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Liquefaction Response of Partially Saturated Sands.
Il: Empirical Model

Ece Eseller-Bayat, M.ASCE'; Mishac K. Yegian, F.ASCE?; Akram Alshawabkeh, F.ASCE?;
and Seda Gokyer*

Abstract: Partial saturation in sands attributable to the presence of gas bubbles (not capillarity) can be encountered naturally in the field be-
cause of the decomposition of organic matter, or it can be induced for liquefaction mitigation. An empirical model (RuPSS) was developed to
predict the excess pore pressure ratio (r,) in partially saturated sands subjected to earthquake-induced shear strains. The model is based on
experimental test results on partially saturated sands. Cyclic simple shear strain tests were performed on specimens prepared and tested in
a special liquefaction box. Excess pore pressures were measured for a range of degrees of saturation 40% < S <90%, relative densities
D, =20 — 67%, and cyclic shear strains y = 0.01 — 0.2%. The test results demonstrated that partially saturated sands achieved a maximum
excess pore pressure ratio (7, max) When large enough cycles of shear strain were applied. The excess pore pressure ratio (r,) that partially
saturated sand can achieve under a given earthquake-induced peak shear strain and the number of equivalent cycles of application can be
significantly smaller than r, max. Therefore, the empirical model was developed in two stages. In the first stage, r, max Was related to S, D,, and
shear strain (7y). In the second stage, a model was developed relating r,, to 1, max, shear strain amplitude (y), effective stress (o), and earthquake
magnitude (M). This paper presents the equations that define the predictive models for r, max and r,,. Through these equations, plots for r, ymax and
r, are provided for ranges of soil and earthquake parameters for ease of use in engineering applications. To illustrate the implementation of the
empirical model for predicting r, max and r,,, an example is presented in which a partially saturated sand layer experiencing a peak earthquake-
induced shear strain was analyzed, and the pore pressure response of the sand was evaluated using both the predictive equations and the plots.
DOI: 10.1061/(ASCE)GT.1943-5606.0000816. © 2013 American Society of Civil Engineers.
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Introduction

Understanding the liquefaction response of partially saturated loose
sands has been receiving increased attention in the geotechnical
earthquake engineering field. Partially saturated sands, where a re-
duction in the degree of saturation is attributable to the presence of
gas bubbles and not attributable to capillarity, can be encountered
naturally as a result of biological activities (Wheeler 1988; Mitchell
and Santamarina 2005), or it can be induced as a means of lique-
faction mitigation as suggested by Okamura et al. (2006), Yegian
et al. (2007), and U.S. Patent No. 7,192,221.

The resistance of partially saturated sands to liquefaction has been
investigated by a number of researchers (Chaney 1978; Yoshimi et al.
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1989; Tsukamoto et al. 2002; Ishihara and Tsukamoto 2004; Yang
et al. 2004; Okamura et al. 2006, 2011). In all of these studies, the
liquefaction criterion was based on a specimen reaching 5% double-
amplitude (DA) axial strain under constant cyclic stresses. Hence,
liquefaction resistance of partially saturated sands was correlated to
an increasing number of cycles to reach 5% DA axial strain for the
same cyclic stress applied. Also, Ishihara and Tsukamoto (2004)
expressed resistance against liquefaction in terms of an increased
factor of safety (FS).

The authors have conducted experimental investigations to
evaluate liquefaction response of partially saturated sands in terms
of excess pore pressure generation under cyclic simple shear strains.
Dobry et al. (1982) demonstrated that excess pore pressure gener-
ation in saturated sands is more related to cyclic strains induced by an
earthquake rather than cyclic stresses.

In a companion paper, the results from a series of cyclic simple
shear strain tests are presented and discussed (Eseller-Bayat et al.
2013). The tests were conducted using a special liquefaction box
and a shaking table to investigate excess pore pressure ratio (r,)
generation in partially saturated sands. This paper presents the
formulations of an empirical model (RuPSS) for r, prediction in
partially saturated sands subjected to earthquake-induced shear strains.
The model is based on the test results presented in the companion paper.

Model Framework

Fig. 1 shows typical excess pore pressure ratio generation in a
partially saturated specimen as a function of the number of strain
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Fig. 1. Typical excess pore pressure ratio generation in a partially
saturated specimen during a cyclic simple shear strain test
(o) =2.5 kPa)

cycles (N). The parameters of interest in the formulation of the
predictive model are indicated on the plots, namely, degree of
saturation (), relative density (D, ), cyclic shear strain amplitude (y),
vertical effective stress (o), maximum excess pore pressure ratio
(rymax), number of shear strain cycles at which r, max is achieved
(Nmax), €Xxcess pore pressure ratio (r,), and number of equivalent
shear strain cycles associated with an earthquake strain time history
N,).

The ultimate goal of the development of the model was to provide
a means for predicting excess pore pressure ratios (r,) in partially
saturated sands subjected to seismic shear strains. Fig. 2 depicts
asoil profile of partially saturated sand experiencing ground motions
associated with an input acceleration record of an earthquake with
amagnitude M. The output of the ground motion analysis at a given
depth can be expressed in terms of a shear strain time history with
a peak shear strain amplitude of vy,,,,. To make use of the experi-
mental results from cyclic shear strain tests, this maximum shear
strain has to be converted to an equivalent cyclic shear strain in
a manner similar to the procedure followed for fully saturated
sands. The program SHAKE91 has presented the concept of strain
ratio as R = y/vnax» Where R can be expressed in terms of the
earthquake magnitude M [R = (M — 1)/10]. With the strain ratio
R, the earthquake-induced strain time history can be converted
to an equivalent number and amplitude of shear strain cycles
(N,,v). The excess pore pressure ratio (r,) then can be predicted
using the empirical model developed based on the experimental
test results.

The number of equivalent shear strain cycles (V,) can be esti-
mated either from the shear strain time history obtained from
a ground motion analysis or using empirical data. In this research, N,
was related to R and M using the data of Seed et al. (1975) and Wer
and Dobry (1982).

The development of the r,, predictive model (RuPSS) for partially
saturated sands was achieved in two stages.

1. The function f; given in Eq. (1) was established, relating r,, max
to the degree of saturation (S), relative density (D,), and
equivalent cyclic shear strain (y = v, X R)

Ty, max =fi (S, Dy, 'Y) (1)

2. The function f, given in Eq. (2) was established, relating r,
[excess pore pressure ratio achieved during a given seismic
event generating N, equivalent shear strain cycles ()] t0 7, max
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Fig. 2. Excess pore pressure ratio r, generated in a partially saturated
sand profile experiencing an earthquake excitation
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As will be demonstrated later, N, can be related to R and M, while
Nmax can be expressed in terms of 7, max, v, and o,

Finally, combining the two previously mentioned functions, the
final function (f) that provides an estimate of r, in partially saturated
sand subjected to a seismic excitation was established as shown in

Eq. 3)

ru=fi x o =f(S. Dy, v, o, M) (3)

Typical Results from Cyclic Shear Strain Tests on
Partially Saturated Sands

To investigate the effects of the parameters S, D,, v, and o, on r,
generation, cyclic shear strain tests were performed using a special
liquefaction box (CSSLB) and the loading mechanism of a shaking
table. The details of the test setup and results are presented in a
companion paper. A total of 96 tests were performed, where the
results of the initial 24 tests were used to develop a preliminary
understanding of the behavior of partially saturated sands and to plan
the details for the additional tests. Eventually, the entire set of data
was used to develop the predictive model (RuPSS) for r,. The in-
fluence of each parameter on r, was investigated, and the obser-
vations were used to guide the development of the predictive model.
Figs. 3-5 show typical test results from which the following trends
are observed.
1. For a given relative density D, = 35 — 40% and a shear strain
amplitude y = 0.1%, as the degree of saturation (S) is reduced,
the excess pore water pressure ratio (r,) decreases [Fig. 3(b)].
The lower the degree of saturation, the smaller is the r,, ,x and
the larger is the Np,x. While at S = 100%, rymax is 1.0; for
S < 90% based on data from this research and for § = 96.3%
based on data published earlier by the authors (Yegian et al.
2007), rymax 1s always smaller than 1, indicating that partially
saturated sands S < 96.3% do not achieve initial liquefaction
(Fumax = 1).
2. Test results shown in Fig. 3(c) demonstrate that relative
density has a significant influence on the rate of generation
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of excess pore pressure. The denser the sand, the slower is the
rate of increase in r,,. Also, as the density of the sand increases,
rumax decreases and Np,x increases.

3. The experimental results shown in Fig. 4 demonstrate that, as
the shear strain amplitude increases, 7, max increases and the
number of cycles required to reach r,, max (Vmax) decreases. The
effect of shear strain amplitude on 7, max is smaller than that of
S and D,.

4. The effect of o, on r,m.x Was also investigated. Under the
constraints of the experimental setup, r,max values were
measured for o, between 1.44 and 9.86 kPa. Fig. 5 shows
21 data points of r, max normalized with respect to 7, max at
o, = 2.4 kPa. The results show that initial effective stress
(within the range tested) has little influence on r, ymax. The
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Fig. 3. (a) Typical cyclic shear strain record; (b) effect of degree of
saturation (S) on excess pore pressure ratio (r,); (c) effect of relative
density (D,) on r, (o, = 2.5 kPa)
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Fig. 4. Effect of cyclic shear strain amplitude (y) on excess
pore pressure ratio r,, in partially saturated sand specimen with S = 81%
(o) =2.5 kPa)

slight variability in the data is attributable to the accuracy and
reproducibility of the tests.

These and other observations from the experimental test re-
sults were used to develop the model (RuPSS) for predicting the
excess pore pressure ratio (r,) in partially saturated sands during
earthquakes.

Prediction of Maximum Excess Pore Pressure Ratio

If a partially saturated sand specimen with a certain relative density
is subjected to a cyclic shear strain amplitude of vy, then after a certain
number of cycles (Npnax), the excess pore pressure ratio will reach
amaximum value of r, = r, max. As was described earlier, test results
on partially saturated specimens showed that r, m,x depends sig-
nificantly on the degree of saturation () and to a lesser extent on the
relative density (D,) and the amplitude of the cyclic shear strain (y).
Fig. 6 shows further test results confirming that S has a more im-
portant influence on 7, . than D,.. Because S is observed to be the
most dominant parameter, the formulation of a model for predicting
Tu.max Was first based on establishing an equation that related r,, max to
only S for a sand in its loosest condition (D, = 20%) and for a shear
strain amplitude of y = 0.1%. This equation is referred to as the base
function f;,. A scaling factor function Fp was then established to
relate r, yax generated at D, = 20% to relative densities greater than
20%. Similarly, a scaling factor function F,, was developed to relate
u.max generated at a shear strain of 0.1% to other levels of shear strain
amplitudes. The final r,, max model function f; [Eq. (1)] was obtained
by the product of the base function f; and the scaling factor func-
tions Fp and F, as in Eq. (4)
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Fig. 5. Effect of initial effective stress (o) on maximum excess pore
pressure ratio (7;,max)
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Fig. 6. Laboratory data of r, max for different degrees of saturation (S)
and relative densities (D,) and cyclic shear strain amplitude y of 0.1%
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Fumax = f1(S, Dy, ¥) = fp(S, D, =20%, v = 0.1%)

x Fp(S, D;) x Fy(S, v) 4)
The base function f;, and the scale factor functions Fp and F,, were
established ultimately using all 96 data points on partially saturated
sand specimens with parameters S =40 —90%, D, =20 — 67%,
and y = 0.01 — 0.2%. Details of the formulations of these functions
and estimations of model parameters and their statistics are presented
in Eseller-Bayat (2009). The results of these analyses led to the
following functions that relate r, mqx to S, D,, and y:

=5 x exp |- (45| )
Fp=1-875x (D, —02) x (1—S)
o2
X expq — (1=S) (6)

2
2 x [1 ~0.84 x (0.2/D,)0'25}

Fy=1-175 x (—log o Yo} x (1-8) x exp|=3.1(1 = 5)’]

(7)

Y
0.001

Note that Fp = 1 for D, = 20% and that F,, = 1 for y = 0.1%.
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Model adequacy or the goodness of fit was evaluated by calcu-
lating the mean square error (MS = 0.007) and the coefficient of
determination (R? = 0.92) for all 96 test data. The low mean square
error and the high coefficient of determination demonstrate that the
predicted r, max values from the model are in good agreement with
the experimental data. In Figs. 7 (a—d), comparisons are made be-
tween the experimental data and the r, max values predicted by the
model shown in Eqs. (4)—(7). Because of the complexity of the
equations of the predictive model, for ease of estimation, two plots of
rumax Were generated for partially saturated loose (D, = 25%) and
medium-dense (D, = 50%) sands, for varying levels of shear strain,
as shown in Figs. 8(a and b). It is noted that these plots provide
estimates of r, max, assuming that the sand is subjected to enough
shear strain cycles (Npax) with amplitude vy to achieve 7, max. If the
number of equivalent cycles of a seismic shear strain history is fewer
than NV, then the excess pore pressure ratio (r,,) will be smaller than
rumax- In the section Prediction of Excess Pore Pressure Ratio (r,,),
a predictive model for r, is presented.

Prediction of Excess Pore Pressure Ratio

In the section Prediction of Maximum Excess Pore Pressure Ratio,
an empirical model (f}) was presented that can be used to predict the
maximum excess pore pressure ratio (r,max) in partially saturated
sands. The model assumes that the number of applied shear strain
cycles is large enough to achieve the maximum value of the excess
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Fig. 7. Comparisons of r, max from laboratory data and model predictions
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Fig. 8. Model predictions of maximum excess pore pressure ratio (r,max) in (a) loose (D, = 25%) and (b) medium-dense (D, = 50%) sands

pore pressure ratio. However, earthquakes with different magnitudes
will apply different numbers of equivalent shear strain cycles (V).
Hence, if the magnitude of a design event is small enough that N, is
less than Ny, then r, will be less than 7, max (Fig. 1). To evaluate the
rate of increase of r, with the number of shear strain cycles, the test
results from r, were normalized with r,max and plotted versus
N/Npnax> as shown in Fig. 9. The trends observed in the plots for
partially saturated sands are generally similar to those for fully
saturated sands as demonstrated by Chang et al. (2007). The slight
variation in the rates of excess pore pressure generation could be
because of secondary influences of S, D,, and y beyond what is
shown in Eq. (1).

To establish a model for the estimation of r,, a function f, was
established using the normalized 7, /7, max vVersus N/Npax plots of
Fig. 9. As defined earlier, N, is the number of equivalent shear strain
cycles associated with a seismic event, and hence, N, can be used as
N in Fig. 9 to obtain 7, /7, max. The trigonometric function shown in
Eq. (8) was determined to be best suited to describe the trends
observed in the data shown in Fig. 9

0
N sinKNNy —0.5) X 77} +1
-
—— =f2( y>= =

for Ny/Nmax = 1

=1 for Ny/Nmax >1  (8)

Tu,max

Based on a statistical analysis of the data, upper bound (95% pre-
diction limit), median, and lower bound (5% prediction limit)
functions were established, resulting in values of the parameter 6 in
Eq. (8)0f0.25,0.54, and 1.1, respectively. Fig. 9 includes these limit
lines.

The number of equivalent shear strain cycles (N,) can be
obtained either using the shear strain record computed through
a ground motion analysis of the soil profile in a way similar to that
followed for fully saturated sand or empirically by using the strain
ratio R and earthquake magnitude M.

(0 &= = t t
0 0.2 0.4 0.6 0.8 1
N/Niax

Fig. 9. Normalized excess pore pressure ratio (r, /7, max) VErsus nor-
malized number of cyclic shear strain (N /Npmax)

The predictive model for r, presented in this paper uses empir-
ically estimated N,. The development of the procedure for esti-
mating N, involved relating the number of equivalent shear strain
cycles for R =0.65 to M using the data from Seed et al. (1975).
Based on a regression analysis of the data, the following relationship
was established:

Ny(R = 0.65) = 0.057 exp(0.72M) (9)

To estimate N,, for any R value, the data of Wer and Dobry (1982)
was used, relating Ny (R = R) to N,,(R = 0.65) as shown in Eq. (10)

Ny(R=R)

V(R =065~ 114 X e [(1/R)‘~8] (10)

Combining Egs. (9) and (10) leads to
Ny(R=R) =0.114 x exp[(l/R)l-S} x 0.057 exp(0.72M)
(11)
If the expression of SHAKE9I is used to relate R to M[R=

(M —1)/10], then Eq. (11) can be expressed solely in terms of the
earthquake magnitude (M) as in Eq. (12)
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10

Ny = 0.0065 x exp {(M -

)1'8 + 0.72M} (12)

It is noted that N,, as defined herein, is the number of equivalent
shear strain cycles and is different from the number of uniform stress
cycles as was defined by Seed et al. (1975). Seed’s number of
uniform stress cycles was developed for a stress ratio of R = 0.65.
For a constant stress ratio R, the larger the magnitude, the larger is the
number of uniform stress cycles. However, when R as defined by
SHAKE9YI [R = (M — 1)/10] is adjusted for magnitude, the larger
the magnitude, the larger is R, leading to a fewer number of
equivalent shear strain cycles, as shown in Fig. 10. The slight in-
crease in N, for magnitudes larger than 7.0 is attributable to the
nature of Egs. (9) and (10) and that of R developed by various
investigators.

The number of shear strain cycles at which r, .« is achieved
(Nmax) Was observed to be dependent on S, D,, y, and 0. Because
Fu.max incorporates the effects of S, D, and v, it was decided to relate
Nmax t0 Fymax and o. Because partially saturated specimens were
tested under relatively small o, = 2.5 kPa, the effect of larger o), on
Nmax Was introduced in a similar way to that on the number of cycles
to liquefaction (V) in fully saturated sands (Chang et al. 2007;
Hazirbaba 2005; Dobry et al. 1982). Details of the formulations can
be found in Eseller-Bayat (2009). Eq. (13) shows the expression that
relates Npax tO 7y max, ¥, and o,

Ninax =107 % exp[~ (3riman +2.0119)] (-3) x o
o, is in kPa

(13)

In summary, r,, can be estimated following these three steps:
1. Compute the maximum excess pore pressure ratio (7, max) from
function f; using Egs. (4)—(7).
Alternatively, the plots in Fig. 8 for loose and medium-dense
sands can be used to estimate 7, m,x for D, = 25% and 50%. For
other D, values, linear interpolation between the two plots is
suggested. These plots were generated using Eqgs. (4)—(7).
2. Compute 7, /7, max for a given earthquake event from function
/> using Eqgs. (8)-(13).
3. Compute the excess pore pressure ratio (r,) from the function
f=hXh.
It is noted that the empirical model, while using measured pore
pressure results from laboratory tests on partially saturated sands,
also utilizes empirical correlations that relate the earthquake

60
50 14
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40 7

5 307

20 T
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5 6 7 8
Earthquake Magnitude, M

Fig. 10. Number of equivalent shear strain cycles (N, ) as a function of
earthquake magnitude (M) and strain ratio (R)

magnitude to the stress ratio R and the number of equivalent shear
strain cycles. Sensitivity analyses of 7, computed using the empirical
model as a function of various model parameters including the
earthquake magnitude led to the conclusion that the model is most
reliable for magnitudes greater than 6, a magnitude range of par-
ticular concern with regards to liquefaction. For magnitudes smaller
than 6, the predicted number of equivalent shear strain cycles is
found to be too large.

Alternatively, Fig.11 can be used for a conservative estimate
of r,. The plots were generated using Eq. (8) with # =0.25 and
Egs. (12) and (13). It is noted that M has little effect on the r, plots,
because it has little effect on N, for M > 6. The larger the M, the
larger is the R, thus compensating for the effect of M on N,,.
However, o), has an appreciable effect on r,,. The plots are generated
using o, = 50 kPa. Under larger o, the r, values will be smaller
than what the plots in Fig. 11 indicate.

Example Application of RuPSS Model

To illustrate the steps involved in estimating the earthquake-induced
excess pore pressure ratio (r,) in a partially saturated sand layer
where partial saturation is naturally occurring or induced for lig-
uefaction mitigation, the following example is presented. The soil
and the ground motion parameters are shown in Fig. 12.

The two-step procedure summarized in the section Prediction of
Excess Pore Pressure Ratio (r,,) is implemented as follows.

1.0

M=6.5-8.5
08 T Oy=50kPa

0.6 1
2

0.4 1

Tymax

Fig. 11. Conservative estimates of excess pore pressure ratio r,
in partially saturated sands
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~
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(Ngo=10 D,=30%
o', =50kPa S =80%

= _,...*,..,_...,_ -

M=7

Fig. 12. Ilustrative example of excess pore pressure ratio prediction
in partially saturated sands using RuPSS model
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Step 1: Compute rymax
Start with

r=U-D_ 0.6y = 0.6 x 0.0017 = 0.1%

From Eqgs. (4)—~(7)
Fumax = Jo(S. Dy =20%, y = 0.1%) x Fp(S. D;) x Fy(S, y)
_ 4
fy = 0.8°5 x exp[— (10.504‘8) } —0.878
Fp=1-875x (0.3—02) x (1—-0.8)

(1-0.8)>
2 x [1 ~0.84 x (0.2/0.3)0'25}2

X expq — =0.876

Fy=1-175 x (—m%} x (1-0.8)

X exp{— [3.1(1 —0.8)2]} =10

Tumax = 0.878 x 0.876 x 1.0 =0.77

Alternatively, from Fig. 8 for D, = 25%, r,max = 0.83, and for
D, = 50%, rymax = 0.49. For D, = 30%, when interpolated between
D, =25 and 50% plots, r,max = 0.76, which is in good agreement
with the value computed from Eqs. (4)—(7).

Step 2: Compute ry/rymax
From Eqgs. (8), (11), and (12)

10

77— 1) 1'8} + 0'72(7)} ~ 12 cycles

Ny = 0.0065 x exp{ [(
Nimax = 107 % exp{—[3(0.77) +2,011(0.001)]}(é)
x 50271 cycles

re  [sin](12/71-0.5) x 7] +1°
_{ 2 }

Ty, max

With 6 = 0.25 and 0.54, the upper bound and average values of
Fu/Tumax are 0.51 and 0.24.

Step 3 Compute r,
From Eq. (3)

Ty
ry = ru,max( )
Tu,max

r, =0.77 x 0.51 =0.4 (upper bound)
r, =0.77 x 0.24 =0.18 (average)

Alternatively, from Fig. 11, for 7,y = 0.77 and y = 0.1%, r, is
estimated to be 0.4.

In summary, the partially saturated sand layer in the example
presented with S = 80% and D, = 30%, during an earthquake with
M =7 causing a maximum (peak) shear strain of 0.17%, will not
liquefy, but it may experience an excess pore pressure ratio of up to
r, = 0.4.Excess pore pressures generated in partially saturated sands

can be of importance in geotechnical earthquake engineering in
the estimation of soil strength and settlement.

Summary and Conclusions

Partially saturated sands can be encountered in the field occurring
naturally or induced through the introduction of gas bubbles as
a measure for liquefaction mitigation. To evaluate the liquefaction
response of partially saturated sands, laboratory tests were per-
formed using ranges of the degree of saturation, relative density, and
cyclic shear strain amplitude. The results of the tests were interpreted
in terms of excess pore pressure ratios. The experimental data for
§ <96.3% indicate that partially saturated sands do not liquefy but
can develop excess pore pressures depending on the degree of
saturation, relative density, and amplitude and number of shear strain
cycles. For the prediction of r, in partially saturated sands experi-
encing seismic excitation, an empirical model (RuPSS) was de-
veloped utilizing laboratory data. The model was developed in two
stages. In the first stage, a function was established that relates the
maximum excess pore pressure ratio (7, max) to the degree of sat-
uration, relative density, and cyclic shear strain amplitude. In the
second stage, excess pore pressure ratio (r,) generation was ex-
pressed in terms of the maximum excess pore pressure ratio (7, max)s
the number of cycles required to achieve this maximum, and the
number of equivalent shear strain cycles associated with an
earthquake-induced shear strain time history. Combining the
functions developed from these two stages, the empirical model
RuPSS for the prediction of r, in partially saturated sands was
established.

With RuPSS, plots were prepared for easy and conservative es-
timation of the excess pore pressure ratio (r,) in partially saturated
sands subjected to seismic excitation. To illustrate the various steps
of the procedure involved in the application of RuPSS, an example
soil profile was evaluated.
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incorrect author list. The correct author list appears in this version
of the paper.

Acknowledgments

This research was funded by the National Science Foundation through
the Geoenvironmental Engineering and Geohazard Mitigation Pro-
gram under Grant No. CMS-0509894. The support of the NSF and
Program Director Dr. Richard J. Fragaszy is greatly appreciated.
The valuable comments and suggestions for improvement of the
paper made by the reviewers are very much appreciated. The con-
tribution to this research by former undergraduate civil engineering
student Meredith Washington is acknowledged. Special appreciation
is expressed to Dr. David Whelpley and Michael MacNeil for their
valuable support of the laboratory experiments.

References

Chaney, R. (1978). “Saturation effects on the cyclic strength of sands.”
Earthquake Eng. and Soil Dynamics, 1, 342-359.

Chang, W.J., Rathje, E. M., Stokoe, K. H., and Hazirbaba, K. (2007). “In situ
pore-pressure generation behavior of liquefiable sand.” J. Geotech.
Geoenviron. Eng., 133(8), 921-931.

Dobry, R., Ladd, R. S., Yokel, F. Y., Chung, R. M., and Powell, D. (1982).
Prediction of pore water pressure buildup and liquefaction of sands
during earthquakes by the cyclic strain method, U.S. Dept.of Com-
merce, Washington, D.C.

878 / JOURNAL OF GEOTECHNICAL AND GEOENVIRONMENTAL ENGINEERING © ASCE / JUNE 2013

J. Geotech. Geoenviron. Eng. 2013.139:872-879.


http://dx.doi.org/10.1061/(ASCE)1090-0241(2007)133:8(921)
http://dx.doi.org/10.1061/(ASCE)1090-0241(2007)133:8(921)

Downloaded from ascelibrary.org by Northeastern Univ Library on 01/21/15. Copyright ASCE. For personal use only; al rights reserved.

Eseller-Bayat, E. (2009). “Seismic response and prevention of liquefaction
failure of sands partially saturated through introduction of gas bubbles.”
Ph.D. dissertation, Northeastern Univ., Boston.

Eseller-Bayat, E., Yegian, M. K., Alshawabkeh, A., and Gokyer, S. (2013).
“Liquefaction response of partially saturated sands. I: Experimental
results.” J. Geotech. Geoenviron. Eng., 139(6), 863-871.

Hazirbaba, K. (2005). “Pore pressure generation characteristics of sands and
silty sands: A strain approach.” Ph.D. dissertation, Univ. of Texas at
Austin, Austin, Texas.

Ishihara, K., and Tsukamoto, Y. (2004). “Cyclic strength of imperfectly
saturated sands and analysis of liquefaction.” Proc. Japan Acad. Ser. B,
80(8), 372-391.

Mitchell, J. K., and Santamarina, J. C. (2005). “Biological considerations in
geotechnical engineering.” J. Geotech. Geoenviron. Eng., 131(10),
1222-1233.

Okamura, M., Ishihara, M., and Tamura, K. (2006). “Degree of saturation
and liquefaction resistances of sand improved with sand compaction
pile.” J. Geotech. Geoenviron. Eng., 132(2), 258-264.

Okamura, M., et al. (2011). “In-situ desaturation test by air injection and its
evaluation through field monitoring and multiphase flow simulation.”
J. Geotech. Geoenviron. Eng., 137(7), 643—-652.

Seed, B., Idriss, I., Makdisi, F., and Banerjee, N. (1975). “Representation of
irregular stress time histories by equivalent uniform stress series in
liquefaction analyses.” Rep. Issue 29, Earthquake Engineering Research
Center, El Cerrito, CA.

SHAKE91 [Computer program]. Davis, CA, Center for Geotechnical Mod-
eling, Dept. of Civil and Environmental Engineering, Univ. of California.

Tsukamoto, Y., Ishihara, K., Nakazawa, H., Kamada, K., and Huang, Y. N.
(2002). “Resistance of partly saturated sand to liquefaction with reference
to longitudinal and shear wave velocities.” Soils Found., 42(6), 93-104.

Wer, R., and Dobry, R. (1982). “The equivalent number of cycles of
recorded accelerograms for soil liquefaction studies.” Technical Rep.,
Rensselaer Polytechnic Inst., Troy, NY.

Wheeler, S. J. (1988). “A conceptual-model for soils containing large gas-
bubbles.” Geotechnique, 38(3), 389-397.

Yang, J., Savidis, S., and Roemer, M. (2004). “Evaluating liquefaction strength
of partially saturated sand.” J. Geotech. Geoenviron. Eng., 130(9), 975-979.

Yegian, M. K., Eseller-Bayat, E., Alshawabkeh, A., and Ali, S. (2007).
“Induced-partial saturation for liquefaction mitigation: Experimental
investigation.” J. Geotech. Geoenviron. Eng., 133(4), 372-380.

Yoshimi, Y., Tanaka, K., and Tokimatsu, K. (1989). “Liquefaction re-
sistance of a partially saturated sand.” Soils Found., 29(3), 157-162.

JOURNAL OF GEOTECHNICAL AND GEOENVIRONMENTAL ENGINEERING © ASCE / JUNE 2013 / 879

J. Geotech. Geoenviron. Eng. 2013.139:872-879.


http://dx.doi.org/10.1061/(ASCE)GT.1943-5606.0000815
http://dx.doi.org/10.1061/(ASCE)1090-0241(2005)131:10(1222)
http://dx.doi.org/10.1061/(ASCE)1090-0241(2005)131:10(1222)
http://dx.doi.org/10.1061/(ASCE)1090-0241(2006)132:2(258)
http://dx.doi.org/10.1061/(ASCE)GT.1943-5606.0000483
http://dx.doi.org/10.3208/sandf.42.6_93
http://dx.doi.org/10.1680/geot.1988.38.3.389
http://dx.doi.org/10.1061/(ASCE)1090-0241(2004)130:9(975)
http://dx.doi.org/10.1061/(ASCE)1090-0241(2007)133:4(372)
http://dx.doi.org/10.3208/sandf1972.29.3_157

