction and no liquefaction in any correlations.
The 1987 Imperial Valley earthquake was for a M = 6.6 and can be converted to a M = 7.5
using the values suggested by Seed, (1979). The shape of the proposed correlation shown
in Figure 14 was based on the additional Imperial Valley data presented by Bierschwale &
Stokoe (1984) and shown in Figure 13 but where the shear wave velocity is corrected for
overburden pressure.

To evaluate the correlation shown in Figure 14, additional published data has been
included. Although the additional data are somewhat limited they show surprising

agreement with the Wildlife data.
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It is interesting to note that fines content appears to have little or no effect on the
correlation between normalized shear wave velocity and 1/c' to cause liquefaction.
Whereas, when the same Imperial Valley data is processed in terms of penetration
resistance ((N1) 60 and qc1) fines content has a significant influence. Based on the
experience with the SPT (Figure 4) and the proposed correlation using normalized shear
wave velocity, it may be possible to identify potentially contractive sands and silty sands
using shear wave velocity. It would appear that a normalized shear wave velocity of less
than about 120 m/s may represent potentially contractive sands.

CASE HISTORY

The Geological Survey of Canada is involved in a multi-stage geophysical and
geotechnical research program in the Frasre Delta of British Columbia. The seismic
piezocone has been used in the study to investigate the liquefaction potential of selected
sites using the procedures outlined above (Finn, Woeller and Robertson, 1989a; Finn et
al., 1990; Finn, Robertson and Woeller, 1990). Figure 15 shows the soil profile at one of
these sites in terms of CPT cone bearing (penetration resistance), sleeve friction, friction
ratio and penetration pore pressure. The friction ratio is the ratio of sleeve friction to cone
bearing expressed in percent.

The seismic CPT data were obtained using a standard 10 sq cm electric cone with a
60° apex cone angle. Pore pressures were measured immediately behind the cone tip using
a 5 mm thick porous plastic element saturated with glycerin. Data were collected every
5 cm and stored in a data acquisition system. Seismic shear wave velocity measurements
were made every 1 m during brief pauses in the cone penetration. Full details of the test
procedures are given by Robertson et al.(1985).

The profile shown in Figure 15 is reasonably representative of many areas in the
Fraser River Delta. The profile consists of about 4 m of a clayey silt overlying a sand
and silty sand to a depth of about 16 m. The sand deposit is highly variable both in

density and grain size. The sand from approximately 12 m to 16 m appears to be quite



20

clean, whereas, the sand from 4 m to 12 m is quite silty. Occasional silt lenses exist at
depths of 5.8 m, 7.3 m, 92 m, 11.3m, 12.3m, 13.0m, 14.0 m and 154 m. The
soil from 16 m to 21 m appears to be a silt with interbedded sand lenses. Below 21 m is
an extensive deposit of essentially normally consolidated clayey silt. Below 26 m the
clayey silt is interbedded with sand layers.

Figure 16 shows thé measured shear wave velocity profile using the seismic CPT
obtained during the same sounding shown in Figure 15. The potential for liquefaction can
be assessed by comparing the cyclic stress ratio induced by the design earthquakes with the
critical cyclic stress ratio determined from CPT penetration resistance or shear wave
velocity (Figures 6 and 14).

Figure 17 shows the average cyclic stress ratio profiles for earthquakes with a
maximum surface acceleration of 0.17 g and 0.22 g compared with the critical cyclic
stress ratios derived from Figure's 6 and 14 using the measure CPT penetration resistance
and shear wave velocity profiles shown in Figure's 15 and 16. A correction for fines
content has been made for the CPT penetration resistance according to the
recommendations of Robertson and Campanella (1983) and Seed et al. (1984).

Liquefaction is expected to occur whenever the cyclic stress ratio of the earthquake
exceeds the critical stress ratio defined by the in-situ test data (qc1 or Vg1). Based on the
CPT data the soil above 4 m and below 21 m was considered non-liquefiable. The
normalized shear wave velocity (V1) independantly predicts essentially the same result.
The two test methods predict essentially similar "liquefaction" response in that sediments
may "liquefy" to a depth of 21 m except for a few stiffer layers.

The CPT penetration resistance (qc1) provides greater detail of soil variability then
the shear wave velocity (V1), since qc1 is collected every 5 cm compared to every
100 cm for Vg1. The qc] responds well to dense zones such as that between 14 m to
16 m, whereas the Vg1 responds in a more subdued manner with less detail. In softer

more fine grained zones qc decreases rapidly as the process becomes undrained (see
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Figure 15) and penetration resistance becomes a less sensitive parameter. On the other
hand, Vg1 appears to be less influenced by fines content and provides a somewhat more
reliable measure of liquefaction resistance in fine grained soils.

In highly interbedded soils, qc1 may not attain its true value in thin dense layers due
to the proximity of adjacent softer layers. The shear wave velocity will tend to average the
soil response over the 100 cm interval. Therefore, in complex soil profiles like that shown
in Figure 15 the overall interpretation for liquefaction potential can be greatly assisted by

the combined information of q¢ and V.

SUMMARY

Although there is, at present, a limited data base to evaluate liquefaction potential
from cone penetration resistance, a reasonable estimate of liquefaction potential can be
made for most clean sand deposits using correlations such as that shown in Figure 6. The
identification of very loose contractive sands can be accomplished using the cone profile
suggested by Sladen and Hewitt (1989) and shown in Figure 7. The application of this
criteria to sands at depth (Gyo' > 200 kPa) and for sands with appreciable fines content is
uncertain. For cone penetration into silty sands a correction is required based on % fines
content. An estimate of % fines content can be made using CPT data and recent soil
behavior type classification charts (Figure 10) and correlations with the rate of pore
pressure dissipation (Figure 11). However, for soils with a large amount of fines (>35%)
the cone penetration process rapidly becomes undrained and the penetration resistance
becomes an insensitive parameter to evaluate liquefaction resistance. For these soils it is
important to obtain samples to determine the Atterberg Limits and the percent clay size (%
finer than 0.005mm), as suggested in the Chinese criteria (Wang, 1979). This, however,
does not imply the CPT is not a valuable in-situ test. The CPT provides a fast. economic,
continuous measure of soil variability and a reliable, profile of penetration resistance. The

additional CPT measurements (sleeve friction, penetration pore pressures and rate of pore
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pressure dissipation) can be used to make a reasonable estimate of soil type and % fines
content. Then, based on this extensive data, samples can be taken at selected locations to
verify important details. Since most CPT work in Canada is performed using drill rigs, the
combined operation of CPT and limited, selective sampling can be highly cost effective.
The logic of using SPT data alone with all its associated uncertainty regarding procedures
and energy levels is questionable.

The recent development of the seismic piezocone (SCPTU) offers the added
advantage that the independent measurement of shear wave velocity can also be used to
evaluate liquefaction. This can be very beneficial in silty sands since the shear wave
velocity appears to be independent of fines content. A new correlation has been proposed
that uses normalized shear wave velocity (Figure 14) to estimate the critical cyclic stress
ratio to cause liquefaction. Based on limited available data from sites that have been known
to have liquefied this new correlation shows promise. It is hoped that additional data can be
collected and processed in the form of normalized shear wave velocity to further evaluate
the proposed correlation.

It may also be possible to identify potentially contractive silty sands using
normalized shear wave velocity. Based on the proposed correlation shown in Figure 14, a
normalized shear wave velocity of less than about 120m/s may be used to define clean
sands that are potentially contractive behaviour during shear.

If, based on the SCPTU, liquefaction is considered likely, then an estimate of the
amount of resulting deformation is often required. A crude estimate of deformation can be
made using the empirical limiting shear strain curves shown in Figures 4 and 6. For a
more detailed evaluation it is necessary to determine the residual shear strength (tsg).
Robertson (1990) suggested that there appears to be no unique correlation between
pénetration resistance and Tgg for all sands, but that the correlation proposed by Seed

(1984) probably represents a conservative lower bound.
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An important issue that still requires further research and understanding is the
influence of fines content and plasticity of fines on soil response due to montomic and

cyclic loading as well as in-situ testing results.

ACKNOWLEDGEMENTS

The support of the Natural Sciences and Engineering Research Council of Canada
for the first and third authors is gratefully acknowledged. The liquefaction research study in
the Fraser Delta was funded by the Geological Survey of Canada and was conducted in

co-operation with Dr. J. Hunter and Dr. John Luternaeur of the Geological Survey.

REFERENCES

Baldi, G., Bellotti, R., Jamiolkowski, M. and Pasqualini, E. 1982. Design
Parameters from Sands for CPT. Proc. of 2nd European Symp. on Penetration
Testing, Amsterdam, Vol. 2, pp. 425-432.

Been, K., and Jefferies, M.G. 1985. A State Parameter for Sands. Geotechnique,
35 (2), pp. 99-112.

Been, K., and Jefferies, M.G. 1986. Authors' reply to Discussion on A State
Parameter for Sands. Geotechnique. 36 (1), pp. 123-132.

Been, K., Crooks, J.H.A., Becker, D.E., and Jefferies, M.G. 1986. The Cone
Penetration Test in Sands: Part 1, State parameter interpretation. Geotechnique, 36
(2), pp. 239-249.

Been, K., Conlin, B.H., Crooks, J.H.A., Fitzpatrick, S.W., Jefferies, M.G.,
Rogers, B.T. and Shinde, S., 1987, Discussion in Canadian Geotechnical Journal,
Vol. 24, No.1, pp. 170-178.

Bierschwale, J.G. and Stokoe, K.H. 1984. Analytical Evaluation of liquefaction
Potential of Sands Subjected to the 1981 Westmorland Earthquake, Geotechnical
Engineering Report GR-84-15, Civil Engineering Department, University of Texas,
Austin, Texas.

Douglas, B.J.,, and Olsen, R.S. 1981. Soil Classification Using Electric Cone
Penetrometer. Symp. on Cone Penetration Testing and Experience, Geotechnical
Eng. Div., ASCE, St. Louis, pp. 209-227.



24

Finn, W. D. Liam, Woeller, D. J. and Robertson, P. K. , 1989, In-situ
Determination of Liquefaction Potential and Dynamic Soil Properties: A Regional
Study in Richmond, B. C., in Earthquake Geotechnical Engineering, Proc. of
Specialty Session, 12th International Conference on Soil Mechanics and Foundation
Engineering, Rio de Janeiro, August 1989, pp 135-142.

Finn, W. D. Liam, Woeller, D. J., Davies, M. P., Luternauer, J. L., Hunter, J. A.
and Pullan, S. E., 1989, New approaches for assessing Liquefaction Potential of
Fraser River Delta, B. C., Current Research, Part E, Geological Survey of Canada,
Paper 89-1E, p. 221-231.

Finn, W. D. Liam, Robertson, P. K. and Woeller, D. J. , 1990, Liquefaction Studies
in the Fraser Delta, Report to Energy Mines and Resources, Geological Survey of
Canada, February.

Hardin, B.O., and Drnevich, V.P., 1972. Shear Modulus and Damping of Soils,
Measurement and Parameter Effects. Report, Journal of the Soil Mechanics Div.,
ASCE.

Holzer, T.L., Youd, T.L. and Hanks, T.C. 1988. Dynamics of Liquefaction During
the Superstition Hills Earthquake (M=6.5) of November 14, 1987, Post Presentation,
ASCE Geotechnical Engineering Division Specialty Conference, Earthquake
Engineering and Soil Dynamics 11, Park City, Utah, June.

Ishihara, K. 1985. Stability of Natural Deposits During Earthquakes. Proc. of 11th
Int. Conf. on Soil Mech. and Found. Eng., San Franciso, Vol. 1, pp. 321-376.

Kuerbis, R. and Vard, Y.P., 1989. Undrained Behaviour of Clean and Silty Sands,
Proceedings of Discussion Session on Influence of local conditions on Seismic
Response, XII, International Conf. on Soil Mechanics and Foundation Eng., Rio de
Janeiro, pp. 91-100.

Olsen, R.S., and Farr, J.V. 1986. Site Characterization Using the Cone Penetration
Test. Proceedings, In-Situ '86, ASCE Specialty Conference, Blacksburg, VA.

Robertson, P.K., Campanella, R.G. and Wightman, A. 1983. SPT-CPT
Correlations, Journal of the Geotechnical Engineering Division, ASCE, Vol. 109,
GTI11, pp. 1449-1459.

Robertson, P.K., Campanella, R.G., Gillespie, D. and Rice, A. 1986. Seismic
CPT to Measure In Situ Shear Wave Velocity, Journal of Geotechnical Engineering
Division, ASCE.

Robertson, P.K. 1986. In Situ Testing and its Application to Foundation
Engineering, Canadian Geotechnical Journal, Vol. 23, No. 4, pp. 573-594.

Robertson, P.K. and Campanella, R.G. 1985. Liquefaction of Sands Using the
CPT, Journal of the Geotechnical Engineering Division, ASCE, Vol. 111, GT3, Pp.
384-403.

Robertson,P.K., 1990. Soil Classification using the Cone Penetration Test,
Canadian Geotechnical Journal, Vol. 27, No. 1, pp. 151-158.



25

Seed, H.B. 1979. Soil Liquefaction and Cyclic Mobility Evaluation for Level
Ground During Earthquakes, Journal of the Geotechnical Engineering Division,
ASCE, Vol. 105, GT2, pp. 201-255.

Seed, H.B. and deAlba, P. 1986. Use of SPT and CPT Tests for Evaluating the
Liquefaction Resistance of Soils, Proceedings of the Specialty Conference on the Use
of In Situ Tests in Geotechnical Engineering, ASCE, Geotech. Special Publication
No. 6, Blacksburg, Virginia, June 23-25.

Seed, H.B., Idriss, .M. and Arango, I. 1983. Evaluation of Liquefaction Potential
Using Field Performance Data, Journal of the Geotechnical Engineering Division
ASCE, Vol. 109, GT3, pp. 458-482.

Seed, H.B., Tokimatsu, K., Harder, L.F. and Chung, R.M. 1984. The Influence of
SPT Procedures in Soil Liquefaction Resistance Evaluations., Report No.
UBC/EERC-84/15, Earthquake Engineering Research Centre, University of
California, Berkeley, California.

Shibata, T. 1987. "Discussion," Journal of Geotechnical Engineering, ASCE, Vol.
113, No. 6, pp. 676-678.

Shibata, T. and Teparaksa, W. 1988. Evaluation of liquefaction potentials of soil
using cone penetration tests. Soils and Foundations, Vol. 28, No. 2, pp. 49-60.

Sladen, J.A. and Hewitt, K.J., 1989. Influence of Placement Method on the In-situ
Density of Hydraulic sand Fills. Canadian Geotechnical Journal, Vol. 26, No. 3,
pp. 453-466.

Sladen, J.A., D'Hollander, R.D., and Krahn, J. 1985. The Liquefaction of Sands,
a Collapse Surface Approach. Canadian Geotechnical Journal, 22: 564-578.

Stokoe, K.H., II, and Hoar, R.J. 1978. Variables Affecting In Situ Seismic
Measurements. Proceedings, Conf. on Earthquake Eng. and Soil Dynamics, ASCE,
Geotechnical Eng. Div., Vol. II, pp. 919-939.

Tokimatsu, K. and Yoshimi, Y. 1983. Empirical Correlation of Soil Liquefaction
based on SPT N-value and Fines Content., Soils and Foundations, Vol. 23, No. 4.

Troncoso, J.H. 1990. Failure Risks of Abandoned Tailings Dams. Proc. Int.
Symp. on Safety and Rehabilitation of Tailings Dams, ICOLD, Sydney, Australia,
May.

Vaid, Y.P. and Chemn, J.C., 1985, Cyclic and Monotonic Undrained Response of
Saturated Sands., ASCE National Convention, Session on Advances in the Art of
Testing Soils Under Cyclic Loading, Detroit, pp. 120-147.

Wang, W., 1989, Some findings in Soil Liquefaction, Water Conservancy and
Hydroelectric Power Scientific Research Institute, Beijing, China, August

Woeller, D.J., Davies, M.P. and Robertson, P.K., 1989. Use of Recent Cone
Penetration Test Technology in Evaluating Geotechnical Properties of Mine Waste.,
Seminar by Vancouver Geotechnical Group.



26

Woods, R.D. 1987. In Situ Tests for Foundation Vibrations. Proceedings,
Conference on Use of In Situ Tests in Geotechnical Eng., ASCE, Geotech. Special
Publication 6, pp. 336-375.

Youd, T.L. and Wieczorek, G.F. 1984. Liquefaction During the 1981 and Previous
Earthquakes Near Westmorland, California, Open File Report 84-680, U.S.
Geological Survey, Menlo Park, California.



Oscilloscope

@ :

o of Trigger
11

Stotic
Load
8 ‘ l l 1 1 Hommer
QAN
SNV NNV SV NI S e S I SV, SV SIS
/ Shear Wove Scurce
r
~ *Note:
\\

\\\\\\‘ Shear wave source is
placed perpendicular
to cone.

’//Sheor Waove
<
Seismic
Cone Penetrometer

Figure 1. Schematic of Seismic Cone Peneration Test



Strain, €,

()

Liquefaction

Limited
liquefaction

mobility

//J »
Number of cycles
A A
9 A Liquefaction 4 Limited Yq Cyclic
liquefaction mobility
() @)
8
d d s
T
ST
— » >
' & Vo e WV &

Figure 2. Definition of Liquefaction (After Vaid and Chern, 1985)



IS SOIL CONTRACTIVE ?

CYCLIC MOBILITY

YES NO
IsT>1ss 7
YES NO

LIQUEFACTION
IS POSSIBLE

TST +loy>Tgg ?

SIZE AND
DURATION OF
CYCLIC LOADING ?

\
LARGE?

YES NO

MALL?? (WHAT FACTOR

OF SAFETY ?)

A

Y

LIQUEFACTION

Figure 3.

Schematic flow chart for liquefaction analysis

f

SIZE AND -
DURATION OF
LOADING ?

¥

DEFORMATION
ANALYSES




I
O

< { T T
-«
o
&
£ 0r .
- Estimaoted ronge (1984)
520 "
£
& Proposed Bosed on test doto by
o by Seed (1379) Tokimotsu ond Yoshimi
.E . (re84)
7
:J O b 1 § & R
=~ High domoge potenticl —f-Intermedicie ~—No significont domege —
06 T B { i
Liquefoction with
7; «D% =l0% =3%
05 Ne¢ Liquefection »
04k .
° [e]
Iov .
cy’ .
0.3~ . . -
*
* C
* L J
02 ‘ -
LT Q
. ’\-a o/ ‘oc
. %
s =
C
® O &
O.1- t /& o 7
- “ 0
L]
a
O 1 ! { {
0 to 20 30 40 s
(N‘)GO
Figure 4. Evaluation of deformation due to earthquake loading using the SPT

(After Seed et al., 1984)



BASED ON ENERGY RATIO OF 60% (N 60 )

a. «bars ¢ N, blows/foot (Ibar=l00kPq)
CLAYEY SILTS SANDOY SiuY
CLAY 8 SHLTY CrLay a8 Sy SILTY SAND SAND
A
4
9
8 9/‘
3
- 7 07/—J
~ 4 p
v 6
o 4 C SA
- 3 9‘13/li2 8
o 5
e t ]
2 9
- 2 3&a8 a0
< 4 re et
o 2 2 A5
. " Pt
3 5 7 2% u AIS
> 2 9 5 A
X - -
"(/(AO//““
| A
. J
0.001 0.0t 0.1 1.0
MEAN GRAIN SIZE,DGO,mm
I Meyernof (i1956) 8 Companelio et o, (1979)
2. Meigh and Nixon (1961) 9. Nixon {1982)
3 Rodin {1961) 10. Kruizinga {1982)
4. De Alencar Velloso ( 1959) {t.Douglas (1982)
5. Schmertmann (1970) 12. Muromochi 8 Kobayashi(1982)
6. Sutheriognd (1974) 13. Goel (1982)
7. Thoraburn (1970) 14 . fshihara and Koga (1981)
O SPT N, ER; =47% © SPT N,ER;=65% ) uBC
TILBURY } SITE,
Srel LmoseT N, ER, « 559 ® SPT N .ER;:55% ) McDonows
Figure 5. Variation of g¢ / N with mean grain size

(After Robertson et al., 1983)



CORRELATION FOR "CLEAN SANDS"

LIQUEFACTION
WITH ); = 20% 0% 3%

I 1 ’

0.5 I
]
1
]
X !
0.4 A——f} -
v/
! !
! f
0.3 i f
S V NO
t\) | LIQUEFACTION
L f I |
0.2 —— L f
I
0. -
o) Y T li
0 10 20 30 40 50
(Ne)eo
I T T T T )]
0 50 {00 150 200 250
QC¢

Figure 6. Evaluation of liquefaction potential from the CPT
(Modified from Seed et al., 1983)



VERTICAL EFFECTIVE STRESS (kPa)

CONE PENETRATION, Qc (MPa)

10) [O 20

S0
SLADEN € HEw 7T, (489
qc/(0y0)0-65 = 70
{100
9c/(6v0)0-5 = 40 10 50
1Y
CNCuv
200 | FlLow MQG““TV
LiQwe -
FACT(o
230
qo/0y' =40 to 50
300 |
Figure 7. Comparision of CPT penetration profiles to define contractive behaviour for

clean sand



06 | oges ’
. j I 253Gt
]
Percent Fines = 35 15 59
' I
0= { !,‘ ! : |
' i 'I { M
| R
j (I :
| A :
: i
| Lol f
| [ ! o I
- ! | !
0«4 | 3
|
|
I
|
!

i
f
|
|
|
i

|
FINES CONTENT 25%

Moditied Cunese Code Prepesct oy contet 1540 3

i ! . Vgt to
i Uguelccton Lioeon  Licueoe son
1 < ! Pza-Amernicen ceta L] c
i / j Jepanese doto . ° °
a ‘ Chinese data - a
O : ! !
G 10 20 30 <0 0
(N,)GO

Influence of fines content on the evaluation of liquefaction potential from the

Figure 8.
SPT (After Seed et al., 1984)



INFLUENCE OF FINES CONTENT

PENETRATION RESISTANCE - LARGE STRAINS

« INCREASED COMPRESSIBILITY, HENCE DECREASED
PENETRATION RESISTANCE

- FUNCTION OF % FINES, MINERALOGY AND FABRIC

RESPONSE TO CYCLIC LOADING - SMALL STRAINS

- NO CHANGE OR SLIGHTLY INCREASED / DECREASED
- RESISTANCE

SEISMIC SHEAR WAVE - SMALL STRAINS

- NO CHANGE OR SLIGHTLY INCREASED / DECREASED
VELOCITY

Figure 9. Schematic outline of the influence of fines content



Qy - Uvo

NORMALIZED CONE RESISTANCE

i

o

g

Qc, fs and oy, in bars or tsf

1000 T T ¢ 1000: l - ] , { —
" 7 N - O,, m ]
- o y .
C B ° fh1 Vs -
1 o -
O -y
2 y u-u
/9 «\(JQ‘Q o = -
100 ?( Oo‘o 100 ar-0,,
¢ < o -
\ % - .
a 5 L |
10 = 10 =
- -
b 1 — .
1 I Lo L il 1
0.1 1 10 0 0.4 0.8 1.2
{
FRICTION RATIO, -__15_ x100% PORE PRESSURE RATIO, 8,
a1~ Vo
1. SENSITIVE FINE GRAINED 6. SANDS - CLEAN SAND TO SILTY
2. ORGANIC SOILS - PEATS SAND
3. CLAYS - CLAY TO SUTY CLay 7+ GRAVELLY SAND TO SAND
4. SILT MIXTURES - CLAYEY st O YERY STIFF SAND TO CLAYEY

TO SILTY CLAY SAND

»
5. SAND MIXTURES - SILTY SAND VERY STIFF FINE GRAINED
TO SANDY SILT

©

(*) HEAVILY OVERCONSOLIDATED OR CEMENTED

Figure 10. Soil behaviour type classification charts for CPT
(After Robertson 1990)



Plasticity Index < 11

300
6]

o

(4

v 200
% /
=
Z
S {1
=

<

[«
75
h(/_:‘

S P

Q
o 100
i
&
C
=
=
= i
b

Tu_%/ g
O E i i i
0 20 40 60 80

FINES CONTENT (% passing #200 seive)

Figure 11. Correlation between fines content and 50% dissipation
time for 10 cm2 CPT

100



SHEAR WAVE VELOCITY (FT./SEC))

{00 300 500 700 900 1100
0 T { 1 T
5 L .SITES .
3 L WILOLIFE
— 2.VAIL CANAL
= 3. KORNBLOOM
Ve <. RADIO TOWER
— 10 - 2 6 S MCKIM 7
6.POINT BAR
E 7 T.CHANNEL FiLL
a.
V8 — —
a {5
4
20 -~ ‘ -
28 i b i 1 1 4 b
O SO {e¢] {50 200 250 300 350
M/S

Figure 12. Profiles of shear wave velocities of sandy soils in Imperial Valley
(After Stokoe, 1988)



600 T T T T T
BEHAVIOR | 19791198!
550 NO Ta\ O
Lio

500 t

450

400 |-

i

0 C.l 0.2 0.3 0.4 0.5 0.6 o7

SHEAR WAVE VELOCITY OF LIQUELIABLE SAND LAYER (fps)

Cngx AT SITE COMPARABLE TO ACCELEROGRAPH STATION(g)

Figure 13. Correlation between shear wave velocity and liquefaction
potential of sands based on Imperial Valley data
(After Bierschwale and Stokoe, 1984)



SAN SALVADOR
0.5

1986 M= 6.2
(FC:30%)
M=6.6

/ M=75
0.4

0.3 BORAH PEAK, IDAHO

1983 M = 7.3
(SANDY GRAVEL)

WILDLIFE ’/

1987 M= 6.6 /
FQ 3 oo

0.2 (Fe 5 % )\

C/O\‘/'

CHIBAKEN TOHO OKI, JAPAN
1987 M =6.7

(Fc = 35%)
NIHGATA, JAPAN

ol 1964 M =75
' P (Fc < 10%)
o 1 T T T 1
50 100 150 200 250
Vs, (m/ss)
0.25
Vs, = Vs (Po)
ok 25
(%f
Vs in m/s, Gy’ in bars or tsf
Figure 14.

Proposed Correlation between normalized shear wave velocity
and cyclic stress ratio 10 cause liquetaction



(metres)

DEPTH

CONE BEARING

SLEEVE FRICTION FRICTION RATIO PORE PRESSURE
Gt (bar) Fs (ber) Rf (X) U (metres)
0 250 0 2.5 0 0 -3 95
0 . e I me——— 0 +
p T ==
X
{
101 {1 10 { 101 : 10-& 1
K
‘u!
13
1
!
201 1 201 1 204 1 204] 1
l
l
I b
I «3
[ =
S
|
30 A A e 4 w A m L e i . 301 A i s
Figure 15. CPTU profile for site in the Fraser River Delta Site

(After Finn et al., 1990)



DEPTH (M)
|
i

|
[oN]
on
!

| l |
0 200 400 600

SHEAR WAVE VELOCITY (M/SEC)

Figure 16. Shear wave velocity profile from seismic CPTU at site in the Fraser River
Delta Site

(After Finn et al., 1990)



DEPTH (M)

CYCLIC STRESS RATIO

Figure 17.  Comparison of predicted response to earthquake loading for site in Fraser
River Delta using CPT penetration resistance and shear wave velocity
method.

(After Finn et al., 1990)



