
See discussions, stats, and author profiles for this publication at: https://www.researchgate.net/publication/352220822

Comparison of sand liquefaction in cyclic triaxial and simple shear tests

Article  in  SOILS AND FOUNDATIONS · June 2021

DOI: 10.1016/j.sandf.2021.05.002

CITATIONS

0
READS

59

3 authors:

Some of the authors of this publication are also working on these related projects:

Development of environment impact assessment model for social overhead capital View project

Zhenzhen Nong

Jiangsu University of Science and Technology

9 PUBLICATIONS   16 CITATIONS   

SEE PROFILE

Sung-Sik Park

Kyungpook National University

95 PUBLICATIONS   919 CITATIONS   

SEE PROFILE

dong-eun Lee

Kyungpook National University

155 PUBLICATIONS   1,061 CITATIONS   

SEE PROFILE

All content following this page was uploaded by Zhenzhen Nong on 11 June 2021.

The user has requested enhancement of the downloaded file.

https://www.researchgate.net/publication/352220822_Comparison_of_sand_liquefaction_in_cyclic_triaxial_and_simple_shear_tests?enrichId=rgreq-eabbdb78da6a8dac64096d7e9c31a9b3-XXX&enrichSource=Y292ZXJQYWdlOzM1MjIyMDgyMjtBUzoxMDMzNDUwNDI1NDQ2NDAwQDE2MjM0MDUxOTAwOTc%3D&el=1_x_2&_esc=publicationCoverPdf
https://www.researchgate.net/publication/352220822_Comparison_of_sand_liquefaction_in_cyclic_triaxial_and_simple_shear_tests?enrichId=rgreq-eabbdb78da6a8dac64096d7e9c31a9b3-XXX&enrichSource=Y292ZXJQYWdlOzM1MjIyMDgyMjtBUzoxMDMzNDUwNDI1NDQ2NDAwQDE2MjM0MDUxOTAwOTc%3D&el=1_x_3&_esc=publicationCoverPdf
https://www.researchgate.net/project/Development-of-environment-impact-assessment-model-for-social-overhead-capital?enrichId=rgreq-eabbdb78da6a8dac64096d7e9c31a9b3-XXX&enrichSource=Y292ZXJQYWdlOzM1MjIyMDgyMjtBUzoxMDMzNDUwNDI1NDQ2NDAwQDE2MjM0MDUxOTAwOTc%3D&el=1_x_9&_esc=publicationCoverPdf
https://www.researchgate.net/?enrichId=rgreq-eabbdb78da6a8dac64096d7e9c31a9b3-XXX&enrichSource=Y292ZXJQYWdlOzM1MjIyMDgyMjtBUzoxMDMzNDUwNDI1NDQ2NDAwQDE2MjM0MDUxOTAwOTc%3D&el=1_x_1&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Zhenzhen-Nong?enrichId=rgreq-eabbdb78da6a8dac64096d7e9c31a9b3-XXX&enrichSource=Y292ZXJQYWdlOzM1MjIyMDgyMjtBUzoxMDMzNDUwNDI1NDQ2NDAwQDE2MjM0MDUxOTAwOTc%3D&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Zhenzhen-Nong?enrichId=rgreq-eabbdb78da6a8dac64096d7e9c31a9b3-XXX&enrichSource=Y292ZXJQYWdlOzM1MjIyMDgyMjtBUzoxMDMzNDUwNDI1NDQ2NDAwQDE2MjM0MDUxOTAwOTc%3D&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/Jiangsu_University_of_Science_and_Technology?enrichId=rgreq-eabbdb78da6a8dac64096d7e9c31a9b3-XXX&enrichSource=Y292ZXJQYWdlOzM1MjIyMDgyMjtBUzoxMDMzNDUwNDI1NDQ2NDAwQDE2MjM0MDUxOTAwOTc%3D&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Zhenzhen-Nong?enrichId=rgreq-eabbdb78da6a8dac64096d7e9c31a9b3-XXX&enrichSource=Y292ZXJQYWdlOzM1MjIyMDgyMjtBUzoxMDMzNDUwNDI1NDQ2NDAwQDE2MjM0MDUxOTAwOTc%3D&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Sung-Sik-Park-2?enrichId=rgreq-eabbdb78da6a8dac64096d7e9c31a9b3-XXX&enrichSource=Y292ZXJQYWdlOzM1MjIyMDgyMjtBUzoxMDMzNDUwNDI1NDQ2NDAwQDE2MjM0MDUxOTAwOTc%3D&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Sung-Sik-Park-2?enrichId=rgreq-eabbdb78da6a8dac64096d7e9c31a9b3-XXX&enrichSource=Y292ZXJQYWdlOzM1MjIyMDgyMjtBUzoxMDMzNDUwNDI1NDQ2NDAwQDE2MjM0MDUxOTAwOTc%3D&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/Kyungpook-National-University?enrichId=rgreq-eabbdb78da6a8dac64096d7e9c31a9b3-XXX&enrichSource=Y292ZXJQYWdlOzM1MjIyMDgyMjtBUzoxMDMzNDUwNDI1NDQ2NDAwQDE2MjM0MDUxOTAwOTc%3D&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Sung-Sik-Park-2?enrichId=rgreq-eabbdb78da6a8dac64096d7e9c31a9b3-XXX&enrichSource=Y292ZXJQYWdlOzM1MjIyMDgyMjtBUzoxMDMzNDUwNDI1NDQ2NDAwQDE2MjM0MDUxOTAwOTc%3D&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Dong-Eun-Lee-2?enrichId=rgreq-eabbdb78da6a8dac64096d7e9c31a9b3-XXX&enrichSource=Y292ZXJQYWdlOzM1MjIyMDgyMjtBUzoxMDMzNDUwNDI1NDQ2NDAwQDE2MjM0MDUxOTAwOTc%3D&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Dong-Eun-Lee-2?enrichId=rgreq-eabbdb78da6a8dac64096d7e9c31a9b3-XXX&enrichSource=Y292ZXJQYWdlOzM1MjIyMDgyMjtBUzoxMDMzNDUwNDI1NDQ2NDAwQDE2MjM0MDUxOTAwOTc%3D&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/Kyungpook-National-University?enrichId=rgreq-eabbdb78da6a8dac64096d7e9c31a9b3-XXX&enrichSource=Y292ZXJQYWdlOzM1MjIyMDgyMjtBUzoxMDMzNDUwNDI1NDQ2NDAwQDE2MjM0MDUxOTAwOTc%3D&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Dong-Eun-Lee-2?enrichId=rgreq-eabbdb78da6a8dac64096d7e9c31a9b3-XXX&enrichSource=Y292ZXJQYWdlOzM1MjIyMDgyMjtBUzoxMDMzNDUwNDI1NDQ2NDAwQDE2MjM0MDUxOTAwOTc%3D&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Zhenzhen-Nong?enrichId=rgreq-eabbdb78da6a8dac64096d7e9c31a9b3-XXX&enrichSource=Y292ZXJQYWdlOzM1MjIyMDgyMjtBUzoxMDMzNDUwNDI1NDQ2NDAwQDE2MjM0MDUxOTAwOTc%3D&el=1_x_10&_esc=publicationCoverPdf


Available online at www.sciencedirect.comH O S T E D  B Y
www.elsevier.com/locate/sandf

ScienceDirect

Soils and Foundations xxx (xxxx) xxx
Technical Paper

Comparison of sand liquefaction in cyclic triaxial and simple
shear tests

Zhen-Zhen Nong a, Sung-Sik Park b,⇑, Dong-Eun Lee c

aSchool of Naval Architecture and Ocean Engineering, Jiangsu University of Science and Technology, Zhenjiang, China
bDepartment of Civil Engineering, Kyungpook National University, 1370, Sangyeok-dong, Buk-gu, Daegu 702-701, Republic of Korea

cDepartment of Architectural Engineering, Kyungpook National University, 1370, Sangyeok-dong, Buk-gu, Daegu 702-701, Republic of Korea

Received 1 September 2020; received in revised form 1 May 2021; accepted 13 May 2021
Abstract

The liquefaction resistance and correction factors Kr and Ka of Nakdong River sand obtained from cyclic triaxial (CTX) tests were
compared with those determined by cyclic simple shear (CSS) tests to ascertain the importance of the reduction factor Cr and correction
factors Kr and Ka in liquefaction evaluations, especially in view of the lack of comparative liquefaction assessments based on different
laboratory test apparatuses. All samples used for the comparisons were obtained from the same type of sand by using similar preparation
methods and they were subjected to similar stress states to minimize the number of factors influencing the comparison results; moreover,
the apparatuses used in the two tests were manufactured by the same company and all tests were conducted by a single operator. It was
found that the liquefaction resistance in CTX tests was always greater than that in CSS tests. Furthermore, Cr varied from 0.63 to 0.36,
and it depended on the relative density Dr and initial static shear ratio a. Kr, which increased with the normal effective stress r0

nc in CTX
tests, was identical to Kr observed in CSS tests when a was increased up to 0.1. By contrast, Ka in the CSS tests was 58%–97% of Ka

measured in the CTX tests, and it depended on the combined effect of Dr, r0
nc, and a. The relationship between Ka and a in both CTX

and CSS tests was well represented by a parabolic function. Moreover, the differences in Ka values between the CTX and CSS tests were
also found to be a parabolic function of a. This information can be used for converting CTX (or CSS) values into equivalent CSS (or
CTX) values.
� 2021 Production and hosting by Elsevier B.V. on behalf of The Japanese Geotechnical Society. This is an open access article under the CC BY-
NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Keywords: Sand liquefaction; Cyclic triaxial test; Cyclic simple shear test
1. Introduction

Cyclic triaxial (CTX) and cyclic simple shear (CSS) tests
are useful tools that are very commonly used in laborato-
ries for evaluating the liquefaction behavior of soils. How-
ever, for given test conditions, each of them yields a
different liquefaction resistance since their capability to
simulate the cyclic stress states resulting from earthquakes
https://doi.org/10.1016/j.sandf.2021.05.002
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depends on the nonuniformity of stresses and strains in the
sample, the rotation of the principal axis, the duplication of
the plane strain condition, and the specifics of the stress
conditions imposed (Bhatia et al. 1985). Previous compar-
ative studies have indicated that CTX tests predict a higher
liquefaction resistance compared with CSS tests. Cr, which
is among the CTX parameters used to observe the
responses of samples under CSS conditions, has been stud-
ied within a limited scope (Peacock and Seed 1968). Vaid
and Sivathayalan (1996) found that Cr is dependent on
both the relative density Dr and confining stress level: for
loose sand (Dr = 31%–40%), Cr was about 0.78 irrespective
Japanese Geotechnical Society.
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of the confining stress, and for dense sand (Dr = 59%–
72%), Cr increased from about 0.62 to about 0.7 when
the confining stress increased from 50 to 400 kPa. Hoque
(2016) observed Cr-values of 0.55, 0.61, and 0.7 for loose
(Dr = 40%), medium (Dr = 60%), and dense (Dr = 80%)
sand, respectively. In practice, a Cr-value of 0.6 is adopted
without regard to the confining stress and relative density.
Sivathayalan and Ha (2011) suggested that the effect of the
initial static shear stress should not be ignored when calcu-
lating the Cr-value. However, no study has investigated
how the initial static shear stress influences Cr. The Cr-
values obtained by different researchers are inconsistent,
and more research is required to consider the discrepancy
in the cyclic resistance between the CSS and CTX tests,
especially for soil elements subjected to an initial static
shear stress.

It is generally acknowledged that the liquefaction resis-
tance of sand decreases with increasing vertical effective
stress (e.g., Marcuson and Krinitzsky 1976; Seed and
Idriss 1981; Seed and Harder 1990; Harder and
Boulanger 1997; Sze 2010). A correction factor, Kr, has
been widely used in studies when the influence of the verti-
cal effective stress, in both the CTX and CSS tests.
Nonetheless, Kr-values in CTX tests have rarely been com-
pared with those in CSS tests. Vaid and Sivathayalan
(1996) compared Kr-values in CSS tests with those
obtained by Vaid and Thomas (1995) in CTX tests. For
loose sand, the Kr-values of both tests were nearly identi-
cal, whereas for dense sand, the Kr-values in the CTX tests
appeared to have been overestimated when compared with
those in the CSS tests. Since field conditions are closer to
CSS test conditions, adopting Kr-values measured by
CTX tests would lead to further conservatism in designs
for dense sand (Vaid and Sivathayalan 1996; Vaid et al.
2001; Boulanger 2003). Fonseca et al. (2015) suggested that
investigations of Kr should not consider only the effect of
initial confining stress, but recognize the potential influence
of the fabric induced by the rotation of principal stresses,
such as can be better investigated in a CSS apparatus than
a CTX apparatus. For critical projects, the National Cen-
ter for Earthquake Engineering Research (NCEER)
(Youd et al. 2001) recommends the use of site-specific
Kr-values. Since different laboratory test methods yield dif-
ferent amplitudes of Kr, additional research is required to
reduce the difference in the amplitudes.

It is desirable to compare the liquefaction resistance
determined from CTX and CSS tests for sand subjected
to an initial static shear stress. The value of another correc-
tion factor, Ka, accounts for the presence of an initial static
shear stress at a given relative density, and it can differ
drastically between test methods (Sivathayalan and Ha
2011). Hosono and Yoshimine (2004) found that the values
of Ka for CSS conditions were 75%–85% of those evaluated
by CTX tests in the presence of an initial compression sta-
tic shear stress when the initial static shear ratio (a) range
between 0.2 and 0.4. Sze (2010) compiled data from Vaid
et al. (2001) and Wijewickreme et al. (2005) and compared
2

the relationship between Ka and a on the basis of results
obtained from the CTX and CSS tests. For loose sand
(Dr = 40%), an increase in a resulted in an increasing trend
in the Ka-value for CTX tests; however, an increase in a
resulted in the opposite trend for CSS tests. Owing to the
limited number of studies on this topic, existing under-
standing of Kr and Ka in CTX and CSS tests is inade-
quate, and therefore, further investigations are required.

In view of the importance of Cr, Kr, and Ka in liquefac-
tion evaluations and the lack of comparative liquefaction
assessments based on different laboratory testing appara-
tuses, a comprehensive experimental study of CTX and
CSS tests was conducted using Nakdong River sand. The
main objectives of this study were to i) compare CTX liq-
uefaction resistances with those obtained under CSS condi-
tions to determine the effect of the initial static shear stress
on Cr, ii) determine the effect of the initial static shear stress
on Kr in both the CTX and CSS tests and to compare Kr

values obtained in an experiment with the predictions of
existing empirical methods to assess the appropriateness
of Kr determination in practice; and iii) relate Ka obtained
in the CTX and CSS tests and to make an attempt to pro-
vide a convenient method of conversion of CSS Ka into
CTX Ka and vice versa. Furthermore, comparisons
between the two tests were made by considering samples
of the same type of sand, using similar methods of sample
preparation, similar relative densities, and similar stress
states to minimize the number of factors influencing the
comparison results; moreover, the apparatuses used in
both tests were manufactured by a single company and
both tests were conducted by a single operator.
2. Experimental program

2.1. Stress states in the CTX and CSS tests

The stress state in the CTX test is significantly different
from that in the CSS test. In the CTX test, soil specimens
can be consolidated under isotropic or anisotropic condi-
tions to simulate a soil element under in-ground conditions.
As shown in Fig. 1(a), for isotropic consolidation, the con-
fining stress (r0

c) applied to the specimen in the vertical and
horizontal directions are equal. Earthquake loading is sim-
ulated by applying a cyclic deviator stress (qcyc) by simulta-
neously increasing the confining stress in the vertical
direction and decreasing the confining stress in the horizon-
tal direction by an equal amount; the application of qcyc is
accompanied by the instantaneous rotation of principal
stress directions by 90�. In this process, a constant normal
effective stress (r0

nc) is applied to the specimen in the 45�
plane, and the direction of shear stress (scyc) in this 45�
plane is reversed when the above-mentioned vertical and
horizontal stresses are reversed. The conditions in the 45�
plane (or the plane of maximum shear stress) are represen-
tative of the stress state in the horizontal plane for in situ
conditions. The cyclic stress ratio (CSR), normal effective



Fig. 1. Stress conditions in CTX test.
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stress (r0
nc), and shear stress (scyc) in the 45� plane in the

CTX test are defined as

CSR ¼ qcyc

r0
1c þ r0

3c

¼ scyc
r0
nc

; r0
nc ¼

r0
1c þ r0

3c

2
; scyc ¼

qcyc

2
ð1Þ
For anisotropic consolidation, as shown in Fig. 1(b), the
major principal stress (r0

1c) is different from the minor prin-
cipal stress (r0

3c), and this results in an initial deviator
stress (qst) in the vertical direction and an initial static shear
stress (sst) in the 45� plane. The initial static shear ratio (a)
in the 45� plane is defined as

a ¼ qst

2r0
nc

¼ sst
r0
nc

¼ r0
1c � r0

3c

r0
1c þ r0

3c

ð2Þ
The stress state in the CSS test is closer to in situ condi-
tions compared with that in the CTX test. Furthermore, in
the CSS test, the stress conditions in the horizontal plane
(or the plane of maximum shear stress) can be considered
to be identical to those at the in situ soil surface. As shown
in Fig. 2, the soil element is consolidated under the K0 con-
dition. A vertical effective stress (r0

v0) is applied to the hor-
izontal plane and the horizontal deformation is constrained
by a wire-reinforced membrane or Teflon-coated stacked
aluminum rings. Additionally, a cyclic shear stress (scyc)
is applied to the horizontal plane to simulate the vertically
propagating shear wave generated by earthquake loading.
The CSR in the CSS test is defined as

CSR ¼ scyc
r0
v0

ð3Þ
3

Moreover, an initial static shear stress (sst) is introduced
in the horizontal direction during the consolidation phase.
The initial static shear ratio (a) in the representative plane,
is defined as

a ¼ sst
r0
v0

ð4Þ

Despite the debate on whether laboratory stress condi-
tions match in situ stress conditions in the CTX test, this
test is still widely used to evaluate soil liquefaction owing
to the availability of the test apparatus and researchers’
familiarity with the test procedure and apparatus. On the
other hand, while the CSS test is more realistic for repre-
senting sand liquefaction behavior under earthquake load-
ing, the complexity of specimen preparation, significant
nonuniformity of stresses and strains, and general appara-
tus unavailability are its major disadvantages.
2.2. Test apparatuses

The apparatuses used for the CTX and CSS tests in this
study were manufactured by Geocomp Corporation. The
CTX apparatus (Fig. 3a) was controlled by a feed-
forward adaptive control system and it could accurately
apply and maintain axial loads by using a stepper motor
coupled to a low-backlash, low-inertia, and linear elec-
tromechanical actuator. The loads were measured using
an internal low-profile load cell with a capacity of 4.44
kN and a resolution of 0.5 N. Axial displacements were
measured using a displacement transducer attached to the
top of the chamber; the transducer had a range and a res-
olution of 50 mm and 7.5 � 10�4 mm, respectively. Pres-



Fig. 2. Stress conditions in CSS test.

(a) CTX apparatus           (b) CSS apparatus 

Fig. 3. Test apparatuses used in this study.
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sure was applied to the cell and sample by using a dual-
loop pneumatic regulator with a capacity of 1,400 kPa
and a resolution of 0.06 kPa.

The CSS apparatus (Fig. 3b) was developed by the Nor-
wegian Geotechnical Institute (NGI type; Bjerrum and
Landva 1966) and had stepper motors with built-in con-
trols for vertical and horizontal loads and displacements.
Both the vertical and horizontal loads were measured using
a low-profile load cell with a capacity of 5 kN and a reso-
lution of 0.5 N, and the vertical displacement was mea-
sured using a displacement transducer with a range and a
resolution of 25.45 mm and 1.3 � 10�3 mm, respectively.
4

Horizontal displacements were measured using a displace-
ment transducer with a range and a resolution of 12.5 mm
and 1.3 � 10�3 mm, respectively. In particular, constant
volume conditions were maintained through closed-loop
computer control, with a vertical displacement sensor pro-
viding feedback.
2.3. Test material

The material used in this study was Nakdong River
sand, which was collected from banks of the Nakdong
River. It was uniform, siliceous, medium, nonplastic sand
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comprising quartz particles with angular to subangular
shapes and with a specific gravity of 2.64. The minimum
and maximum void ratios according to the Japanese stan-
dard (JIS A 1224, 2009) were 0.65 and 1.181, respectively.
The sand was classified as poorly graded sand (SP) accord-
ing to the Unified Soil Classification System, and its phys-
ical properties are listed in Table 1. A scanning electron
microscopy photograph and the grain size distribution
curve of the sand are shown in Figs. 4 and 5, respectively.
After collection, the sand was washed and dried, and it was
subsequently sieved to obtain particle sizes of 0.85 and
0.075 mm.
Fig. 4. SEM image of Nakdong river sand.

Fig. 5. Grain size distribution curve of Nakdong river sand.
2.4. Sample preparation and test programs

CTX specimens with an initial size of 142 mm
(height) � 71 mm (diameter) were reconstituted using the
dry air pluviation technique. All specimens were initially
pluviated in the loosest state possible by controlling the
funnel opening to maintain the minimal drop height above
the sand surface. Specimens with the desired density were
obtained by uniformly tapping the periphery of the mold
using a rubber hammer. The relative densities of the spec-
imens were determined by calculating the specimen vol-
umes and sand masses. The pore air in the specimen was
replaced by carbon dioxide before inundation, and back
pressure saturation was performed prior to shear. Sample
saturation was achieved by ensuring that the pore pressure
parameter B was equal to or greater than 0.95 before the
test.

A CSS specimen was laterally confined in a wire-
reinforced membrane that prevented the horizontal exten-
sion of the specimen. Cylindrical specimens with dimen-
sions of 63.5 mm (diameter) � 25 mm (height) were
reconstituted using the dry compaction technique (Ladd
1978). For loose sand (Dr = 40%), the amount of dry sand
used each time was identical, and the sand was compacted
lightly to achieve the desired height. For dense sand
(Dr = 80%), the specimen was separated into five layers,
with all layers containing the same amount of sand. The
lower layers were compacted to a height slightly greater
than 5 mm by trial and error. The relative densities of
the specimens were determined from the sand mass and
the specimen volume after consolidation. The saturation
level of dry sand was ignored in the CSS tests.

The preparation method for the CTX specimens was
slightly different from that used for the CSS specimens.
The sand fabric was essentially similar because dry sand
was initially used for sample preparation both in the
CTX and CSS tests. Silver et al. (1980) found that while
Table 1
Material properties of Nakdong river sand.

Index properties

Specific gravity D10 (mm) D30 (mm) D60 (mm)

2.64 0.18 0.28 0.37

5

the sample preparation method significantly influenced
the CTX strength, this was not the case for the CSS
strength. Therefore, the delicate difference in the sample
preparation method used in this study was not considered
to be a significant factor in the analysis of the differences
in specimen behavior between the CTX and CSS tests.

The testing program for the CTX tests is shown in
Table 2. Specimens with relative densities of 40% and
80% were prepared, and all specimens were consolidated
under both isotropic and anisotropic conditions by apply-
ing normal effective stresses of 100 and 200 kPa, respec-
tively. For achieving anisotropic consolidation, a broad
range of initial static shear stress ratios, namely, 0.05,
0.1, 0.2, and 0.4, were used for the compressed side. Cyclic
Cu Cc emax emin USCS

2.056 1.177 1.181 0.65 SP



Table 2
Testing program for cyclic triaxial tests.

Sample a r0nc (kPa) r03c (kPa) r01c (kPa) qst (kPa) p0 (kPa)

Loose (Dr = 40%) 0 100 100 100 0 100
0.05 100 95 105 10 98.3
0.1 100 90 110 20 96.7
0.2 100 80 120 40 93.3
0.4 100 60 140 80 86.7
0 200 200 200 0 200
0.05 200 190 210 20 196.7
0.1 200 180 220 40 193.3
0.2 200 160 240 80 186.7
0.4 200 120 280 160 173.3

Dense (Dr = 80%) 0 100 100 100 0 100
0.05 100 95 105 10 98.3
0.1 100 90 110 20 96.7
0.2 100 80 120 40 93.3
0.4 100 60 140 80 86.7
0 200 200 200 0 200
0.05 200 190 210 20 196.7
0.1 200 180 220 40 193.3
0.2 200 160 240 80 186.7
0.4 200 120 280 160 173.3

Note: p0 is the mean effective normal stress.
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loading was applied in a stress-controlled mode under
undrained conditions. A loading frequency of 0.1 Hz (re-
flecting a sinusoidal function) was used for obtaining suit-
able input and output responses, and the tests were
controlled until the specimen deformation reached a level
where the specified axial strain level was exceeded.

Table 3 shows the testing program for the CSS tests. The
specimens were prepared with relative densities of 40% and
80%. Briefly, dry sand specimens were consolidated under
vertical effective stresses of 100, 150, and 200 kPa, and ini-
tial static shear stress ratios of 0, 0.05, 0.1, and 0.2 were
used for each vertical effective stress level. Cyclic shear
loading was applied in a stress-controlled mode at a fre-
quency of 0.1 Hz (reflecting a sinusoidal function). All
the specimens were tested under undrained shear condi-
tions by imposing constant volume conditions, and the ver-
tical loads were adjusted using the vertical load frame to
maintain a constant volume. Furthermore, the excess pore
Table 3
Testing program for cyclic simple shear tests.

Sample a r0v0 (kPa) sst (kPa)

Loose (Dr = 40%) 0 100 0
0.05 100 5
0.1 100 10
0.2 100 20
0 150 0
0.05 150 7.5
0.1 150 15
0.2 150 30
0 200 0
0.05 200 10
0.1 200 20
0.2 200 40
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pressure generated in the cyclic shear phase was equal to
the change in the vertical effective stress.

2.5. Liquefaction criteria

The term liquefaction is used herein to refer to all forms
of deformation, without regard to the actual strain devel-
opment mechanism. Liquefaction criteria can be defined
on the basis of either the pore pressure ratio or the axial/
shear strain. However, a pore-pressure-based liquefaction
criterion is not appropriate to define the onset of liquefac-
tion in laboratory tests since 1) it would not be applicable
to sand exhibiting the flow failure type of deformation
(Sivathayalan and Ha 2011) and 2) the excess pore water
pressure ratio in dense sand did not reach 100% of the ini-
tial effective confining pressure owing to dilatancy. Conse-
quently, the liquefaction criteria used in this study were
based on the axial/shear strain, in accordance with the rec-
Sample a r0v0 (kPa) sst (kPa)

Dense (Dr = 80%) 0 100 0
0.05 100 5
0.1 100 10
0.2 100 20
0 150 0
0.05 150 7.5
0.1 150 15
0.2 150 30
0 200 0
0.05 200 10
0.1 200 20
0.2 200 40
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ommendation of the National Research Council (NRC
1985). The criteria have been widely used by many
researchers (e.g., Toki et al. 1986; Pillai and Stewart
1994; Ishihara 1996; Vaid and Sivathayalan 1996; Yang
and Sze 2011a). CTX specimens with total or partial stress
reversals were deemed to undergo liquefaction when the
double amplitude (DA) axial strain exceeded 5%. In the
case of specimens without stress reversals, the occurrence
of a peak axial strain of 5% was considered a valid criterion
since strain development was unidirectional. On the other
hand, CSS specimens with total or partial stress reversals
were deemed to undergo liquefaction when the DA shear
strain exceeded 7.5%, and specimens without stress rever-
sals were deemed to undergo liquefaction when the peak
shear strain exceeded 7.5%. The onset of liquefaction was
also defined for characterizing cyclic responses (Yang and
Sze 2011b). Park et al. (2020) studied the cyclic behavior
of loose and dense Nakdong River sand in CSS tests,
and they observed that sudden shear strain runaway is
the main reason for the liquefaction of loose sand, whereas
plastic strain accumulation was the principal cause of the
liquefaction of dense sand. A careful examination of the
cyclic curves for loose Nakdong River sand showed that
the number of cycles to liquefaction was consistent, irre-
spective of whether the onset of liquefaction was defined
on the basis of the sudden shear strain runaway or the
attainment of a specified shear strain. Thus, the use of a
specific strain level to define the liquefaction of both loose
and dense sand was unlikely to influence the test results.

The number of cycles to liquefaction is generally defined
in the range of 10–20 cycles (e.g., Haeri and Pouragha
2010; Yang and Sze 2011b; Wei and Yang 2015). Liu
et al. (2001) indicated that for a magnitude 7.5 earthquake,
the equivalent number of uniform stress cycles considered
as the median prediction of empirical models is 19 for lab-
oratory tests. Since the number of cycles to liquefaction is
only used as a reference and does influence the compar-
isons and corollary conclusions discussed below, the cyclic
resistance ratio (CRR) is defined as the value of CSR in 15
loading cycles and denoted by CRR15 in discussions of fur-
ther analysis. According to Seed et al. (1975), the choice of
15 cycles corresponds to a magnitude 7.5 earthquake.

3. Test results and discussion

A comprehensive CTX and CSS testing program com-
prising 144 tests was conducted using Nakdong River sand.
During both the CTX and CSS tests, for given relative den-
sity and stress state, three tests with different cyclic shear
stress ratios were conducted to obtain the cyclic resistance
curve (number of cycles versus CSR). CSR was appropri-
ately chosen to ensure the occurrence of failure within a
significant number of cycles, which facilitated the computa-
tion of the liquefaction resistance values. For every combi-
nation of r0

nc (or r0
v0), a, and Dr, tests were repeated until

the number of cycles to liquefaction in two successive test
runs had a relative error below 10%. The CRR values for
7

15 loading cycles (CRR15 in the figures) were obtained
from the cyclic resistance curves.

On the basis of the earlier discussion, the magnitude of
the normal effective stress in the 45� plane in the CTX tests
was considered as an appropriate measure of the initial
confinement of the specimens. This was consistent with
the CSS test conditions, in which the initial confinement
was in the horizontal plane. The following sections discuss
the comparison of the liquefaction resistance and correc-
tion factors Kr and Ka between the CTX tests (based on
a 45� plane) and the CSS tests (based on a horizontal
plane).

3.1. Comparison of liquefaction resistance

Fig. 6 shows a comparison of the variation of the lique-
faction resistance with a, as a function of r0

nc (or r0
v0), for

CTX and CSS tests. For given Dr and a values, an increase
in r0

nc (or r0
v0) resulted in a decrease in the liquefaction

resistance in 15 cycles for both types of tests. In particular,
the liquefaction resistance in the CTX tests was always
greater than that in the CSS tests, regardless of the density
state. Clearly, the CRR15 behavior during the CTX tests,
which was influenced by a, differed considerably from that
during the CSS tests. For loose sand, as shown in Fig. 6(a),
regardless of how r0

nc (or r0
v0) varied, the value of CRR15

in the CTX tests increased from 0.2 to about 0.4 as a
increased from 0 to 0.4. By contrast, in the CSS tests, the
value of CRR15 decreased from about 0.15 to about 0.1
as a increased from 0 to 0.2. The different loading modes
of the CTX and CSS tests and particle effects may be
responsible for these discrepancies (Wijewickreme et al.
2005). During CTX tests, for a given confining stress, an
increase in the initial static shear decreases the cyclic resis-
tance only if the strain development mechanism is strain
softening. The cyclic resistance increases if this mechanism
is cyclic mobility (Vaid and Chern 1985). Careful examina-
tions of the strain development mechanism have revealed
that a relative density of 30% is the upper limit for strain
softening to cause liquefaction (Vaid et al. 2001). Notably,
for a given r0

nc, the liquefaction resistance of Nakdong
River loose sand (Dr = 40%) increased with a in CTX tests.
Furthermore, the failure mechanism of loose sand in CTX
tests was verified as cyclic mobility in this study. For dense
sand, as shown in Fig. 6(b), the CRR15 values in CTX tests
increased continuously with a and were independent of
r0

nc. However, the variations of CRR15 with a for dense
sand in the CSS tests were dependent on both a and r0

v0.
For r0

v0 = 100 kPa, CRR15 increased gradually with an
increase in a from 0 to 0.2, and for r0

v0 = 150 and
200 kPa, CRR15 increased gradually with an increase in a
to 0.1 and then slightly decreased when a further increased
to 0.2. Tatsuoka et al. (1982) found that for dense sand, the
effect of the initial static shear stress on the liquefaction
resistance may differ between CTX and CSS tests. They
attributed this difference to the difference in the shearing
mechanism between the two tests.



Fig. 6. Comparison of CRR15–a measured in CTX and CSS tests.
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A comparison of CRR15–r0
nc (or r0

v0) curves as a func-
tion of a for CTX and CSS tests is presented in Fig. 7. All
CRR15–r0

nc (or r0
v0) curves for CTX tests (located in the

upper portion) again indicate a higher liquefaction resis-
tance compared with those observed for the CSS tests.
Compared with CSS tests, the liquefaction resistance
increases sharply with an increase in a when a reaches a
high level in CTX tests. On the other hand, the relative flat-
tening of the CRR15–r0

nc (or r0
v0) curves in CSS tests indi-

cates that the decrease in CRR15 with an increase in r0
nc (or

r0
v0) is small, but this decrease becomes significant when

the initial static shear stress increases. Zhang and Evans
(2018) simulated the behavior of granular assemblies sub-
jected to dynamic loading in both CTX and CSS conditions
by using the discrete element method (DEM). They indi-
cated that specimens in CTX and CSS tests behave differ-
ently at the microscale; the CTX tests cannot produce
pure shear waves, while the CSS tests can. Since the CSS
tests closely simulate in situ loading conditions associated
with vertically propagating shear waves caused by an
Fig. 7. Comparison of CRR15–r0
nc (or r0

v0)
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earthquake, the liquefaction resistance determined for
CSS loading is expected to be more relevant and applicable
to actual field problems.

Cr was used to quantify discrepancies in the liquefaction
resistance between CTX and CSS tests. The results for Cr

are summarized in Table 4, and Fig. 8 presents the Cr ratio,
which is the ratio of the CRR required to cause liquefac-
tion in 15 cycles under varying a in CSS tests (CRR15 in
CSS) to that required for the same purpose and under
the same conditions in the CTX tests (CRR15 in CTX).
The graph shows the data obtained for r0

nc (or r0
v0) values

of 100 and 200 kPa. Notably, the value of Cr is always
smaller than 1 (Cr < 1). This is in agreement with the obser-
vation that a lower value of CRR15 is obtained from CSS
tests compared with CTX tests. A smaller Cr ratio suggests
a greater discrepancy in the liquefaction resistance between
CTX and CSS tests. The Cr values are primarily dependent
on Dr and a. For a given a, Cr for the loose state is invari-
ably greater than that for the dense state. For instance, at
a = 0, regardless of r0

nc (or r0
v0), Cr is about 0.63 and
curves measured in CTX and CSS tests.



Table 4
Results of reduction factor Cr on Nakdong River sand.

Sample a r0v0 (kPa) Cr = (CRR15)CSS/(CRR15)CTX DCr = (Cr)200 - (Cr)100 Average Cr

Loose (Dr = 40%) 0 100 0.633 0.008 0.637
200 0.641

0.05 100 0.603 0.011 0.609
200 0.614

0.1 100 0.506 0.012 0.512
200 0.518

0.2 100 0.367 �0.024 0.355
200 0.343

Dense (Dr = 80%) 0 100 0.435 0.016 0.443
200 0.451

0.05 100 0.421 0.001 0.422
200 0.422

0.1 100 0.417 �0.016 0.409
200 0.401

0.2 100 0.366 �0.063 0.335
200 0.303

Note: (CRR15)CTX and (CRR15)CSS are the cyclic resistance ratio required to cause liquefaction in 15 cycles under the cyclic triaxial and simple shear tests,
respectively. (Cr)100 and (Cr)200 are the reduction factor Cr under the 100 and 200 kPa of r0nc (or r0v0), respectively.

Fig. 8. Variation of Cr with r0
nc (or r0

v0) at different values of a.

Fig. 9. Variation of Cr with Dr at different values of a.
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about 0.43 for loose and dense sand, respectively. At a con-
stant Dr, Cr decreases with increasing a. For example, at
Dr = 40% and r0

nc (or r0
v0) = 100 kPa, Cr values decrease

from 0.63 to 0.6 and from 0.5 to 0.37 when a increases from
0 to 0.05 and from 0.1 to 0.2, respectively. In other words,
the overestimation of CRR15 in the CTX tests becomes
more serious with an increase in the relative density or ini-
tial static shear stress. Compared with the small soil sam-
ples used in the CSS tests, the inherent anisotropy of
large soil samples can result in a greater stiffness in the ver-
tical direction (Sivathayalan and Ha 2011). This might
have contributed to the increased resistance observed in
the CTX tests. This initial anisotropy is generally altered
by the anisotropy induced during the application of static
shear (Wong and Arthur 1985). In this regard, an increase
in the relative density or initial static shear stress is
expected to enhance the effect of inherent anisotropy. This
9

might explain the considerable shear strength increases
observed in the CTX tests.

Fig. 9 shows the relationship between Cr and Dr for dif-
ferent values of a and r0

nc (or r0
v0). An interesting observa-

tion made from Table 4 and Fig. 9 is that Cr tended to
show a small increase with an increase in r0

nc (or r0
v0) from

100 to 200 kPa when a was small, but it showed a slight
decrease with an increase in r0

nc (or r0
v0) when a was large.

Nonetheless, the difference of Cr is subtle. This behavior of
Cr appears unlikely to contribute to features such as exper-
imental errors or the influence of r0

nc (or r0
v0) and a, and

further investigation is required to identify the reason for
the behavior of Cr. Harder (1988) indicated that the value
of Cr is dependent only on the relative density; however,
Gokyer et al. (2019) observed an increase in Cr when the
mean effective stress increased from 100 to 600 kPa for
loose Ottawa sand (Dr = 40%). On the other hand, Cr
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was dependent on a for both loose and dense sand. For
Dr = 40%, Cr decreased by approximately half (from
�0.63 to �0.36) when a increased from 0 to 0.2. For
Dr = 80%, a convergent Cr ratio ranging from 0.45 to
0.4 was observed when a increased from 0 to 0.1. It is also
noteworthy that at a = 0.2, the value of Cr for loose sand
was nearly equal to that for dense sand, namely 0.36. In
practice, the cyclic resistance measured in CTX tests is con-
verted into equivalent CSS values without considering the
confining stress level, initial static shear level, or relative
density state. A value of 0.6 is commonly adopted for the
ratio Cr. If the Cr-data for Nakdong River sand shown
in Fig. 9 are typical of other sands, the currently used value
of Cr is suitable only for the loose sand for conditions
where a is not considered or where a is small (�0.05).
For other stress conditions, the currently used high value
of Cr could render the design too conservative. The use
of Cr should depend on the relative density state and on
the degree of initial static shear stress. On the basis of the
results reported in Table 4, Cr-values of 0.637 and 0.443
are recommended for loose and dense sand when a is not
considered, respectively. For a = 0.4, an average Cr value
of 0.335 can be adopted for both loose and dense sand.

Fig. 10 presents the relationship between Cr and a for
both loose and dense sand. Clearly, Cr decreases linearly
with an increase in a, regardless of the r0

nc (or r0
v0) level.

The sharp decrease in the Cr-ratio in loose sand especially
indicates that the effect of a on Cr is more significant com-
pared with the effect for dense sand. As loose sand has the
highest potential for liquefaction, the effect of a on Cr

should not be ignored in current engineering practice.
For an increase in the a-value from 0 to 0.2, the linear rela-
tionship between Cr and a can be expressed as

Cr ¼ �kðCr�Þaþ b ð5Þ
where kðCr�aÞ represents the slope of the Cr–a curve and b is

the Cr-value at a = 0. The values of kðCr�aÞ and b are depen-

dent on the relative density and perhaps also the sand type.
Fig. 10. Variation of Cr with a at different values of Dr.
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In this study, kðCr�aÞ was 1.47 and 0.54 and b was 0.66 and

0.45 for loose and dense sand, respectively. Although the
data are for limited relative densities for a varying from 0
to 0.2, the fairly high correlation coefficients are particu-
larly noticeable, especially for loose sand.
3.2. Comparison of Kr

The use of Kr in routine liquefaction resistance evalua-
tions of sand is especially important for high overburden
stress states. Kr has been defined as the CRR for any r0

nc

(or r0
v0) to that at 100 kPa at a fixed Dr and a level

(Kr = CRRr,a/CRR100,a). Fig. 11 presents a comparison
of the variation of measured Kr values with r0

nc (or r0
v0)

between the CTX and CSS tests. A definite dependency
of Kr on r0

nc (or r0
v0) and Dr, in addition to that on a,

is apparent from the data presented in Fig. 11(a)–(d). In
both CTX and CSS tests, the Kr decreased more rapidly
when Dr increased from 40% to 80%. This result is consis-
tent with the earlier findings of Vaid et al. (1985, 2001) and
Vaid and Thomas (1995). The degree of decrease in Kr

with an increase in r0
nc (or r0

v0) up to 200 kPa in the
CTX and CSS tests was essentially identical when a was
not considered or less than 0.1. However, as soon as a
increased to a high level (=0.2), the degree of decrease in
Kr in the CSS tests was more perceptible compared with
that in the CTX tests, probably because of the different cyc-
lic failure modes in the two types of tests. In the CSS tests,
the use of a = 0.2 resulted in sst > scyc, in which case no
stress reversal occurred in the cyclic phase and cyclic failure
was attributed to the plastic strain accumulation response.
However, in the CTX tests, the use of a = 0.2 still caused
partial cyclic stress reversal, and cyclic failure was attribu-
ted to the cyclic mobility response.

The effect of a on Kr values is illustrated in Fig. 12.
Regardless of the testing method, Kr is not function of
only r0

nc (or r0
v0), but it is also a function of a for both

loose and dense sand. For loose sand, as shown in
Fig. 12(a), the effect of a was not obvious until it increased
to 0.1. For dense sand, as shown in Fig. 12(b), except for
the case a = 0.2 in the CSS tests, the reduction in Kr is
not sensitive to the increase in a. Kr-curves predicted using
the NCEER-recommended method (Youd et al. 2001) and
Boulanger method (Boulanger and Idriss 2004) are also
plotted in Fig. 12. These methods are expected to work
only if a is insignificant, since they do not consider the
effect of a. Clearly, the Boulanger method yields higher
Kr-values than the NCEER-recommended method. A
comparison of the Boulanger method’s Kr-values with
the experimental Kr-values shows that the Boulanger
method is effective for predicting Kr-curves for loose sand
when a � 0.05, but provides significantly lower Kr-values
for dense sand. On the other hand, the Kr-values predicted
using the NCEER-recommended method are always lower
than the experimental Kr-values for both loose and dense
Nakdong River sand. Interestingly, the NCEER-



Fig. 11. Variation of Kr with r0
nc (or r0

v0) at different values of a.

Fig. 12. Comparison of Kr–r0
nc (or r0

v0) relationship with predictions by the NCEER-recommended and Boulanger methods.
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recommended method appears to accurately capture the
decreasing trend of Kr with increasing r0

v0 at Dr = 80%
and a = 0.2 in the CSS tests. The effect of the confining
stress on the reduction in cyclic resistance is much smaller
11
than is currently considered in practice (Vaid and
Sivathayalan 1996), and hence, the adoption of these lower
values in the design based on some average relationship
derived from the body of data presented by the NCEER-



Z.-Z. Nong et al. Soils and Foundations xxx (xxxx) xxx
recommended and Boulanger methods can result in conser-
vative and costly designs.
3.3. Comparison of Ka

Ka is typically used to characterize the effect of the ini-
tial static shear stress, and it is defined as the ratio of the
cyclic resistance at any static shear level to the cyclic resis-
tance in the absence of static shear (Ka = CRRr,a/CRRr,0).
A comparison of Ka obtained from the CTX and CSS tests
is shown in Fig. 13. The Ka-values are plotted as a function
of the normal (or vertical) effective stress, and the plots show
the effect of a for both loose and dense Nakdong River sand.
The test method clearly influences the Ka-results, regardless
of the Dr and a levels. Overall, the Ka-values determined
through the CTX tests are higher than those obtained in
the CSS tests at comparable relative densities. For loose
sand, regardless of the r0

nc (or r0
v0) level, the Ka-values

determined through the CSS tests decrease continuously
with an increase in the a-value, while those determined
through the CTX tests increase continuously. For example,
for a-values of 0.05, 0.1, and 0.2 at r0

nc (or r0
v0) = 100 kPa,

the Ka-values were 0.964, 0.886, and 0.736, respectively, in
the case of the CSS tests, and the Ka-values were 1.014,
1.109, 1.271, respectively, in the case of the CTX tests.
Moreover, the Ka-values obtained by considering CSS con-
ditions were 95%, 80%, and 58% of those obtained under the
CTX conditions, respectively. For dense sand, the Ka-values
determined through CTX tests increased continuously with
an increase in a at r0

nc = 100 and 200 kPa. However, the
Ka-values determined through CSS tests for dense sand were
dependent on the vertical effective stress. At r0

v0 = 100 kPa,
Ka increased continuously with increasing a. At r0

v0 = 150
and 200 kPa, Ka increased with an increase in a up to a
value of 0.1. Above this value, Ka shows a slight decrease
when a continued to increase to 0.2. For a-values of 0.05,
0.1, and 0.2 for dense sand, at r0

nc (or r0
v0) = 100 kPa,

Ka-values obtained by considering CSS conditions were
Fig. 13. Comparison of Ka–a relat
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97%, 96%, and 85% of those obtained under CTX condi-
tions, respectively; at r0

nc (or r0
v0) = 200 kPa, these ratios

were 94%, 89%, and 67%, respectively.
Superimposed on Fig. 13 are the predicted Ka-zones

determined from the Harder and Boulanger (1997) method.
In Fig. 13(a), the experimental Ka-trends reconstructed
from CSS tests fall in the Dr � 35% zone of the Harder
and Boulanger method. However, those reconstructed
from CTX tests fall in the Dr � 50%–70% zone, despite
all tests having been performed on sand with a relative den-
sity of 40%. A similar conclusion was reported by Vaid
et al. (2001). These researchers noted that the empirical
correction factors of Harder and Boulanger (1997) grossly
underestimated the actual cyclic resistance of Fraser River
sand with a relative density of 40% obtained from CTX
tests; the observed Ka was greater than 1 while the esti-
mated value was less than 1 when a varied up to 0.4. On
the other hand, as shown in Fig. 13(b), the experimental
Ka-trends in both the CTX and CSS tests for a relative
density of 80% mainly fell in the Dr � 50%–70% zone of
the Harder and Boulanger method.

A parabolic function expressed the relationship between
Ka and a well for both the CTX and CSS tests, as shown in
Fig. 14. For loose sand, the Ka-a data could be fitted by
specific parabolic functions, depending on the test method
and regardless of r0

nc (or r0
v0). For dense sand, the para-

bolic functions depended on the test method and value of
r0

nc (or r0
v0). The specific expressions of Ka–a functions

based on the test method, Dr, and r0
nc (or r0

v0) are pre-
sented in Fig. 14(a) and (b). A general expression for Ka

can be written as

Ka ¼ a1a2 þ a2aþ 1 ð6Þ

The difference in Ka-values between the CTX and CSS
tests (DKa = (Ka)CTX � (Ka)CSS) is shown in Fig. 15.
The DKa–a trend was also well expressed by a parabolic
correlation. For loose sand, the relationship between DKa

and a was independent of r0
nc (or r0

v0), and it could be
ionship in CTX and CSS tests.



Fig. 14. Parabolic function for Ka–a relationship in CTX and CSS tests.

Fig. 15. The difference of Ka varied with a in CTX and CSS tests.
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expressed by a unique expression as shown in Fig. 15(a).
For dense sand, as shown in Fig. 15(b), the expressions
for the DKa–a relationship depended on the r0

nc (or r0
v0)

level. A general expression for DKa can be written as

DKa ¼ b1a2 þ b2a ð7Þ
Here, the parameters a1; a2; b1; andb2 change with the test

method, relative density, normal (or vertical) effective stress,
and perhaps also with the sand type. These correlations can
be used to convert Ka-values obtained in the CTX test to
those appropriate for the CSS test and vice versa.

The relationship between the liquefaction resistance in
theCTX test and that in theCSS test appears to be a function
of the apparatus used, sample preparation method, relative
density, confining stress, initial static shear stress, and prob-
ably other factors. This makes it difficult to establish a speci-
fic strength curve above which liquefaction occurs (Bhatia
et al. 1985). Cetin and Bilge (2013, 2014) indicated that Dr,
sst, scyc, and the shear stress reversal and strain levels are
the main parameters that determine the cyclic resistance of
13
cohesionless soils. They suggested using a collectively depen-
dent set of correction schemes, which requires a
performance-based assessment of liquefaction with an itera-
tive convergence scheme. In this study, we attempted to
develop general formulations for Cr, Ka, and DKa as func-
tions of a by considering the effects of Dr and r0

nc (or r0
v0)

on the basis of experimental data. Trial empirical methods
are presented here for facilitating the acquisition of more
knowledge and as a basis for future works. These can serve
as a good starting point for the quantitative analysis of cor-
relative liquefaction resistances measured in CTX and CSS
tests when more relevant data are available by using, the
same approach used in the present research.
4. Conclusions

This paper presents a study in which the liquefaction
resistance and correction factors Kr and Ka measured
under CTX conditions were compared with those obtained
under CSS conditions. The comparisons were performed
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by considering a single type of sand to minimize the num-
ber of influencing factors; moreover, we used similar meth-
ods of sample preparation, considered similar relative
densities and stress states, used apparatuses manufactured
by one company, and assigned all testing to a single oper-
ator. The following conclusions were drawn.

1. The sand liquefaction resistance obtained from CTX
tests was always greater than that acquired from CSS
tests. The value of Cr decreased with an increase in Dr

and/or a; however, Cr was not significantly affected by
r0

nc (r0
v0). For Dr = 40% and a = 0, Cr was about

0.63, but for Dr = 80% and a = 0.4, Cr decreased to
about 0.36. These results imply that the difference in
the liquefaction resistance between the CTX and CSS
tests increase for denser states and/or higher initial static
shear stress.

2. Kr in the CTX and CSS tests was essentially identical
when a increased up to a value of 0.1. Furthermore,
the Boulanger method is effective in predicting Kr-
trends for loose sand for a � 0.05, but predicts lower
Kr for dense sand. The predictions of the NCEER-
recommended method are always lower than the exper-
imental Kr-values for both loose and dense sand.

3. Ka obtained through CSS tests is always lower than that
acquired through CTX tests. The Ka-values obtained
through CSS tests are 97%–58% of those observed in
CTX tests, and the Ka-values depend on the combina-
tion of Dr, r0

nc (r0
v0), and a. Compared with experimen-

tal Ka values obtained through CTX tests, those
acquired through CSS tests accord better with the pre-
dictions of the Harder and Boulanger method.

4. The relationship between Ka and a in both the CTX and
CSS tests can be fitted well by a specific parabolic func-
tion. Furthermore, the difference between the Ka-values
of the CTX and CSS tests can be expressed as a para-
bolic correlation involving a. These correlations can be
used to convert Ka-values obtained in the CTX test to
those appropriate for the CSS test and vice versa.
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