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A B S T R A C T

Based on the liquefaction performance of sites with seismic activity, the normalized shear wave velocity, Vs1, has
been proposed as a field parameter for liquefaction prediction. Because shear wave velocity, Vs, can be measured
in the field with less effort and difficulty than other field tests, its use by practitioners is highly attractive.
However, considering that its measurement is associated with small strain levels, of the order of 10−4–10−3%, Vs

reflects the elastic stiffness of a granular material, hence, it is mainly affected by soil type, confining pressure
and soil density, but it is insensitive to factors such as overconsolidation and pre-shaking, which have a strong
influence on the liquefaction resistance. Therefore, without taking account of the important factors mentioned
above, the correlation between shear wave velocity and liquefaction resistance is weak.

In this paper, laboratory test results are presented in order to demonstrate the significant way in which OCR
(overconsolidation ratio) affects both shear wave velocity and liquefaction resistance. While Vs is insensitive to
OCR, the liquefaction resistance increases significantly with OCR. In addition, the experimental results also
confirm that Vs correlates linearly with void ratio, regardless of the maximum and minimum void ratios, which
means that Vs is unable to give information about the relative density. Therefore, if shear wave velocity is used to
predict liquefaction potential, it is recommended that the limitations presented in this paper be taken into
account.

1. Introduction

Earthquakes of medium-to-large magnitude have systematically
induced liquefaction in areas with sandy soil deposits. Recently,
earthquakes in Chile 2010 (Mw=8.8), Japan 2011 (Mw=9.0) and
New Zealand 2011 (Mw=6.3) have induced liquefaction of sands in
many areas. As a consequence, these countries have had to manage the
extensive damage of buildings, ports, dams, routes, lifelines, and
bridges, along with the significant human and economic cost resulting
from seismic events.

The state of the art and practice in geotechnical engineering provide
analyses and methodologies to understand liquefaction phenomenon,
as well as tools to predict the triggering of liquefaction. However,
although the phenomenon is reasonably well understood, liquefaction
is still one of the main sources of the large overall economic cost caused
by earthquakes. Therefore, every effort should be made to develop new
techniques and enhance existing methodologies for analyzing liquefac-
tion, using theoretical and practical approaches. These efforts must
account for the inherent difficulties faced on a daily basis by practi-
tioners and researchers.

The assessment of liquefaction potential of loose saturated sandy

soil deposits, soils with the highest liquefaction potential, can be done
by retrieving “undisturbed” samples for laboratory tests; however, the
successful completion of laboratory testing on this kind of soil is not
always possible.

To overcome this situation there is a consensus in favor of field
testing procedures that have the advantage of addressing the complex-
ity of soils in their natural, undisturbed in-situ conditions.

In this context, the penetration resistances obtained by either
Standard Penetration Tests (SPT) or Cone Penetration Tests (CPT),
are well-accepted field parameters to characterize sandy soils and
formulate significant correlations with the liquefaction resistance [1].
Figs. 1 and 2 present state-of-practice correlations between penetration
resistances and cyclic resistances used in liquefaction analysis today.

Alternatively, the normalized shear wave velocity, Vs1, has been
proposed as a field parameter for liquefaction prediction. The chart
using Vs1 is presented in Fig. 3. This chart uses the same framework of
liquefaction charts developed based on the liquefaction performance of
sites with seismic activities (Dobry et al. [2]; Robertson et al. [3];
Andrus et al. [4–6]; Dobry [7]).

Because the shear wave velocity correlates with the soil density, and
because it can be measured in the field in a straightforward way, the Vs-
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based procedures to evaluate liquefaction resistance are of great
interest and naturally attractive to geotechnical engineers. Despite its
appealing features for engineering practice, there is an important
concern that arises in the use of Vs as a liquefaction predictor. The
shear wave velocity measurements are associated with small strain
levels, of the order of 10−4–10−3%. Therefore, this parameter can only
capture elastic soil properties and is unlikely to be sensitive to factors
that affect liquefaction, which is a large strain phenomenon
(Jamiolkowski et al. [8]; Verdugo, [9]).

Based on this concern, the present paper discusses the intrinsic
limitations of the use of the shear wave velocity as a liquefaction
predictor.

2. Shear strain levels and behavior of sandy soils

Depending on the shear strain level that an element of sandy soil
experiences, the mechanical behavior could be significantly different.
For shear strains below 10−5 (10−3%), the stress-strain response is
fairly linear, as shown by the experimental results obtained by
Tatsuoka et al. [10], and presented in Fig. 4. This observation is also
supported by the rather limited degradation experienced by the shear
modulus of sands in this range of shear strains, as depicted in Fig. 5
(Kokusho [11]).

For shear strains greater than 10−5 (10−3%), sandy soils show an
elasto-plastic behavior, where both permanent and recoverable me-
chanical strains are observed after unloading. In this scenario, plastic
deformations take place, even though no volumetric strain accumula-
tions are observed up to a strain level of the order of 10−4 (10−2%).

Fig. 1. Liquefaction chart based on SPT- (N1)60 CS, Mw=7.5 [31].

Fig. 2. Liquefaction chart based on tip resistance of CPT. Mw=7.5 ([41]).

Fig. 3. Liquefaction chart based on shear wave velocity. Mw=7.5 [5].

Fig. 4. Stress-strain curve showing elastic behavior for axial strain ≤10−3% (shear strain
≤1.3×10−3%) [10].

Fig. 5. Typical degradation curves of shear modulus for Toyoura sand [11].
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Based on experimental evidence and theoretical considerations, Dobry
et al. [12] introduced the concept of “threshold strain”. This parameter
separates the cyclic response of the soil with and without volumetric
strain accumulations. This concept has been supported by several
studies that have provided clear experimental evidence on the existence
of this limit strain, below which soils do not present volumetric strain
accumulations (Dyvik et al. [13]; Vucetic [14]; Dobry et al. [15]). This
singular strain level has been renamed as “volumetric threshold shear
strain” to emphasize that this threshold relates to the volumetric
strains. Fig. 6 shows experimental results supporting the existence of
this threshold strain. From these experimental data, shear strains of
the order of 10−2% can be identified as a limit shear strain value.

For shear strain levels higher than of the order of 10−3 (10−1%), the
strain rate effect appears. In this case, the loading speed alters the
stiffness as well as the strength of the soil (Ishihara, [16,17]). The
experimental evidence shows that the strain rate effect is significant in
clayey materials but not significant in sandy soils.

Under cyclic loadings that induce shear strain levels larger than
10−2 (1%), the mechanical properties of the soil are significantly
affected, and the soil experiences noticeable changes in response to
the progression of the cycles. Fig. 7 shows an example of this behavior
(Towhata, [18]); after each cycle of loading, a clear modification of the
stress-strain loop is observed. The magnitude of the changes associated
with the progress of cycles is most relevant in loose sandy soils, in

which important rearrangement of particles takes place.
The thresholds described above have to be understood as the

transition points around which the mechanical behavior of the soil is
gradually modified. Fig. 8 shows a summary of the main characteristics
of the mechanical behavior of sandy soils, which can be associated with
the shear strain level.

On the other hand, measurements of the shear wave velocity are
associated with shear strain levels in the range of 10−6 to 5×10−5,
where sandy soils do not present volumetric strain accumulation, nor
significant plastic deformations. The shear wave velocity is a linear-
elastic soil parameter, related to the maximum soil stiffness at a
particular state of stress. In this regard, Vs should not be capable of
capturing the potential of volumetric strains of sands, which manifest
themselves at large strains after significant change in the state of stress.

3. Liquefaction phenomenon

The liquefaction phenomenon is intrinsically related to the natural
tendency of loose sands, and low plasticity silty-sands, to experience
positive volumetric strains (contraction) when subjected to either
monotonic or cyclic loading. When the applied loads are fast enough,
as compared to the drainage capacity of the soil, the potential
volumetric strains are impeded in their development, and this does
develop pore water pressures.

Fig. 6. Experimental evidence about the threshold strain [12].

Fig. 7. Cyclic soil response for maximum shear strain level larger than 1% [18].
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Depending on the field conditions, two scenarios for the occurrence
of liquefaction are possible: (1) a flow failure type, in which driving
shear forces are larger than the post-liquefaction strength (residual
undrained strength), and (2) cyclic softening of level ground.

Loose saturated cohesionless soils may undergo a liquefaction-
induced flow failure type, characterized by a sudden loss of strength
and the subsequent flow of the soil mass in a short period of time. This
kind of failure can be triggered not only by earthquakes but also by
disturbances that are quick enough to induce an undrained response
(Casagrande [19]; Ishihara [20]; Verdugo [21], Verdugo and Ishihara
[22], among others). Fig. 9 shows the contractive response of a sand
tested in undrained conditions. In this test, the initial static deviator
stress is greater than the ultimate undrained shear strength. As a
consequence, a flow failure is developed. In this test, the observed drop
in shear strength starts at an axial strain level which is greater than
0.5%.

In the case of the level ground type of failure, loose saturated
cohesionless soils subjected to cyclic seismic loadings may experience
important pore pressure buildup, causing a systematic reduction of the
soil stiffness, or cyclic softening. Additionally, the most common
outcome of the large buildup of excess pore pressure is the action of
seepage forces that induce upward flow. This flow can transport soil
particles to the ground surface, generating sand boils, typically in a
volcano shape.

The available experimental information indicates that liquefaction
resistance is controlled by factors that also influence the penetration
resistance, which may explain the success of the penetration-based
charts for predicting liquefaction resistance [15].

4. Main features of the standard penetration test

The SPT blow count provides the penetration resistance of the soil,
associated with its failure. Therefore, in this field test, the granular
material is forced to mobilize all its available shear strength. The SPT is
considered a partially drained test; experimental results obtained using
a small tank suggest that the excess pore pressure generated during the
SPT depends on the velocity of blow application, as illustrated in
Fig. 10 (Verdugo et al. [23]). According to these experimental data the
SPT N-value tends to reflect the undrained soil response.

Despite the non-negligible deficiencies of the SPT, this field test
continues to be significantly used by the geotechnical community
around the world. Additionally, due to its application as an index for
liquefaction resistance, efforts to improve its standardization have been
made. Accordingly, the SPT blow count normalized to an overburden
pressure of 1 ton/ft2 (1.08 kg/cm2≈100 kPa) and a hammer energy
ratio of 60%, (N1)60, has been introduced (Seed et al. [24]). Additional
corrections include factors for borehole diameter, rod length and
sampler with or without a liner (Youd et al. [1]). The SPT-based
procedure was the first method empirically developed for predicting
the initiation of earthquake-induced liquefaction of sands. It was
started by Kishida [25] and Ohsaki [26] who observed the liquefac-
tion-induced failures during the 1964 Niigata Earthquake. The proce-
dure was consolidated by Seed and co-investigators (Seed et al.
[27,28,24]) by analyzing actual case histories with and without
liquefaction. The SPT-based procedure has been confirmed and
improved by several studies, adding case histories provided by recent
large earthquakes ([1,29,15,30,31], among others).

Since the experimental work carried out by Gibbs and Holtz [32],

Fig. 8. Shear strain level and characteristic behavior of cohesionless soils.

TOYOURA SAND
e = 0.884

Axial strain (%) 

2

TOYOURA SAND
e = 0.884

D
ev

ia
to

r s
tr

es
s,

 q
 (k

g/
cm

  ) 2
D

ev
ia

to
r s

tr
es

s,
 q

 (k
g/

cm
  )

Effective mean stress, p (kg/cm2)

Fig. 9. Undrained soil response with strength drop [9].
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empirical correlations between the SPT N-value, the vertical effective
stress, and the relative density have been proposed (Cubrinovski et al.
[33]). A comprehensive study by Skempton [34] observed that the SPT
N-value varies with the relative density, Dr, and the vertical effective
stress, σ´v, according to the expression:

N a b σ D= ( + ⋅ ′ )⋅V r
2 (1)

where a and b are constants for a given kind of sand. These values tend
to increase with the grain size, aging, and over-consolidation ratio. It is
important to mention that the value of constant “b” depends on the
adopted units of σ′v. Following the original work of Skempton [34],
these units are (kg/cm2) for the vertical effective stress, σ′v, and
therefore, 1/(kg/cm2) for b. The relative density, Dr, is expressed as a
ratio (not as a percentage). Considering the energy correction (60%)
and the normalization at σ′v=1 kg/cm2 (≈1 ton/sq ft
≈1 atm≈1 bar≈100 kPa), the previous relationship becomes:

N a b D( ) = ( + )⋅ r1 60
2 (2)

Therefore:

N a b
a b σ

N( ) = / + 1
/ + ′V

1 60 60
(3)

According to the experimental data from Skempton [34], for
normally consolidated sands, the ratio a/b varies roughly between 1
and 2. However, for overconsolidated fine sands, this ratio varies
between 0.6 and 0.8. Youd and co-workers recommend to adopt a/

b=1.2, considering the good fit with the original curve proposed by
Seed and Idriss [35] for normalizing the SPT N-value to σ′v=1 bar
(Kayen et al. [36]; Youd et al. [1]). Therefore, for normally consolidated
and overconsolidated sands, the following expressions can be consid-

Fig. 10. Effect of blow velocity on the excess pore water pressure during SPT.

Fig. 11. Shear wave velocity vs void ratio (modified from [51]) 1 kg/cm2 to 100 kPa.
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ered:

N
σ

N( ) = 2.2
1.2 + ′

(Normally Consolidated Sands)
V

1 60 60
(4)

N
σ

N( ) = 1.7
0.7 + ′

(Overconsolidated Sands)
V

1 60 60
(5)

For normally consolidated natural sandy soil deposits, Skempton
[34] found that the sum (a+b), or the quotient (N1)60/Dr

2, has an

average value of around 60, so that:

N D( ) ≈ 60⋅ r1 60
2 (6)

In the case of overconsolidated sandy soil deposits, the SPT N-value
is significantly influenced by the horizontal effective stress, which is a
function of the OCR. In any case, for heavily overconsolidated sands, K0

is not greater than one (Jamiolkowski et al. [37]), which results in the
following approximation, for overconsolidated sands:

N D( ) ≈ 73⋅ r1 60
2 (7)

These empirical expressions are the outcome of the following facts:
(N1)60 is strongly influenced by the relative density and the ground
stress history, and (N1)60 correlates with the soil shear strength.
Consequently, the use of (N1)60 as a liquefaction predictor makes
sense. Nevertheless, it is important to point out that there are a
significant number of experimental results and in-situ measurements
suggesting that the aforementioned relationships may vary according
to the sand types, which can be seen as a weakness of the SPT to be
used without limitations. Furthermore, SPT can be substantially
affected by an inappropriate execution of the borehole, where the
tested soil may already be disturbed by the borehole operation.

5. Main features of the cone penetration test

The use of CPT and its popularity in geotechnical engineering
practice have grown all around the world due to the significant amount
of research that has become available. This work has encouraged
significant progress in electronic tools as well as in the development of
semi-empirical methodologies to estimate different soil parameters.
The CPT has several advantages over the SPT. For example, the CPT
provides nearly continuous data, it has a well-defined standardized
procedure for its implementation, measurements and test result
analysis, and it produces repeatable test results. It is widely recognized
that in sandy soils with low fines contents, the cone penetration
obtained at the standard rate of 2 cm/s generates a drained soil
response. Therefore, at the standard velocity of penetration, CPT
reflects the mobilized drained strength of sandy soils, according to
their in-situ state of stresses and packing.

The CPT-based procedure to evaluate the liquefaction resistance of

Table 1
Physical properties of tested sands.

Sand Grain shape D50 (mm) FC (%) Gs emax emin

Sand S Subangular to angular 0.15 7 2.60 0.862 0.505
Sand C Angular 0.15 0 2.72 1.147 0.664

FC: Fines content; Gs: Specific gravity; D50: medium grain size.

Fig. 13. Shear wave velocities of Sand S measured during (a) loading and (b) unloading
(1 kg/cm2 to 100 kPa).

Fig. 14. Vs of Sand S as function of the vertical pressure for given void ratios (1 kg/cm2

to 100 kPa).
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sands was developed by replacing the corrected standard penetration
resistance (N1)60 by the corrected tip resistance q1c (Stark et al. [38];
Robertson et al. [39]; Youd et al. [1]; Suzuki et al. [40]; Idriss et al.
[41]). Basically using calibration chamber tests, a relationship between
CPT tip resistance, qc, vertical effective stress and relative density has
been developed (Schmertmann. [42]; Lunne et al. [43]; Baldi et al.
[44]; Jamiolkowski et al. [37], among others). However, it has been
pointed out that factors such as sand compressibility, age, and stress
history may affect this type of correlations, making them not unique
(Robertson et al. [45]; Bellotti et al. [46]). For normally consolidated,
unaged and uncemented sandy soil deposits, the following expression
has been proposed:

⎛
⎝⎜

⎞
⎠⎟q c P

σ
P

= ⋅ ⋅
′

expc O a
V

a

C
C Dr( ⋅ )

1
2

(8)

where co, c1 and c2, are empirical non-dimensional coefficients. Pa is
the atmospheric pressure expressed in the same unit of the vertical
stress and tip penetration resistance. Relative density is expressed as a
fraction of the unity.

Analogously, a normalized tip resistance, qc1, at σ′v=100 kPa
(1 atm) is defined:

q c P= ⋅ ⋅expc O a
C Dr

1
( ⋅ )2 (9)

Therefore:

⎛
⎝⎜

⎞
⎠⎟

q
q

=c
C

σ
P

C1
′V
a

1

(10)

A comprehensive investigation performed by Jamiolkowski and co-
workers (Jamiolkowski et al. [47]) using silica sands (Ticino, Toyoura
and Hokksund sands), permitted the establishment of the following
relationship between CPT tip resistance, qc, vertical effective stress and
relative density, for normally consolidated, unaged sands:

⎛
⎝⎜

⎞
⎠⎟q P

σ
P

= 17.68⋅ ⋅
′

expc a
V

a

Dr
0.5

(3.1⋅ )

(11)

Then, for σ′v=1 atm (100 kPa):

q P= 17.68⋅ ⋅expc a
Dr

1
(3.1⋅ ) (12)

Fig. 15. Vs of Sand S measured at different vertical stresses and overconsolidation ratios (1 kg/cm2 to 100 kPa).
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In the case of overconsolidated sands, Jamiolkowski and co-work-
ers proposed to replace the vertical stress by the mean stress, σ′m, and
assume K0=1. For overconsolidated silica sands, the previous relation-
ship becomes [47]:

⎛
⎝⎜

⎞
⎠⎟q P

σ
P

= 24.94⋅ ⋅
′

expc a
V

a

Dr
0.46

(2.96⋅ )

(13)

These empirical expressions show that the CPT tip resistance is
strongly influenced by the relative density, and also by the stress
history of the soil. Also, the CPT tip resistance correlates with the
drained shear strength. These facts give the conceptual support for
using the CPT tip resistance as a liquefaction predictor. Again it is
important to point out that there are experimental results indicating
that the above relationships may vary according to the sand types and
permeability, which is also a warning to use the CPT with a full
understanding of its limitations.

6. Normalized shear wave velocity

The shear wave velocity, Vs, measured either in the field or the
laboratory, is an important material property that is directly related to
the soil stiffness at a small strain level. In the field, Vs can be measured
by different methods such as down-hole, cross-hole, suspension logging
and surface wave methods. In the laboratory, it can be measured using
resonant column tests, bender elements, and compression tests
implemented with local strain transducers. Due to these existing
methods for measuring Vs, this property is especially attractive for
characterizing soils that are difficult to sample, like saturated loose
sandy materials. This real advantage is probably the most important
attribute promoting the use of Vs to predict liquefaction potential.

Experimental results have shown that Vs is a function of the
principal stresses acting in the directions of wave propagation and
particle motion, and is insensitive to the out-of-plane principal stress
(Roesler [48]; Stokoe et al. [49]; Belloti et al. [50]; among others).
Based on empirical evidence, Vs is given by:

⎛
⎝⎜

⎞
⎠⎟

⎛
⎝⎜

⎞
⎠⎟V A F e

σ
P

σ
P

= ⋅ ( )⋅
′

⋅
′

S
a

a

m
b

a

n

(14)

where A is a soil property parameter, in units of velocity. F(e) is the
void ratio function, while σ′a and σ′b represent the principal effective
stresses in the direction of the wave propagation and particle motion,
respectively. Pa is the atmospheric pressure expressed in the same units
as σ′a and σ′b. The parameters n and m are dimensionless exponents.

When Vs is measured for a condition of either vertical wave
propagation or vertical particle motion, the vertical and horizontal
effective stresses can be associated with σa and σb, respectively.
Additionally, the horizontal and vertical effective stresses are related
through the coefficient of earth pressure at rest, Ko. Without loss of
generality in the analysis, according to reported data, the values of m
and n can be fixed equal to 0.125. Thus, the expression for Vs becomes:

⎛
⎝⎜

⎞
⎠⎟V A F e K

σ
P

= ⋅ ( )⋅ ⋅
′

S O
V

a

0.125
0.25

(15)

Introducing the normalized shear wave velocity, Vs1, which is
associated with a vertical effective stress σ′v=1 kg/cm2 (100 kPa) the
following expression is obtained:

V A F e K= ⋅ ( )⋅S O1
0.125 (16)

Therefore,

Fig. 16. Increment of shear wave velocity of Sand S due to overconsolidation.

Fig. 17. Shear wave velocities of Sand C measured during (a) loading and (b) unloading
(1 kg/cm2 to 100 kPa).
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⎛
⎝⎜

⎞
⎠⎟V V P

σ
=

′S S
a

V
1

0.25

(17)

The chart used for liquefaction evaluation, based on the shear wave
velocity, uses the normalized shear wave velocity, Vs1. Its philosophy
follows the empirical approach of both the SPT and the CPT-based
procedures used to evaluate the earthquake-induced liquefaction of
sands.

From a general point of view, the Vs1-based chart (Fig. 3) has at
least two serious weaknesses. First, it presents an important number of
data points that can be identified as false positives, in the sense that
they plot significantly above the curve established as a frontier
separating liquefaction from no-liquefaction, which generates a reason-
able doubt about the actual existence of this frontier. Second, for values
of Vs1 greater than, say 180 m/s, the proposed frontiers for the three
levels of fines become extraordinarily steep, which is unrealistic. For
instance, for sands with fines content in the range of 5–35%, a change
of Vs1, from 190 to 200 m/s, the Cyclic Resistance Ratio (CRR) would
increase from 0.21 to about 0.45 or more. This means that for values of
Vs1 larger than 180 m/s, the evaluation of CRR is unrealistically
sensitive to small variation of Vs1. Furthermore, shear wave velocities
of thin layers of loose sands may not be obtained appropriately because
they may be hidden by denser layers. This represents a serious
weakness considering the high sensitivity of CRR with respect to Vs1.

7. Shear wave velocity and void ratio

The pioneering experimental work carried out by Hardin and
Richart [51], using different gradations of Ottawa sand, concluded
that Vs decreases linearly with increasing void ratio. Fig. 11 shows the
experimental data from Hardin and Richart [51]. At the bottom of the
plot, the intervals between emax and emin of each grading have been
added as shown in this figure. The Vs was found to be independent of
the grain size, grading, and relative density of the sand. This feature is
critical, and needs analyzing in greater depth due to the impact it may
have on the real capability of Vs as a predictor of liquefaction.

From Figs. 11 and 12a, it seems that Vs is closely related to void
ratio, but Vs is not uniquely correlated to relative density. This
observation is confirmed in Fig. 12b, where the same original data of
Vs, for a confining pressure of 0.98 kg/cm2 (2000 psf ≈100 kPa), have
been re-plotted in terms of relative density. It is observed that the
single relationship governed by the void ratio is divided into new

relationships for each sample of Ottawa sand.
It is important to note the enormous range of relative densities that

result in the same Vs (Fig. 12b). For example, Ottawa sand No. 20 to
No. 140, at a relative density of 30%, has a Vs of around 240 m/s, and
Ottawa sand No. 80 to No. 140, at a relative density of 64%, has similar
Vs of around 240 m/s.

All the experimental evidence reported consistently indicates that
Vs is a function of the void ratio, being expressed through the void ratio
function, F(e), previously introduced. The experimental data show that
Vs is not especially affected when close to the maximum and minimum
void ratios (see Fig. 11). This implies that Vs is unable to discriminate
whether the soil packing is dense or loose. This inherent feature of Vs is
a clear limitation on the use of this parameter in analyses where the soil
response is strongly dependent on the relative density, as in the case of
liquefaction phenomenon.

8. Effect of overconsolidation on the shear wave velocity

Bender element tests were carried out on two types of sand to
evaluate the impact of the mechanical overconsolidation on the shear
wave velocity of sands. The first sand was from Sweden, denoted as
Sand-S, while the other was from Chile, denoted as Sand-C. While
Sand-S is a natural sand, Sand-C is a copper tailings material retrieved
from a tailings dam and washed through sieve #200 (ASTM) to
eliminate any fines. Table 1 presents the main physical properties of
the sands investigated.

The shear wave velocity measurements of sand-S were carried out
by the author in the geotechnical laboratory of the Norwegian
Geotechnical Institute, in 1996. The tests were performed on sands
deposited in a consolidation cell equipped with bender elements [52].

The specimens were vertically loaded at a stress of 0.5 kg/cm2

(50 kPa) and then saturated. Afterwards, vertical pressures of 1, 2, 4,
and 8 kg/cm2 were applied on the sand specimens. A subsequent
unloading process was performed, decreasing the load from 8 kg/cm2,
in steps of 0.5 kg/cm2, to generate over-consolidation ratios varying
from 1 to 16. The shear wave velocity was measured at each state of
stress induced by the loads.

The shear wave velocities of sand-C were measured in the geotech-
nical laboratory of University of Chile [53]. The sandy soil specimens
were prepared in triaxial cells equipped with bender elements. The
samples, 10 cm high and 5 cm in diameter, were saturated (B-value
greater than 0.95) and isotropically consolidated at effective confining
pressures of 0.5, 1.0, 1.5, 2.0, 2.5, 3.0, 3.5 and 4.0 kg/cm2. Afterwards,
the specimens were unloaded, following the same steps. At each
effective confinement, for both loading and unloading, the shear wave
velocities of the specimens were measured.

Fig. 13 shows the linear plot of the shear wave velocities as a
function of the void ratio, for various vertical stress levels (0.5, 1, 2, 4,
and 8 kg/cm2), measured on Sand-S specimens during the loading and
unloading stages.

For both stages of loading and unloading of the specimens, the plots
in Fig. 13a and b show that (1) Vs increases with the confinement and
that (2) Vs decreases as the void ratio increases, regardless of the
confinement. These observations are in agreement with previous
studies that highlighted the effect of both the confinement and void
ratio on the shear modulus.

From Fig. 13a, the values of Vs were obtained at various effective
confining pressures and at given void ratios. The results are plotted in
Fig. 14, with both the Vs and the effective confinement in logarithmic
scale. A power regression of the data confirms the power relation
between the shear wave velocity and the effective confinement of the
granular material. These results suggest that the exponent of the
vertical pressure increases as the void ratio increases, with the values
ranging between 0.2 and 0.3, and an average value around 0.25.

Fig. 15 presents the linear plots of the shear wave velocity as a
function of the void ratio, for normally consolidated and overconsoli-

Fig. 18. Vs of Sand-C as function of the confining pressure for given void ratios (1 kg/
cm2 to 100 kPa).
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Fig. 19. Vs of Sand C measured at different confining pressure and overconsolidation ratios (1 kg/cm2 to 100 kPa).
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dated specimens of Sand-S, at different effective confinements and
different overconsolidation ratios.

In addition to the previous observation related to the effect of the
confinement, and the void ratio, on the shear wave velocity, it is
observed that regardless of the effective confinement and the over-
consolidation ratio, the shear wave velocity of overconsolidated speci-
mens is higher than the shear wave velocity of normally consolidated
specimens. Also, at a given OCR and vertical pressure, the difference
between the shear wave velocity of overconsolidated specimens and
normally consolidated specimens is approximately constant, regardless
of the sample void ratio.

Fig. 16 shows the results in terms of the increment of the shear
wave velocity at different overconsolidation ratios. It is observed that
the shear wave velocity increases with the overconsolidated ratio. The
plot of this increase, however, suggests that the increment of the shear
wave velocity rapidly reaches a plateau for overconsolidation ratios
higher than 8. In this particular case, for overconsolidation ratios of
over 8, the increment would be less than 30 m/s.

For Sand-C, a similar interpretation of the results presented in
Figs. 17–20 can be done. In the case of the effect of overconsolidation,

the trends follow a pattern similar to that of Sand-S, with Vs marginally
increasing; less than 15 m/s for overconsolidation ratios higher than 4.

The results presented above provide reliable evidence for the low
sensitivity of Vs to the overconsolidation ratio.

9. Effect of overconsolidation on the cyclic strength of sands

An experimental program that considered the performance of
undrained cyclic triaxial tests was carried out on both normally
consolidated (NC) and overconsolidated (OC) specimens of Sand-C
(Sanchez, [53]). These specimens were prepared initially with relative
densities in the order of 67%. The NC specimens were isotropically
consolidated at an effective confining stress of 1 kg/cm2. The OC
specimens were isotropically loaded to a confining pressure of
600 kPa (6 kg/cm2) initially. Afterwards, the specimens were unloaded
to an isotropic effective stress of 100 kPa. Therefore, the cyclic triaxial
tests on these specimens were performed with an overconsolidation
ratio of 6.

Fig. 21 presents the plot of the cyclic stress ratio, in linear scale, as a
function of the number of cycles to liquefaction, in logarithmic scale.
The liquefaction criterion used in these tests was based on deforma-
tions, as the number of cycles at which the axial deformation of the
sand specimens reached a 5% of axial strain in double amplitude.

A significant effect of the overconsolidation ratio on the liquefaction
resistance is observed. For a number of cycles in the range of 20–30,
overconsolidated specimens (OCR=6) present a cyclic resistance ap-
proximately 20% higher than normally consolidated specimens. The
increase is greater as the number of cycles increases. The experimental
results obtained from the undrained cyclic tests suggest that the effect
of the overconsolidation ratio on the cyclic strength is significant. This
observation is in agreement with previous studies that already proved
this well-known effect (Ishihara et al. [54]; Finn [55]; Dobry et al. [56];
Adalier et al. [57]).

10. Factors that have strong effect on liquefaction resistance
but little effect on shear wave velocity

The main factors associated with the soil state that control, or have
an important effect on the liquefaction resistance of sandy soil deposits
are the following: relative density, soil structure or fabric (sample
preparations methods), aging, overconsolidation, Ko (lateral pressure),
seismic prestraining or preshaking. It is safe to say that there is a
general consensus about the importance of these factors on the onset of
liquefaction (Seed [58], Finn [55]; Ishihara [20,59], Dobry [15]).

On the other hand, in sandy soils some of these factors have only a
marginal effect on Vs. Specifically, Vs is weakly influenced by: soil
structure or fabric (sample preparations methods), aging, overconso-
lidation and seismic prestraining or preshaking.

Tatsuoka et al. [60] carried out an extensive experimental program
to investigate the effect of sample preparation on the shear modulus.
The conclusion was that the shear modulus at small strain level is
insensitive to the sample preparation method, including pouring,
compacting, moistening, saturating, unsaturating, freezing and thaw-
ing. Similar conclusion regarding the insensitivity of Vs to sand fabric
has been reported by Alarcon et al. [61]. Experimental test results of Vs

obtained for two different sample preparation methods on Ottawa sand
(water pluviation and moist tamping) are presented in Fig. 22
(Robertson et al. [62]). It can be seen that the relationship between
the normalized shear wave velocity, Vs1, and void ratio is not affected
by the different fabrics generated by these methods of sample
preparation. Similar experimental results have been reported by
Sawangsuriya et al. [63] as shown in Fig. 23, where the two sample
preparation methods used clearly reproduce the same relationship
between Vs and the applied isotropic effective confining stress. The
same void ratio of 0.56 (relative density of 58%) was repeated by these
methods.

Fig. 20. Increment of shear wave velocity of Sand C due to overconsolidation.

o´= 100 kPaσ

Fig. 21. Cyclic strength of normally and overconsolidated samples of Sand-C.
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In contrast to the above, there is robust experimental evidence
showing that the initial soil fabric, or sample preparation, has a
significant effect on the onset of liquefaction (Park et al. [64]; Mulilis
et al. [65]; Tatsuoka et al. [66]).

Aging is also a factor that has been reported to have an important
effect on the cyclic strength of sandy soils (Troncoso et al. [67]; Mori
et al. [68]). Experimental results on tailings sands, as shown Fig. 24,
indicate that the cyclic stress ratio required for generating 5% strain in
double amplitude increases by a factor of 3.5 in just 30 years of
sustained deposition (Troncoso et al. [67]). On the other hand, Afifi
et al. [69] have reported for sandy soils a relatively unimportant
increase with time of the shear modulus at small strain level, Gmax. The
experimental results reported by Afifi et al. show a phase in which Gmax

increases about linearly with the logarithm of time. This phase, referred
as the long-term time effect, takes place after completion of primary
consolidation. The increase of the shear modulus over one logarithm
cycle of time, ΔG, normalized by the value of shear modulus measured
after 1000 min of application of constant confining pressure, G1000, has
been used as a good indicator of how aging increases Gmax within one
logarithmic cycle of time. For different type of soils, the aging effect on

Fig. 22. Normalized shear wave velocity, Vs1, versus void ratio, e, for Ottawa sand during consolidation (modified from Robertson et al. [62]).

Fig. 23. Shear wave velocity for rodding and tamping sample preparation methods with a void ratio of 0.56 (from Sawangsuriya et al. [63]).

Fig. 24. Aging effect on the cyclic strength of tailing sands [67].
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Gmax is summarized in Fig. 25. Afifi et al. [69] concluded that for soils
with D50 particle size larger than 0.04 mm, the percent increase per log
cycle is less than 3%, which is considered unimportant. Therefore, the
effect of aging on Vs is even less, considering that Vs=(Gmax/ρ)

0.5.
Anderson et al. [70] have reported similar results confirming the
negligible effect of aging on Gmax, and therefore, on Vs.

Seismic pre-straining or strain history is also a factor that has an
important effect on the liquefaction characteristics as it has been
largely recognized (Finn et al. [71], Seed et al. [72], Dobry [15]).
Natural sandy soil deposits are always exposed to small local seismic
events that induce small cyclic straining, which causes a soil particle
arrangement, or minor adjustments at grain contacts, although the
variation of the soil density is negligible. Experimental test results
confirming the effect of the strain history on the liquefaction resistance
has been reported by Seed et al. [72], as shown Fig. 26. It is observed
that the applied pre-shaking increases significantly the cyclic strength
of the tested sand, which cannot be attributed to the marginal increase
of the relative density of the specimens from 54% to 55%. However,

there is experimental evidence suggesting that the pre-strain has little
effect on the shear modulus at small strains (Drnevich et al. [73,74];
Witchmann et al. [75]), and thus on Vs. Experimental data reported by
Drnevich el al. [73] are plotted in Fig. 27 to show the increment of the
shear modulus due to the application of a pre-shaking of 1000 cycles at
predetermined amplitude of shear strain. As can be seen, when pre-
shaking of 1000 cycles of low-amplitude shear strain (1.6×10−2%) is
applied, the shear modulus at small strain is not affected. When pre-
shaking of 1000 cycles of high-amplitude shear strain (6×10−2%) is
applied, the shear modulus at small strain increases at about 20%,
which means an increment of less than 10% in the shear wave velocity.

Recently, El-Sekelly et al. [76] have reported centrifuge test results
where the influence of preshaking on the liquefaction potential of silty
sand deposits was investigated. One of the main findings was that the
observed increase in liquefaction resistance with the number of earth-
quakes is not reflected in a corresponding increase in the shear wave
velocity of the soil, as measured by bender elements throughout the
test. Therefore, they concluded that the measured increased liquefac-

Fig. 25. Ratio of the shear modulus increment over one logarithm cycle of time and shear modulus measured after 1000 min of constant confining pressure, for different soils
represented by their D50 ([69]).

Fig. 26. Effect of pre-shaking on liquefaction resistance of sand [72].
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tion resistance is not predicted by the Vs-based liquefaction chart.

11. Concluding remarks

The shear strain thresholds that characterize the behavior of sandy
soils have been described; especially important are the elastic threshold
and the volumetric threshold shear strain. At very small shear strains,
i.e. below 10−5 (10−3%), the stress-strain response is fairly linear, and a
shear strain level in the order of 10−4 (10−2%), separates the cyclic soil
response with and without volumetric strain accumulations.

The liquefaction phenomenon is intrinsically related to the natural
tendency of loose cohesionless soils to generate positive volumetric
strains (contraction) when subjected to monotonic or cyclic loads.
Therefore, the onset of liquefaction takes place well above the volu-
metric threshold shear strain.

On the other hand, the measured shear wave velocity is a soil
parameter essentially associated with a shear strain level in the elastic
range, where the particle media do not show volumetric strains and
only a marginal plastic strain.

The main factors with a significant impact on the liquefaction
resistance of sandy soil deposits are: relative density, soil structure or
fabric (sample preparation methods), aging, overconsolidation, Ko
(lateral pressure), seismic prestraining or preshaking. However, among
these factors, soil structure or fabric, aging, overconsolidation and
seismic prestraining or preshaking have only a modest effect on Vs.
Specifically, laboratory experimental results showing the low sensitivity
of Vs to OCR are presented. Additionally, Vs correlates linearly with the
void ratio, regardless of the maximum and minimum void ratios. In
other words, Vs is unable to give information about the soil packing.

The Vs-based liquefaction chart presents a significant number of
data that can be identified as false positives. Furthermore, when Vs1

approaches to 200 m/s, CRR is highly sensitive to small changes in Vs1.
Nevertheless, according to the reported data, there are no cases of
liquefaction for Vs1 > 200 m/s.

Shear wave velocity is an index parameter that can be measured in
the field with relatively little effort compared to other field tests, and
therefore, its use is highly tempting. Before surrendering to this
temptation, engineers must be fully aware of the poor correlation
between Vs and relative density and other limitations presented in this
paper. When using shear wave velocity as a liquefaction predictor, it is
recommended that the limitations described here are taken into
account.
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