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Abstract

The initial state of a sand, defined by the void ratio and effective mean normal
stress, can be used to predict its large strain response. Laboratory studies have shown
that the shear wave velocity of a sand is controlled primarily by the effective confining
stresses and void ratio. Since the shear wave velocity can be measured both in the field
and in the laboratory, there is increasing interest in using shear wave velocity to define
the state of a sand. This paper presents an experimental study of shear wave velocity
interpretation for clean Ottawa sand based on steady/critical state concepts. Results
presented show that the large strain behavior of Ottawa sand can be estimated using shear
wave velocity measurements combined with a knowledge of the in-situ effective stress.
Based on a knowledge of the state of a sand, it is possible to identify the boundary
between either a contractant or dilatant sand at large strains. Based on these findings, a
preliminary method to evaluate the potential for flow liquefaction using shear wave

velocity measurements is presented.
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INTRODUCTION

Roscoe et al. (1958) and Been and Jefferies (1985) showed that the large strain
behavior of a soil can be expressed in terms of the initial state relative to the
steady/critical state at the same stress level. Soils with an initial state above the
steady/critical state undergo a net contraction when sheared to critical state. If the initial
state of a soil lies below the critical state then a net dilation occurs when sheared to
critical state. Therefore, the initial state defined by the void ratio and mean normal stress,

can be used to identify the large strain behavior.

"Dense" sands tend to dilate during shear at large strains and hence generally
provide excellent stability under most loading conditions. However, "loose" sands can
contract during shear at large strains. During undrained shear, loose sands can develop
large pore pressures and can strain soften. Hence, it can be important to identify, using

in-situ testing, the boundary between "loose" and "dense" sands.

During monotonic undrained loading, a loose sand can reach a peak resistance and
then rapidly strain soften to a constant resistance at which the effective stress state
remains constant. Castro (1969) termed this ultimate constant state as the steady state
and showed that it represents a state in the void ratio (e)-effective mean normal stress
(p)-deviator stress (q) space. If the in-situ shear stresses are larger than the ultimate
strength at steady state, large flow deformations can occur. Castro (1969) defined this
flow deformation as liquefaction. Been et al. (1991) showed that the ultimate steady state
achieved during monotonic undrained loading is also a critical state implying that steady
state 1s independent of the stress path followed; i.e., ultimate steady state is unique for a

void ratio regardless of whether it was reached via drained or undrained loading.

In practice, the generic term liquefaction is used to describe different mechanisms.

Seed er al. (1983), using the results of extensive cyclic triaxial testing, defined



liquefaction as the condition of zero effective confining stress due to cyclic loading with
shear stress reversal. At zero effective stress, a cohesionless soil has very little stiffness
and large deformations can develop during cyclic loading. In Japan, it is common to
define liquefaction in terms of the magnitude of the cyclic stress ratio required to produce
a given level of strain, typically 5% double amplitude axial strain (Ishihara, 1993).
Robertson (1993) suggested that liquefaction should be defined as either flow
liquefaction or cyclic liquefaction. Flow liquefaction closely follows the definition of
liquefaction suggested by Castro (1969). Flow liquefaction requires a strain softening
response in undrained shear loading and in-situ gravitational shear stresses greater than
the ultimate critical/steady state strength. Liquefaction from cyclic loading can be further
subdivided into either cyclic liquefaction or cyclic mobility. Cyclic liquefaction occurs
during undrained cyclic loading where shear stress reversal or zero shear stress can
develop (i.e., where the in-situ gravitational shear stress is low compared to the cyclic
shear stress). Cyclic liquefaction also requires that sufficient uﬁdrained cyclic loading
occurs to allow the effective confining stress to essentially reach zero. At zero effective
confining stress, the soil has very little stiffness and large deformations can result even
under very small gravitational shear stresses. Cyclic mobility results when there is no
shear stress reversal during undrained cyclic loading. Hence, the condition of zero
effective stress does not develop and deformations tend to be smaller and eventually

stabilize.

The first step when evaluating liquefaction potential (flow liquefaction, cyclic
liquefaction and cyclic mobility) is to evaluate the in-sizu state of the soil and hence the
material characteristics in terms of strain softening or strain hardening responses
(Robertson, 1993). If the soil is strain softening, flow liquefaction is possible if the soil
can be triggered to collapse and if the gravitational shear stresses are larger than the
ultimate steady state or residual strength. The trigger to cause collapse can be either

monotonic or cyclic. Whether a slope or soil structure will slide or flow depends on the



amount of strain softening soil relative to the strain hardening soil within the structure
and the brittleness of the strain softening soil. If the soil is strain hardening, flow
liquefaction will not occur unless pore pressure redistribution resulting from cyclic
loading causes the soil to change void ratio. However, cyclic liquefaction or cyclic

mobility can still occur due to cyclic (seismic) undrained loading.

One preferred method to evaluate the in-situ state of the soil and hence the response
of a soil to a given loading is to obtain high quality undisturbed samples and perform
laboratory testing following the appropriate stress path. However, this process is difficult
in cohesionless soils such as sand. In-situ ground freezing has recently been used to
successfully obtain high quality undisturbed samples of cohesionless soil (Yoshimi ez al.,
1984; Hatanaka et al., 1985; Yoshimi ez al., 1989; Sego et al., 1993). However, the cost
of in-situ ground freezing is high and is currently restricted to larger projects. For small
projects and in the initial investigative stages of large projects, in-situ testing such as the
Standard Penetration Test (SPT) and the Cone Penetration Test (CPT) have been the most
commonly used approaches to evaluate in-situ state and hence, liquefaction potential.
Most of the existing methods to evaluate liquefaction potential from these in-situ tests are
applicable to cyclic liquefaction and are based on the cyclic stress ratio to trigger a given
level of deformation (either cyclic liquefaction or cyclic mobility). Most methods are for
level ground conditions and corrections are required for sloping ground (Seed et al.,
1983). In general, these methods have proven to be very good at predicting cyclic
liquefaction for essentially level ground conditions (Kayen et al., 1992). However, their
application to predict the trigger of flow liquefaction in very loose sands for steeply
sloping ground is uncertain. Robertson et al. (1992a) and Ishihara (1993) have suggested
a range of values for penetration resistance from the SPT and CPT to evaluate if a strain
softening response and hence, the potential for flow liquefaction, is possible. Sladen and
Hewitt (1989) also suggested a profile of CPT based on back analysis of several flow

liquefaction failures of hydraulically placed sand used for construction of artificial islands



in the Beaufort sea. Robertson et al. (1992a) suggested values for shear wave velocity
normalized with respect to vertical effective stress to evaluate the in-situ state of

cohesionless soils.

This paper presents results from an experimental study to evaluate whether shear
wave velocity (Vg) can be used to identify the in-situ state of a given sand relative to the
critical/steady state. Based on knowledge of the in-situ state of a sand it should be
possible to then estimate the large strain behavior of the sand in terms of contractant

(strain softening) response or dilatant (strain hardening) response to undrained shear.

PREVIOUS WORK ON SHEAR WAVE VELOCITY

The shear wave velocity is controlled primarily by the void ratio, the effective
confining stresses, the intrinsic characteristics of the soil (grain size distribution, grain
shape, angularity, surface roughness and mineralogical composition) and the structure
(fabric, interparticle forces and bonds). Unless significant grain crushing occurs, the
intrinsic characteristics of the soil do not change with changes in void ratio and effective
confining stresses, although the structure can change somewhat. Despite this, in many
uncemented cohesionless soils, shear wave velocity can be regarded as a fundamental
parameter. Hence, there is increasing interest in using shear wave velocity to define the
state (void ratio, and effective confining stresses) of a soil, since shear wave velocity can

be measured both in the field and in the laboratory.

Based on resonant column test results, Hardin and Richart (1963) found that the
small strain shear modulus (Gg) and hence shear wave velocity can be related to effective

mean normal stress and void ratio by:

Vs = (mp - mge) (p)023 ey



where: Vs = shear wave velocity;

e =void ratio;
p' = effective mean normal stress;
mjand mp = material constants.

Hardin and Richart (1963) further suggested that m; and mp have values of
approximately 111 and 51 when stress is measured in kPa and shear wave velocity is
measured in m/s. However, the Hardin and Richart (opt. cit.) equation was based on
observations made on isotropically consolidated sand. An alternative equation, was
proposed by Roseler (1979) based on tests with cubic specimens where stresses can be
applied independently. His results suggested that individual stresses play an important
role on the wave travel rather than the mean normal stress as proposed by Hardin and

Richart (1963). Hence, Roseler proposed that:

Vs = (my - mge) (6'2)" (o'p)"D (2)
'_\na + \nb
v =-mop2)" (32) ®
where A =mj (Py)ra+nb

B =my (Pa)“b +nb

na=nb =0.125, typically.

Yu and Richart (1984) and Stokoe ez al. (1985) showed that the exponents na, nb were
equal with a value of about 0.125. Further, for dense sands, de Alba er al. (1984) found
that shear wave velocity is also slightly influenced by the soil fabric created using
different sample preparation methods. Here soil fabric refers to the micro structure of the

sand that involves the orientation and the distribution of contacts between grains.

There have been several attempts in the past to correlate cyclic liquefaction

resistance to shear wave velocity (Bierschwale and Stokoe, 1984; Tokimatsu et al., 1986;



Tokimatsu and Uchida, 1990; Robertson er al., 1992a and 1992b). Robertson er al.

(1992a) used a normalized shear wave velocity given by:

Vi =Va( )" @
where: Vs1 = the normalized shear wave velocity;
Vs = the shear wave velocity;
P,  =the reference pressure (usually 100 kPa);
c'y = the effective overburden pressure.

Based on CPT and field shear wave velocity measurements, Robertson et al. (1992a)
suggested a critical value of Vg1 between 140 and 160 m/s that separates a contractive
strain softening response from a dilative strain hardening response at large strains in clean
sand. However, evaluation of this critical value was limited to one site and did not fully

incorporate the steady state concept.

Equation (4) assumes that the coefficient of each pressure at rest (Ky) is equal to
unity. Hence, Equation (4) should be modified as follows;

vy ZVS(_I_)_E,.)O.ZS(_L) 0.125 )

o'y Ko

However, for most reasonable values of K, for loose sand (0.4 < K, < 1.0) equation

(4) is within 12% of equation (5).

TESTING PROGRAM

A modified Wykeham Farrance triaxial test apparatus described by Sasitharan ez al.
(1993) was used throughout this study. Shear wave velocities were generated and

received using bender elements (Shirley, 1978) in the triaxial specimen. The bender



elements, consisting of two thin plates of ceramic material rigidly bonded together, were
installed at the top and bottom pedestal of the triaxial cell. Details are described by
Sasitharan et al. (1994a). The polarization of the ceramic material in each bender
element and the electrical connection is such that when a driving voltage is applied to the
bender element, one plate elongates and the other shortens. One edge of the bender
element protrudes into the specimen as a cantilever. The surrounding soil particles move
in the same direction as the tip of the bender element. This generates a shear wave that

propagates vertically through the sample.

The bender element can also be used as a receiver. When the shear distortion
reaches the receiving bender element embedded in the specimen it creates a mechanical
vibration, which causes one layer of the bender element to undergo extension while the
other undergoes compression, hence, generating an electrical pulse that is displayed on
the oscilloscope screen. The travel time of the shear wave through the specimen is
determined from the time lag of the pulse reaching the receiving bender element. Hence

the shear wave velocity is determined from the travel time and length of travel.

A schematic layout of the shear wave velocity measuring system in the triaxial
apparatus is shown in Figure 1. Using this measuring system, the change in shear wave
velocities during consolidation and triaxial loading can be investigated for a given

specimen.

Ottawa (C 109) sand obtained from Ottawa, Illinois was used in this study. Ottawa
sand is a uniform sand with a mean grain size (Dsg) of 0.35 mm and is comprised
primarily of quartz with a specific gravity of 2.67. The maximum and minimum void
ratios of the sand determined using the ASTM method D2049 are 0.82 and 0.50,

respectively.



Uniform Ottawa sand specimens were prepared using the water pluviation (WP)
technique described by Negussey (1984) and Sasitharan (1989). However, it was
observed that very loose sand specimens could not be prepared by water pluviation. This
is consistent with the observation made by various other researchers regarding water
pluviated sand specimens (e.g., Han and Vardoulakis, 1991). Hence, very loose uniform
sand specimens were also prepared using the moist tamping (MT) technique described by

Sasitharan et al. (1993).

Ottawa sand specimens prepared very loose (e = (.89 - 0.80), medium dense
(e = 0.66 - 0.68) and dense (e = 0.57 - 0.59) were initially consolidated to an isotropic
consolidation stress of 50 kPa. Then the specimens were isotropically consolidated by 50
or 100 kPa stress increments depending on the final consolidation stress. During
consolidation, dead loads were added to the top of the specimen to compensate for the
uplift force acting on the loading ram. This ensured that the specimens were consolidated
isotropically and that the bender element maintained contact. After applying a stress
increment, the specimen was allowed to fully consolidate. For Ottawa sand, it was
observed that the consolidation was complete within a minute from the application of the
consolidation stress increment. However, a constant time interval of approximately five
minutes was allowed before the shear wave velocity was measured across the specimen at
this consolidation stress. Then the next stress increment was applied. A similar test
procedure was followed for each stress increment until the required consolidation stress
or void ratio for triaxial compression loading was achieved. Then the specimens were
sheared in triaxial compression under drained or undrained loading conditions. The
behavior of the very loose Ottawa sand specimens during drained and undrained loading
was presented elsewhere in detail (Sasitharan et al., 1993 and 1994(b)). For specimens
deformed to the ultimate critical/steady state, the shear wave velocity at steady state was

also measured.
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RESULTS AND INTERPRETATION

The consolidation stress, void ratio and shear wave velocity for all of the tests are
summarized in Table 1. Figure 2 shows the shear wave velocity and void ratio change
during isotropic consolidation for all of the test results for Ottawa sand. From Table 1
and Figure 2 it may be observed that the shear wave velocity changes with consolidation
stress and void ratio. The shear wave velocity can be related to void ratio and effective

confining stresses using equation 2.

For Ottawa sand, based on the results of this study, the relationship between shear
wave velocity (Vg), void ratio (e) and mean effective stress during consolidation (pc’) can

be expressed as:

V, = (381 - 25%) %)0-26 m/s 6)

The material constants 381 and 259 are in units of m/s and P, is atmospheric
pressure (typically P, = 100 kPa). The stress exponent 0.26 was found‘ to give the best fit
to the data for Ottawa sand. This exponent is similar to that suggested by Hardin and
Richart (1963) in equation (2). Figure 2b includes contours of constant void ratio using

equation 6.

In order to compare the three independent measurements (Vs, €, pc') the shear wave
velocity values can be normalized with respect to the mean effective consolidation stress

using a modified form of equation (4), as follows:

Va1 = Vs (ff) 0

where n = 0.26 for Ottawa sand.

11



Figure 3 shows the measured normalized shear wave velocity values as a function
of void ratio during consolidation. Hence, based on the test results, the following

relationship is valid for Ottawa sand:

Vs1 = (381 - 25%) m/s &)

Upper and lower bounds are also shown in Figure 3 to define the extent of scatter in
the relationship. These bounds will be used later to define possible limits for the

relationship.

Equation (8) was used to fit all of the data over a wide range of void ratio and
sample preparation techniques. Figure 4 shows selected typical data in the form of a
consolidation plot in terms of e versus log p'. Contours of Vg have been included based
on equation (6). Adjacent to each data point is the measured value of Vg for comparison
with the derived contours. In general, good agreement is seen between measured and
derived Vg values. In another form, a comparison between measured Vg and predicted Vg

from equation (6) is shown in Figure 5.

After consolidation, samples were sheared to failure in triaxial compression under
either drained or undrained conditions. Samples were sheared to large strains until an
ultimate or steady state condition was achieved. At this ultimate steady state (USS), the

shear wave velocity was again measured.

Figure 6 shows the ultimate steady states for all of the tests in the form of e versus
log p'ss and shear stress (q'ss) versus p'ss. At steady state, the relationship between void

ratio, mean normal stress and shear stress can be approximated by:

ess= -4 log p'ss )

gss =MDp'ss (10)
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where: T = intercept at 1 kPa;
=  slope of USSL in e - log p' plane;
M = slope of USSL inq - p' plane.

Based on the tests on Ottawa sand, the parameters that define the ultimate steady

state line (USSL) are:

I = 0926
A = 00745
M = 12 (e ¢'cy =30°

These values are valid over an effective stress range of 10 kPa < p' < 800 kPa. Detailed
results of the shear testing are given by Sasitharan (1994) and Cunning (1994). Figure 7
shows the normalized stress paths for typical tests in the form of q'/p'ss versus p'/p'ss.
This figure clearly shows that samples loose of the USSL (i.e. p'/p'ss > 1.0) are
contractant and show a strain softening response in undrained shear. Samples dense of
the USSL (i.e. p'/p'ss < 1.0) are dilatant and show a strain hardening response in

undrained shear.

Since V¢ measurements were also made at USS, a comparison can be made between
USS values and those made during isotropic consolidation using equation (8). Figure 8
shows the normalized shear wave velocity (V1) versus void ratio (e) at ultimate steady
state compared with the consolidation values given by equation (8). The USS values

were normalized with respect to the individual stress states based on equation (2):

Pa\n/2 P, \0n/2

Vsi = Vs (J—) (~—a—) (11)
01 03

Figure 8 shows that the USS data appear to plot close to the best fit line for Ottawa

sand during consolidation. However, the data exist over a small range of void ratio.

Figure 8 indicates that the relationship between Vs, e and p' appears to fit consolidation

13



states as well as ultimate steady states. This suggests that fabric plays a minor role in this
relationship for Ottawa sand since the samples during consolidation were prepared using

both moist tamping and water pluviation techniques.

EVALUATION OF IN-SITU STATE

The influence of void ratio and stress level on sand behavior is uniquely related to
the critical/steady state by the state parameter (Been and Jefferies 1985). Negative and
positive state parameter would mean strain hardening and strain softening undrained
responses, respectively. The specimens of Ottawa sand consolidated to a void ratio above
the steady state line showed a contractant strain softening behavior at large strains during
monotonic undrained triaxial compression loading. Samples consolidated to a void ratio
below the steady state line showed a dilatant strain hardening response at large strain
during undrained triaxial compression loading. Been and Jefferies (1985) defined the

state parameter \ as the void ratio difference between the current state and steady state at

the same stress level.
Le, Y =e-eg (12)

Current void ratio 'e’ can be written as (rearranging equation 2):

A VyPyra+nd
B B (c'pma (o7p)mb

(13)

substituting equations 9 and (13) in (12) gives;

I b
v =(§-T)-(VS(P*‘)““ —Mogp'ss) (14)

B (0 (c'p)nb

Where A, B A and I are constants for a given sand. Hence, the term (A/B-T') is a

constant for a given soil. Been and Jefferies (1985) showed that it was possible to

estimate the large strain behavior of a clean sand from state parameter (y). Hence, it

14



should be possible to estimate the large strain behavior of a sand from in-situ shear wave

velocity measurements using a relationship such as equation 14.

For Ottawa sand, equation 14 can be used to evaluate state parameter () using the

following constants:

A = 381 [m/s]

B = 259 [m/s]

na = 013 [-]

nb = 013 [-]

A = 0.0745 [1/¢n(kPa)]
I = 0926 [-]

For an assumed value of K, it is possible to produce curves of Vg versus vertical
effective stress (oy') for different values of state parameter (). Figure 9 shows the
curves for different Wy based on K, = 0.4. The curves in Figure 9 are controlled by the
constants (A, B, na, nb, A and I') in equation 14. Based on the work of Hardin and
Drnevich (1972) and Tokimatsu et al. (1986), the constants (A, B, na and nb) that control
the relationship between Vg, void ratio and the effective confining stresses are not
expected to change significantly for most uncemented, unaged silica sands. However, the

curves in Figure 9 are somewhat sensitive to variations in the USS parameters (I" and 1)

that define the location of the USSL.

Table 2 presents a summary of ultimate steady state parameters for various sands.
For most silica sands with rounded to subrounded grains (i.e. similar to Ottawa sand) the

parameters I and A are similar to that for Ottawa sand. Hence, the curves shown in

Figure 9 should be applicable to other sands with similar intrinsic grain characteristics.

15



A value of y = 0 can be used to define the boundary between a net contractive
behavior from a net dilative behaviour. Figure 10 shows the variation of Vg with vertical
effective stress for two values of the in-situ coefficient of earth pressure at rest (K, = 0.4
and 1.0) for y=0. Figure 10 clearly shows the importance of the in-situ stress state for
the evaluation of the boundary between dilatant and contractant sand. However, for low

overburden stresses (i.e. 6y' < 200 kPa) the influence of K, is not large.

Figure 11 shows the range for the y = 0 boundary curve based on the upper and

lower bounds from Figure 3. This range represents a variation in Vg of about + 10 m/s at

oy = 100 kPa.

Figure 12 compares the derived boundary (y = 0) for K, = 0.4 with that suggested
by Robertson er al. (1992) using equation (3) (i.e. Vg1 = 140 m/s to 160 m/s). Note that
Robertson et al. (1992) suggested a generalized normalization with n = (0.25. Figure 12
shows that, in general, the relationship proposed by Robertson er al. (1992) agrees very
well with the boundary based on this study for Ottawa sand. Note that the normalized
value of shear wave velocity (Vg1) increases with depth from about 140 m/s at
oy' =20 kPa to 160 m/s at 6y’ = 200 kPa. This reflects the relatively flat slope of the

USSL in the € - log p' plane for Ottawa sand.

PROPOSED APPLICATION

Ideally, in order to evaluate in-situ strength and large strain behavior of sands, it is
important to conduct laboratory tests on high quality undisturbed specimens. High
quality undisturbed specimens of sand can be obtained using in-situ ground freezing.
Since the cost of in-situ ground freezing is high, the need to obtain high quality

undisturbed specimens would depend on the project requirements. However, it is

16



possible to estimate the large strain behavior of a uniform loose sand deposit using in-situ

shear wave velocity measurements.

Several methods currently exist to measure in-situ shear wave velocity profiles in a
cost effective way (Stokoe and Hoar, 1987; Woods, 1987; Robertson et al., 1986; Addo
and Robertson, 1992). As an initial screening, the curves shown in Figure 9 can be used
to estimate state parameter and hence, the large strain behavior of a clean uncemented,
young silica sand. Been and Jefferies (1985) provided charts to estimate parameters such

as the peak friction angle for sands based on the state parameter .

For a more detailed evaluation for a given sand, it should be possible to develop a
material specific relationship between shear wave velocity, void ratio and effective
confining stress based on a small number of isotropic consolidation tests on reconstituted
specimens of the sand. The shear wave velocity should be measured throughout the
consolidation stage and the resulting relationship should have a form similar to that given
in equation 5. Several of the very loose specimens can then be loaded in triaxial
compression to ultimate steady state. These tests can be performed drained or undrained
to provide the parameters that define the USSL (i.e. I' and A). These parameters can then
be combined with the constants from equation 5 (A, B and n) to produce the relationship

to estimate state parameter () using equation 13, assuming na = nb =0.5 n.

Provided that the in-situ sand deposit is unaged and uncemented, this approach
should provide a reasonable estimation of its in-situ state. For aged or cemented sands the
relationship based on reconstituted specimens may not be valid, since in-situ shear wave
vélocity can be sensitive to the effects of aging and cementation. However, frequently it
is the young, uncemented sand deposits that represent the highest risk for flow
liquefaction. Therefore, this approach should be applicable as an initial evaluation of

such deposits.
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One popular in-situ test to measure shear wave velocity is the Seismic Cone
Penetration Test (SCPT) (Robertson et al., 1986). The combined measurement of shear
wave velocity and penetration resistance (qc) from the SCPT can be useful to identify

aged or cemented sands.

SUMMARY

An experimental study has been presented for shear wave velocity interpretation of
clean Ottawa sand based on steady/critical state concepts. Sand specimens were prepared
by water pluviation and moist tamping techniques. Shear wave velocities were measured
in these specimens during consolidation. Results presented in this study show that shear
wave velocities can be expressed in terms of void ratio and effective confining stresses
during consolidation. Undrained and drained triaxial compression loading was performed
on these specimens to identify the ultimate steady state line and hence, the large strain
response (contractive/dilative). For specimens that reached steady state, the shear wave

velocities were also measured at steady state.

Based on the relationship between void ratio, effective confining stress and shear
wave velocity plus the equation for the ultimate steady state line, the in-situ state of the
sand can be estimated. The contractive/dilative behavior can be evaluated from shear

wave velocity and the vertical effective stress with an estimate of K.

The relationships developed in this study are limited to clean, uncemented, freshly
deposited Ottawa sand. For aged or cemented sands, the relationship based on
reconstituted specimens may not be valid. However, frequently it is young, uncemented
sand deposits that represent the highest risk of flow liquefaction. Further work is
required to confirm and clarify the above relationship for other sands including silty

sands .
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NOTATION

The following symbols are used in this paper

e = void ratio;
P, =the reference pressure (usually 100 kPa);
p' = the effective mean normal stress;
p'c = the effective mean normal stress during consolidation;
A =constant;
B =constant.
na = constant;
nb  =constant;
mj = constant;
mp = constant,
Vs = the shear wave velocity.;
Vs1 = the normalized shear wave velocity;
C'a = the effective stress in the direction of wave propagation;
Gp = the effective stress in the direction of particle motion;
o'y = the effective overburden pressure;

I" = the intercept of the steady state line at p'gg = 1;
A =slope of the steady state line in e-log p' space;
A4

= state parameter
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