
Institute of Industrial Science, University of Tokyo Bulletin of ERS, No. 47 (2014) 

 
RESISTANCE AGAINST LIQUEFACTION OF 

UNSATURATED TOYOURA SAND AND INAGI SAND 

Hailong WANG1, Junichi KOSEKI2, Takeshi SATO3

ABSTRACT: A series of undrained triaxial tests on saturated and unsaturated sands, 
Toyoura sand and Inagi sand, were conducted to investigate effects of degree of 
saturation and fines content on resistance against liquefaction. A specially manufactured 
triaxial apparatus was employed, on which a control system of confining pressure, 
measurement systems of volume change and suction of a specimen were equipped. 
Increase in resistance against liquefaction due to unsaturation was discussed based on 
current test results and those obtained by other researchers. The effect of fines content on 
resistance against liquefaction of unsaturated soil was studied by using Inagi sand which 
contains about 30% fines content. Suction change of unsaturated Inagi sand when being 
subjected to cyclic loading under undrained condition was observed. Results show fines 
content may cause some negative effects and result in low increase of resistance against 
liquefaction for the unsaturated soil. 
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INTRODUCTION 

Unsaturated soil has been one of hot topics in civil engineering and earthquake engineering since it 
shows much higher resistance against liquefaction comparing to its saturated state, which has been 
concluded from both laboratory studies (Sherif et al. 1977, Grozic et al. 2000, Bouferra et al. 2007) 
and field investigations (Okamura et al. 2006a, Kayen et al. 2013). Efforts have been made to reveal 
factors governing the liquefaction property of unsaturated sands. Representative factors proposed 
include, degree of saturation, Sr (Yoshimi et al. 1989, Goto et al. 2002), pore pressure coefficient 
B-value (Yoshimi et al. 1989, Unno et al. 2008), wave velocity in soil (Ishihara et al. 2001, Tsukamoto 
et al. 2002, Yang 2002, Yang et al. 2004 and Hossain et al. 2013) and potential volumetric strain 
(Okamura et al. 2006b, Wang and Koseki 2013a & b). As authors surveyed, the potential volumetric 
strain which is defined as theoretical maximum volumetric strain under applied test conditions 
produced a very good correlation with increase of the liquefaction resistance for clean sands. Few 
works have been done on the effect of fines content on liquefaction property of unsaturated soils. 
Wang and Koseki (2013a & b) show that liquefaction resistance of Inagi sand with considerable fines 
may be less sensitive to Sr than that of clean sands. Based on previous works, this paper provides new 
test data on this topic. 

TRIAXIAL APPARATUS  

A specially manufactured double-cell triaxial apparatus as showed schematically in Fig. 1 was 
employed to conduct undrained cyclic loading test for saturated and unsaturated materials. A vertical 
sinusoidal cyclic loading with frequency of 0.1 Hz was precisely applied by a pneumatic loading 
system. A load cell was installed inside the cell of the apparatus and a LVDT (linear variable 
differential transformer type displacement transducer) was equipped to measure vertical displacement 
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of specimen. PWP (pore water pressure) was recorded by a DPT (differential pressure transducer) in 
saturated test. 

Particularly in unsaturated test, cell pressure 
was regulated by another pneumatic control system. 
PAP (pore air pressure) and PWP were monitored by 
two pressure transducers. The top cap and the PAP 
transducer were connected by a thin short tube in 
order to lessen the effect of air in the PAP 
measurement system. A hydrophobic filter was 
glued on the surface of the top cap to keep pore 
water from entering into the PAP measuring system. 
The membrane filter technique (Nishimura et al. 
2012) was introduced to the pedestal instead of the 
ceramic disk. Considering possible large and 
non-uniform deformation of unsaturated specimen, a 
double cell system similar with Ng et al. (2002) was 
introduced to measure overall volume change of the 
unsaturated specimen during cyclic loading. The 
inner cell and a reference tube which were filled 
with deaired water were connected to a DPT. 
Volume change of a specimen was obtained by 
considering change of water level in the inner cell 
and movement of the top cap. All test data were 
sampled by a computer program with a sampling 
time interval of 0.1s during cyclic loading (100 data 
per cycle).  

TEST MATERIALS  

Inagi sand and Toyoura sand passing through 2 mm sieve were tested in this study. Inagi sand consists 
of 70.5% sand, 18.2% silt and 11.3% clay, classified as SF material according to JGS 0051 (test 
standard of Japanese Geotechnical Society). Its Gs (specific gravity) is 2.656, and the max and min

(maximum and minimum dry densities) are 1.39 g/cm3 and 1.00 g/cm3, respectively. The Gs, max and 
min of Toyoura sand are 2.656, 1.63 g/cm3 and 1.33 g/cm3, respectively. 

TEST PROCEDURE 

All specimens were molded into cylindrical dimensions of 50 mm in diameter and 100 mm in height, 
and consolidated by either an effective confining stress ( 0

’= 0-PWP) of 60kPa for saturated 
specimens or a net normal stress ( 0-PAP) of 60kPa for unsaturated specimens. A specimen with 
B-value 0.95 was regarded as fully saturated. For the saturated specimen, pore pressure parameter 
B-value is normally unity and change of total mean principal stress (p) will not essentially affect 
effective stress, while for unsaturated specimen, B-value can be much smaller than unity and effective 
stress will be affected by the change of p significantly. Thus, cell pressure was kept constant during 
cyclic vertical loading for the saturated test, while sinusoidal cyclic cell pressure was maintained to 
keep p constant for the unsaturated test. Fully undrained condition was applied during cyclic loading. 

Specimen preparation and test procedure for Inagi sand 

Pre-wetted Inagi sand with initial water content of around 22% was cured for at least 24 hours before 
using. For the specimen of the saturated test, the double vacuum method (Tatsuoka 1987, Ampadu and 
Tatsuoka 1993) was applied for the saturation process; while for the unsaturated specimen, extra water 

 

Fig. 1 Triaxial apparatus scheme  
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was injected carefully from the top surface of the specimen to achieve desired Sr and then it was cured 
for at least 12 hours for obtaining an uniform distribution of pore water in the specimen. In this group 
of test, three sets of tests with average Sr of 100%, 84% and 73% after consolidation were conducted. 
The average value of Dr (relative density) in this group was 72% after consolidation. 
 
Specimen preparation and test procedure for Toyoura sand 

For Toyoura sand, two groups of tests with average Dr of -6% (extremely loose) and 65% (medium 
dense) after consolidation were considered. In each group, except one set of saturated tests, another set 
of unsaturated tests, namely, average Sr of 78% for extremely loose condition or 91% for medium 
dense condition after consolidation was also conducted. 

Wet tamping method was introduced to mold the extremely loose specimen following the 
description of Ishihara (1993). Toyoura sand with initial water content of 5% was carefully tamped in 
a mold by 10 layers. Then under confining pressure of 20 kPa, carbon dioxide flushing technique and 
deaired water injection were applied for the saturated specimen. Water injection was applied only 
under the same confining pressure for the unsaturated specimen until no air bubbles came out from the 
water collection side. According to this procedure, pore air in the unsaturated specimen was expected 
to be separated air bubbles and the PAP transducer was disconnected. 

In the medium dense group, air pluviation method and carbon dioxide flushing technique were 
applied to the set of saturated specimens. In order to obtain a relative high Sr in the set of unsaturated 
tests, pre-wetted Toyoura sand with initial water content of 17.5% was tamped on the pedestal by 5 
layers; de-aired water was then injected slowly from the pedestal until certain amount of water drained 
out from the top cap. Because of technical limitations, measurement systems of PAP and volume 
change of the specimen during cyclic loading were disconnected. Since wet tamping usually produces 
a specimen with relative higher liquefaction resistance (Tatsuoka et al. 1982) than that molded by the 
air pluviation method, this effect should be considered when comparing with results of the saturated 
test in this group. 

TEST RESULTS  

In this section, typical results were presented. For comparison purpose, in each group, tests 
experienced similar number of loading cycles before development of 5% DA (double amplitude of 
axial strain) were illustrated hereafter. For instance, in the group of medium dense Inagi sand, test 
results of three specimens with Sr of 100%, 84% and 74% were chosen, which experienced cyclic 
loading with CSRs (Cyclic Stress Ratio = d/2 ’0, where, d is single amplitude of cyclic loading, 0’
is initial confining stress) of 0.149, 0.197 and 0.274, and developed 5% DA at 14th, 13th and 13th cycle, 
respectively. Similarly, in the group of extremely loose Toyoura sand, specimens with Sr of 100% and 
80% were chosen. CSRs of these two tests were 0.065 and 0.210 which caused 5% DA at respectively 
53rd and 47th cycle. In the group of medium dense Toyoura sand, specimens with Sr of 100% and 91% 
were chosen. CSRs of these two tests were 0.147 and 0.327 which caused 5% DA at 32nd and 18th

cycle, respectively. 

Suction before and during cyclic loading 

Fig. 2 shows results (PWP, PAP and suction=PAP-PWP) of unsaturated specimens before cyclic 
loading in groups of medium dense Inagi sand and extremely loose Toyoura sand. PWP values almost 
immediately changed to constant negative values after installation of specimens as showed in Fig. 2, 
which implies good performance of the membrane filter technique (Nishimura et al. 2012) on 
measuring PWP.  
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Fig. 2 Pore pressure measurements before cyclic loading, a, Inagi sand with Sr of 84%;  

b, Inagi sand with Sr of 74% and c, Toyoura sand with Sr of 80%  

For the two tests of Inagi sand, suction of the specimen with higher Sr (84%) was lower than the 
specimen with low Sr (74%) before consolidation, obviously because of difference of initial water 
content. The significant difference emerged during consolidation, where PWP suddenly rose to a 
positive value for the specimen with higher Sr, in contrast, it kept almost constant until the end of 
consolidation for the specimen with lower Sr. This may be caused by formation of different types of 
pore air in specimens. During consolidation, though for both cases only pore air was allowed to drain 
out from the drainage path of the top cap which was connected with the PAP measurement system, 
pore water in the specimen with higher Sr may penetrate the hydrophobic filter and block the pore air 
drainage path. Pore air in this set of specimens may be air bubbles separated by pore water and soil 
particles. On the other hand, pore air drainage of the specimen with lower Sr may be unimpeded and 
suction was not dramatically affected by volume reduction of the specimen during consolidation. Thus, 
pore air in this set of specimens may be gathered into a whole. 

In the case of the extremely loose Toyoura specimen with Sr of 80% as showed in Fig. 2c, PWP 
was also not affected severely by the specimen molding process, and the final value climbed to the 
positive side after water flushing. Though PAP could not be measured, pore air was expected to be 
separated air bubbles similar with the specimen of Inagi sand with higher Sr and PAP was expected to 
be the same as PWP for the same specimen. In addition, because of the extremely loose condition in 
this group of tests, the density increased dramatically after consolidation attributed to erosion of the 
water flushing process and the consolidation process. In the case showed in Fig. 2c, Dr increased from 
-26% initially to -4% after consolidation, similar scale of volume reduction was also observed in other 
unsaturated specimens in this group which experienced much shorter duration of water flushing. On 
the other hand, Dr increased from about -40% initially to -4% after consolidation for saturated cases in 
this group. These observations imply that unsaturated state may reduce volume change induced by the 
consolidation process. 
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Fig. 3 Pore pressure measurements during cyclic loading of Inagi sand  
with Sr of, a, 100%; b, 84% and c, 74%   
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Fig. 4 PWP measurements during cyclic loading of extremely loose Toyoura sand  

with Sr of, a, 100% and b, 80%  
 

Figs. 3-4 show results of pore pressure generation of saturated and unsaturated specimens during 
cyclic loading for medium dense Inagi sand and extremely loose Toyoura sand. The green dash line in 
each figure depicts the average value of 100 adjacent data of PWP to show a smoother trend of PWP 
generation. For the saturated test, PWP increased accompanied by large fluctuation, which was 
induced by alteration of the total mean principal stress (p) during cyclic loading. In contrast, for 
unsaturated tests pore pressures increased much smoother thanks to effective control of p.  

In the group of Inagi sand, development of pore pressures became slower as Sr reduced. For the 
test with Sr of 84%, PAP was below PWP distantly, which may be induced by invasion of pore water 
in the PAP measurement system as mentioned before in Fig. 2a. For the specimen with Sr of 74%, 
PWP and PAP increased synchronously and the suction value kept almost constant until pore pressures 
increased to around half of the initial effective confining stress. Facts that CSR values were largely 
different and the numbers of loading cycle before 5% DA were similar among these tests imply that 
the unsaturated state increased liquefaction resistance of tested soils.

Similar with Inagi sand, PWP of Toyoura sand under extremely loose condition increased to initial 
confining stress in both saturated and unsaturated cases as showed in Fig. 4 and unsaturated specimen 
showed much higher resistance against cyclic loading. While, sudden jumps of PWP when it 
accumulated around half to two thirds of initial confining stress was not clearly observed for 
specimens of Inagi sand in Fig. 3. This may be explained by the concept of structural collapse which 
results in a sudden rearrangement of grains and loss of contact points between neighboring grains for 
the loose specimen (Alarcon and Chameau 1988). For Inagi sand, this kind of sudden rearrangement 
may not happen during cyclic loading. Interestingly, PWP at the jump point of the saturated test was 
higher than that of the unsaturated case which was also observed in other tests in this group. 
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Volumetric strain during cyclic loading 

Fig. 5 shows volumetric strain of specimens in groups of Inagi sand and extremely loose Toyoura sand 
during cyclic loading. Black lines were measured data by the measurement system of the inner cell, 
red lines were theoretical volumetric strain calculated based on Boyle’s law and measured PAP (in 
case that PAP was not available or problematical, PWP was used as showed in Figs. 5a & c). The 
fluctuation in the earlier part of measured volumetric strain as showed in Figs. 5a and b was observed 
in all unsaturated tests in this study except the one showed in Fig. 5c. The fluctuation may be caused 
by many reasons such as the meniscus effect of water in the inner cell, non-synchronization of 
pressures in the pressure cell and the reference tube, output delay of the DPT measuring water level of 
the inner cell and so on. The reference tube and the outer cell were connected to keep pressures the 
same, while they may not always be precisely the same because cell pressure was controlled to change 
for the unsaturated test during vertical cyclic loading. The response time of currently used DPT is 
about 0.3 s, namely the output of the DPT is about 0.3 s later than input signal. Though this error can 
be dramatically reduced by shifting the time axis of output data when calculating volumetric strain, 
this way lost effectiveness when water level in the inner cell changed suddenly. For the exception of 
the data showed in Fig. 5c, vertical strain amplitude and cell pressure change of this test were very 
small during cyclic loading, which may largely eliminate the fluctuation of measured volumetric strain 
in the earlier part. In the later stage of cyclic loading, as the PWP was approaching initial confining 
stress, steep change of water level in the inner cell caused by movement of the top cap and 
deformation of the specimen was observed. Consequently, the dramatic fluctuation in the later part of 
measured volumetric strain caused by system errors would not show the real result and have to be 
abandoned. For the fact that generally the theoretical volumetric strain was smaller than the measured 
result, on the one hand, system errors as mentioned above may be some of reasons; on the other hand 
Boyle’s law may not be valid since the temperature of pore air may change during loading. 
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Fig. 5 Volumetric strain of unsaturated Inagi sand with Sr of,  

a, 84%, b, 74% and c, Toyoura sand with Sr of 80% 
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Stress strain relationship and effective stress path 

Since PAP could not be measured in some tests, the term effective stress (p-PWP) were used in figures 
of this section. Stress strain relationships and effective stress paths of typical tests in Inagi sand group 
were plotted in Figs. 6-7. These three specimens experienced similar numbers of loading cycles before 
5% DA developed and CSR values increased as Sr decreased. Clearly, the resistance against cyclic 
loading increased as Sr decreased. It is worth noticing that the axial strain developed more 
progressively with the reduction of Sr as showed in Fig. 6. The concepts of liquefaction and/or cyclic 
mobility were often defined differently by researchers (Castro 1975, Seed 1979 and Tokimatsu et al. 
1983). To illustrate the difference between these concepts is out of the scope of this paper, while these 
concepts can be borrowed to illustrate the difference among current test results. The saturated 
specimen behaved close to liquefaction (Castro 1975)/flow type liquefaction (Ishihara 1993) where 
axial strain developed suddenly and infinitely under low unrecoverable shear stress when axial strain 
accumulated to some extent. One the other hand, unsaturated specimen behaved like cyclic mobility 
(Castro 1975) / initial liquefaction (Seed and Lee 1966) where axial strain developed gently and the 
effective stress touched 0 kPa transiently or only approached 0 kPa. The pore air performed like a 
cushion, deforming itself to reduce pore pressure generation. 
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Fig. 6 Stress strain relationship of Inagi sand, a, Sr=100%, b, Sr=84% and c, Sr=74% 
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Similar plots for Toyoura sand with extremely loose condition and medium dense condition were 
depicted in Figs. 8-9. Significant differences in stress strain relationship and effective stress path 
between Inagi sand and Toyoura sand was not observed, while the sudden loss of effective stress near 
the end of test for saturated Toyoura sand was clearer than that of Inagi sand as showed in figures of 
effective stress path.  
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Fig. 9 Stress strain relationship and stress path of medium dense Toyoura sand 
 

Resistance against liquefaction 

Fig. 10 depicts the relationship between number of cycles and CSR to cause double amplitude of 
axial strain, DA, of 5% (DA=5%). The resistance against cyclic loading of soils increased because of 
unsaturation. Here, the CSR value that causes DA=5% at 20th cycle is defined as CRR (cyclic 
resistance ratio) as showed in text boxes in each figure. The liquefaction resistance curves were 
roughly parallel for tests in the same group, which makes it easier to define the increase of resistance 
induced by decrease in Sr. The factor of saturation condition (Ks) is defined as a ratio of CRR for the 
unsaturated condition with respect to the saturated condition (CRRUns/CRRSat) in the same group of 
tests. Okamura (2006b) proposed an empirical equation Ks=log (6500 v

*+10) to correlate Ks with 
potential volumetric strain v

*, which can be expressed as  

where c’: effective confining stress, p0: absolute pressure of pore air before cyclic loading, Sr: degree 
of saturation, n: porosity. By introducing this parameter, previous experimental data by other 
researchers, results in this study as well as the proposed empirical equation were summarized in Fig. 
11.  
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Fig. 10 Relationship between number of cycles and CSR for  
a, medium dense Inagi sand; b, extremely loose Toyoura sand; c, medium dense Toyoura sand 
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Fig. 11 Relationship between potential volumetric strain and factor of saturation condition 

Fig. 11 shows that test result of medium dense Toyoura sand matched with data of other 
researchers, while extremely loose specimen of Toyoura sand shows even higher resistance increase. 
Although there is no other data under such extreme condition except the one in this study, from the 
overall trend of data of clean sands which shows divergence as v

* increases, the relationship proposed 
by Okamura (2006b) may not fully explain results for clean sands.  

Another feature of Fig. 11 is results of Inagi sand distributed beneath those of clean sands which 
contain no or very few fines content. Interestingly, fines content, which can generally retain more 
suction than sand particles in unsaturated condition and consequently bring more strength to soils, 
would increase more resistance against liquefaction. The maximum suction measured in this study was 
about 4kPa (Fig.2b, medium dense Inagi sand). This value may be too small to increase soil strength 
significantly, while there should be some other reasons which induce minor increase of liquefaction 
resistance of unsaturated soil containing fines.  

Fundamentally, soil structure collapses and void ratio of soil skeleton reduces during undrained 
cyclic shear loading (Martin et al. 1975), because of which the effective stress transfers to pore water 
pressure and unrecoverable excess pore water pressure is generated. The volume shrinkage of soil 
skeleton induced by shear stress may be different among materials and consequently the increase of 
pore pressures may be different. In other words, the higher the volume change of soil skeleton induced 
by shear stress is, the less sensitive to Sr the resistance against liquefaction of material becomes. 
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Potential volumetric strain v
* expresses possible maximum volumetric stain, while the deformation 

property of materials may be also important to the resistance against liquefaction.  

CONCLUSIONS 

Results of fully undrained cyclic loading test on unsaturated Inagi sand and Toyoura sand to 
investigate liquefaction property of unsaturated soil were reported in this paper. The relationship 
between the factor of saturation condition (Ks=CRRUns/CRRSat), which indicates increase of resistance 
against liquefaction of unsaturated soil, and potential volumetric strain was not unique for materials 
containing different amount of fines. Ks of Inagi sand with about 30% fines shows lower value than 
that of Toyoura sand. In order to find a better parameter to correlate with Ks, the stress strain behavior 
of different types of soils may need to be considered. 

REFERENCES 

Alarcon, A. and Chameau, G.A. (1988) “Undrained Monotonic and cyclic strength of sands.” J. 
Geotech. Engrg., vol. 114, 1089-1109. 

Ampadu, S.K. and Tatsuoka, F. (1993) “Effect of setting method on the behaviour of clays in triaxial 
compression from saturated to undrained shear.” soils and Foundations, Vol. 33, No. 2, 14-34. 

Bouferra, R., Benseddiq, N. and Shahrour, I. (2007). “Saturation and preloading effects on the cyclic 
behavior of sand.” Int. J. Geomech., Vol. 7, No. 5, 396-401.  

Castro, G. (1975) “Liquefaction and cyclic mobility of saturated sands.” Journal of the Geotechnical 
Engineering Division, ASCE, Vol. 101, No. GT6, 551-569. 

Goto, S. and Shamoto, Y. (2002). “Estimation method for the liquefaction strength of unsaturated 
sandy soil (part 2) (in Japanese).” Proc., 37th Jpn. Nat. Conf. Geotech. Engrg., 1987-1988. 

Grozic, J.L.H., Robertson, P.K. and Morgenstern, N.R. (2000). “Cyclic liquefaction of loose gassy 
sand.” Can. Geotech. J., Vol. 37, 843-856. 

Huang, Y., Tsuchiya, H and Ishihara, K. (1999). “Estimation of partial saturation effect on liquefaction 
resistance of sand using P-wave velocity. (in Japanese)” Proc. JGS Symp., 113, 431-434. 

Hossain, A.M., Andrus, R.D. and Camp, W.M. (2013). “Correcting liquefaction resistance of 
unsaturated soil using wave velocity.” J. Geotech. Geoenviron. Eng., Vol. 139, 277-287. 

Ishihara, K. (1993). “Liquefaction and flow failure during earthquakes.” Geotechnique, Vol. 43, No. 3, 
351-415. 

Ishihara, K., Tsuchiya, H., Huang, Y. and Kamada, K. (2001). “Recent studies on liquefaction 
resistance of sand: effect of saturation.” Proc. 4th Int. Conf. Recent Advance in Geotech. 
Earthquake Engrg. and Soil Dynamics, 1-7. 

Kayen, R. et al. (2013). “Shear-wave velocity-based probabilistic and deterministic assessment of 
seismic soil liquefaction potential.” J. Geotech. Geoenviron. Eng., Vol. 139, 407-419. 

Martin, G.R., Fin, W.D.L. and Seed, H.B. (1975). “Fundamentals of liquefaction under cyclic loading.” 
Journal of the Geotechnical Engineering Division, ASCE, Vol. 101, No. GT5, 423-438.  

Ng, C.W.W., Zhan, L.T., Cui, Y.J. (2002). “A new simple system for measuring volume changes in 
unsaturated soils.” Can. Geotech. J., Vol. 39, 757-764. 

Nishimura, T., Koseki, J., Fredlund, D.G. and Rahardjo, H. (2012). “Microporous membrane 
technology for measurement of soil-water characteristic curve.” Geotechnical Testing Journal, 
Vol.35, 201-208. 

Okamura, M. Ishihara, M. and Tamura, K. (2006a). “Degree of saturation and liquefaction resistances 
of sand improved with sand compaction pile.” J. Geotech. Geoenviron. Eng., Vol. 132, No. 2, 
258-264. 

Okamura, M. and Soga, Y. (2006b). “Effects of pore fluid compressibility on liquefaction resistance of 
partially saturated sand.” Soils and Foundations, Vol. 46, No. 5, 695-700. 

Seed, H.B. and Lee, K.L. (1966). “Liquefaction of saturated sands during cyclic loading” Journal of 
the Geotechnical Engineering Division, ASCE, Vol. 92, No. SM6, 105-134. 

Seed, H.B. (1979). “Soil liquefaction and cyclic mobility evaluation for level ground during 

13



earthquakes.” Journal of the Geotechnical Engineering Division, ASCE, Vol. 105, No. GT2, 
201-255. 

Sherif, M.A., Ishibashi, I. and Tsuchiya, C. (1977) “Saturation effects on initial soil liquefaction.” 
Journal of the Geotechnical Engineering Division, ASCE, Vol. 103, No. GT8, 914-917.  

Tokimatsu, K. and Yoshimi, Y. (1983). “Empirical correlation of soil liquefaction based on SPT 
N-value and fines content.” Soils and Foundations, Vol. 23, No. 4, 56-74. 

Tatsuoka, F. (1987) “Report of the 3rd technical seminar on the triaxial compression tests” (in 
Japanese), Tsuchi to Kiso, Vol. 35, No. 11, 89-93. 

Tatsuoka, F., Muramatsu, M. and Sasaki, T. (1982). “Cyclic undrained stress-strain behavior of dense 
sands by torsional simple shear test.” Soils and Foundations, Vol. 22, No. 2, 55-70. 

Tsukamoto, Y., Ishihara, K., Nakazawa, H., Kamada, K. and Huang, Y. (2002). “Resistance of partly 
saturated sand to liquefaction with reference to longitudinal and shear wave velocities.” Soils and 
Foundations, Vol. 42, No. 6, 93-104. 

Unno, T., Kazama, M., Uzuoka, R. and Sento, N. (2008). “Liquefaction of unsaturated sand 
considering the pore air pressure and volume compressibility of the soil particle skeleton.” Soils 
and Foundations, Vol. 48, No. 1, 87-99. 

Wang, H. and Koseki, J. (2013a). “Liquefaction resistance of unsaturated Inagi sand.” JSCE 15th Int. 
Summer Symp. CD Rom. 

Wang, H. and Koseki, J. (2013b). “Liquefaction property of unsaturated Inagi sand and Toyoura sand.” 
Int. Symp. on Earthquake Engineering, JAEE, Vol.2, CD Rom. 

Yang, J. (2002). “Liquefaction resistance of sand in relation to P-wave velocity.” Geotechnique, Vol. 5, 
No. 4, 295-298. 

Yang, J., Savidis, S. and Roemer, M. (2004). “Evaluating liquefaction strength of partially saturated 
sand.” J. Geotech. Geoenviron. Eng., Vol. 130, No. 9, 975-979. 

Yasuda, S., Kobayashi, T., Fukushima, Y., Kohari, M. and Simazaki, T. (1999). “Effect of degree of 
saturation on the liquefaction strength of Masa (in Japanese).” Proc., 34th Jpn. Nat. Conf. Geoteh. 
Engrg., 2071-2072. 

Yoshimi, Y., Tanaka, K. and Tokimatsu, K. (1989). “Liquefaction resistance of a partially saturated 
sand.” Soils and Foundations, Vol. 29, No. 3, 157-162.

14


	Resistance Against Liquefaction of Unsaturated Toyoura Sand And Inagi Sand 


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (Japan Color 2001 Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.5
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 100
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 200
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 300
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 300
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 0
      /MarksWeight 0.283460
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /JapaneseWithCircle
      /PreserveEditing false
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice




