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ABSTRACT 
It has been recognized that the soil resistance to liquefaction increases significantly as the degree of saturation 

decr'eases. Ho~vever, the effect of the degree of saturation reported in the literature ¥'aries ~videly bet~veen researchers. 

In this study, infiuential factors of the liquefaction resistance of partially saturated sand are derived from theoretical 

consideration and effects of the factors are examined through a series of triaxial tests. It ¥vas confirmed that the degree 

of saturation has a significant eff:ect on the liquefaction resistance. It also appeared that the liquefaction resistance 

depends on the initial confining pressure and the initial pore pressure; the higher the confining pressure and the lo¥ver 

the initial pore pressure, the higher the liquef'action resistance of partially saturated sand. A unique relationship 

bet¥veen liquefaction resistance ratios and the potentiai volumetric strain ¥vas found, ¥vhich enable to estimate the 

liquefaction resistance of partially saturated sand ¥vith the effects of the three factors taken into account. 

Ke~_' words: confining pressure, degree of saturation, Iiquefaction, sand, triaxial test, voiumetric strain (IGC: D6) 

INTRODUCTION 
Natural soil deposits belo¥v the ground ¥vater table are 

usually fully or nearly saturated with water (Tsukamoto 

et al., 2002). Recent investigarions re¥'ealed, ho~vever, 

that injection of' air in a soil could lo¥ver the degree of 

saturation of the soil substantially (Tokimatsu et ai., 

1990; Okamura et al., 2003) and the unsaturated 
condition of the desaturated soil lasts for a long time, 

typically more than tens of years (Okarnura et al., 2006). 

This fact suggests that desaturation of soils could be an 

efi~ctive ¥vay to enhance the soil resistance to liquefaction 

in the fieid. It is, theref'ore, necessary to establish a 

practical method to estimate qualitatively the liquefac-

tion resistance of partially saturated soils. 

The effect of degree of saturation on the liquefaction 

resistance has been studied through laboratory tests. In 

the early research works, degree of saturation of tested 

specimens ¥vas mostly in the range close to 1000/0, because 

the primary objective in those studies ¥vas to establish the 

standard for the laboratory cyclic shear test to avoid 

undesirable unsaturated condition which resulted in 
overestirnation of the liquefaction r'esistance (e.*'. Martin 

et al., 1978). Thereafter, partially saturated sands with 

degree of saturation do~vn to 700/0 were tested by several 

researchers. Figure I depict.s some recent test results in 

the literature summarized in the form of t.he relationship 

bet¥veen the degree of saturation and the liquefaction 

resistance of the partially saturated sand normalized ¥vith 

respect to that of the fully saturated sand (Huang et al., 
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rig 1. Results of tests on the effect of degree of saturation on 
tiquefaction resistance (Liquefaction resistance is normalized ,vith 

that of full) saturatcd sand) 

1999; Yoshimi et al., 1989; Yasuda et al., 1999; Ishihara 

et al., '_OO1; Goto and Shamoto, 2002). Liquefaction 

resistances reported by any researchers consistently 

increased with decreasing the degree of saturation. 
Ho¥vever, the liquefaction resistance ratios ¥vere con-

siderably different for different sands tested at diff~rent 

condit.ions, indicating that the degree of saturation may 

not be the only factor dominating the normalized 
liquefaction resistances of partially saturated sands. 
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As can be seen in Fig, i, existence of air in a soil 

significantly enhances the liquefaction resistance. 
Resear'chers have paid **reat attention to saturate speci-

mens completely for' Iaboratory tests and model grounds 

for shaking table tests to avoid overratin_g soil resistances 

to liquefaction. Replacement of air in the void of soils by 

carbon dioxide follo¥ved by introducing deaired ¥vater 

under a ¥'acuum pressure is the typical technique that has 

been developed. V,re, ho¥vever, often observe contradicto-

ry phenomenon that a sand deposit in a small container 

or a bottle, being almost filled ~vith ¥vater but contains 

visible air bubbles in the deposit, can be easily liquefied 

by shaking the container gently. This also alludes 
existence of infiuential factors of the liquefaction 

resistance of a partially saturated sand other than the 

de9:ree of satur'ation. 

In this study, influential factors of liquefaction 
resistance of a par'tially saturated sand are derived from 

theoretical consideration and effects of the factors are 

examined throug:h a series of triaxial tests. Results are 

summarized in the form ¥vhich can be easily applied to 

evaluate liquefaction resistances of partially saturated 

sands in situ. 

FACTORS AFFF.CTING L.IQUEFACTION 
RF.SISTANCE OF UNSATIJRATED SAND 

Existence of air in the pore of a soil is considered to 

enhance the liquefaction resistance of the soil in t¥vo 

¥vays. The first mechanism is such that air in the pore 

plays a role of absorbing generated excess pore pressures 

by reducin*" its volume. The bulk moduius of the pore 

fiuid chan*'es significantly by the presence of air bubbles. 

The bulk modulus and chan*'e in volume of the pore 
fluid, that is air ¥vater' mixture, may be the factors 

dominatin*' this mechanism. The second is the matric 
suction of unsaturated soils ¥vhich increases the effecti¥'e 

stress and thus the strength of soil mass (Bishop and 

Blight, 1963). The matric suction depends not only on the 

degree of saturation but also on soil par'ticle siz,e. For 

most liquefiable soils the matric suction is less signlficant 

compared to the effecti¥'e stress of soils at the depth of 

practical concern, say several meters or deeper. For the 

fine sand used in tests in this study, for instance, the 

matric suction is at the highest 4 kPa if degree of satura-

tion goes do¥vn to 700/0. In this study the first mechamsm 

is focused on. The effect of the matric suction is ne9:1ected 

or the pressures of air and ¥vater in the pore are assumed 

to be the same~ Note that for liquefiable soils ¥vith higher 

fines contents, such as non-plastic silt and sand contain-

ing considerable amount of fines, the effect of the matric 

suction could not be negli_"*.ible. Further investi*･ation is 

needed on this reg:ard. 

Consider a soil mass with the por'e filled ¥vith air and 

water. For a small change in the pore pressure, Zlp, the 

volumetric strains of the air and the ¥vater can be ¥vritten 

by equations; 

s. = B* /A p ( I ) 
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8,. = Bw /A p (-? ) 
and ¥*olumetric strain of the fluid (¥vater and air mixture), 

e*f' is; 

= Ap I - S, S, ' ( e.f Bf B. B,, ) 
¥vhere S* is degree of saturation of the soil mass and B*, 

Bw and Bf are bulk moduli of the air, the ¥vater and the 

fluid, respectively. Since B,~ is much higher than B., the 

second term in Eq. (3), S,/Bw' is negligible. Introducing 

Boyle's lalv and assuming soil grains to be incompressi-

ble, ¥ve obtain the ¥'olumetrlc strain of the soil mass as; 

8 4~(1 S) e Ap _ e ' B. ' 1+e p0+Ap(1 S,)-i+e 

(7* ' e . (1 S,) I +e 
~p ' O T (T. 

¥vhere po and e denote the absolute pressure of the fluid 

and the void ratio of the soil mass, respectively. The 

hig:hest value of the ¥'olumetric strain for the soil is 

achie¥'ed ¥vhen the Ap attains its possible maximum ¥*alue 

which is equal to the effective confining str'ess, (7.'.. This 

hi~:hest value of the volumetric strain is hereafter in this 

paper termed as potential ¥'olumetric strain, e~. 

TRIAXIAL TF.ST 

In this study, effects of the factors derived In the 

preceding section ¥vere in¥'estigated through a series of 

triaxial tests. Three testing parameters including the 

initial effecti¥'e confining pressure, cr~, the back pressure, 

po, and the degree of saturation, S,, ¥vere varied between 

tests ¥vhile the ¥'oid ratio of the specimens ¥vas kept 

constant throug:hout the test series. 

P/'eparatiol7 of Specil77en 

Toyoura sand ¥vas used in tests conducted in this study. 

The specific _g:ra¥'ity of the sand is 2.64 and the minimum 

and the maximum void ratios are e~,i~ =0.609 and e*** = 

O.973, respecti¥'ely. Triaxial specimens ¥vere either 

saturated or partiall}., saturated sand. Test specimens 

¥vere prepared as follo¥vs. Wet sand ¥vith a ¥vater content 

of 50/0 ¥vas tamped to a relati¥'e density D,=40~/o in a 

mold with internal dimensions of 50 mm in diameter and 

lOO mm In high. The sand ¥vas set in the triaxial cell and 

deaired ¥vater ¥vas introduced from the pedestal for a 

¥vhile. Then the back pressure of 98 kPa ¥vas applied and 

¥'olume of ¥vater pushed into the specimen was measured. 

The measurement ¥vas continued for an hour since the 

volume ¥vas observed to increase gradually probably due 

to dissolution of air in the pore ¥vater. Volume of air in 

the specimen ¥vas estimated from Boyle's la~v ¥vith the 

measured volume of the ¥vater pushed into the specimen. 

The procedure of introduclng deaired ¥vater and the air 

volume estimation ¥vas repeated until the specimen 
contained predetermined volume of air. It should be 
not.ed that the adsorption path and the desorption path of 

the soil-water characteristic curves are generally different . 
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Table 1. 'Triaxial test conditions 
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Rerati¥*e 

deosity, D* (?･/o) 

Degree of 
saturation*, S. (o,~) 

Effec~ive confinin~: 

pressure, (J*' (kPa) 
Absolute back 

pressure, po (kPa) 
Poieniial volumeLric 

strain, ~.* 

l OO 49, 98 1 99 o 

19~6 o o0084 

98 
(97 ~o-98 . 5) 

49 1 99 O .OO 1 84 

9s 0.00305 

19 6 0.00 1 65 

96 
(95 ~ 5 -96 . o) 

49 199 o~00362 

39~43 98 O 00601 

90 
(s9_0-92.0) 

98 
i 99 O 0151 

297 O~OI 13 

80 
(78~5-83.0) 

98 
199 o 0300 

297 o.0225 

70 
(70.0-72~o) 

98 
199 O . 045 l 

297 o.0338 

Degree o~ saturation in the parentheses was estimated from the measured volume of ¥vater pushed into the specimen by 

pressure. 
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Fig. 2. 'I,pical rime ilistor) from tests on full) saturated and partiail) saturated specimens 

Ho¥vever, the volume of the water pushed in and expelled 

from the specimen during increasin*' and decreasin*' the 

back pressure ¥vas essentially the same. This is probably 

due to the matric suction of this particular sand being 

very lo~v in the r'an_g:e of degree of saturation tested in this 

study. 

For the saturated specimen, deaired ¥vater ¥vas in-

troduced until the Skempton's B value became 0.95 or 
higher. The effective confining pressw'e was kept constant 

to 10 kPa throughout the course of the preparation. On 

completion of preparation, the initial effecti¥'e stress and 

the back pressure ¥vere applied and the specimens ¥vere 

subjected to the cyclic shear stress ¥vith a frequency of' 

O~OI Hz under undrained condition. 

Tes'ting Pa/'alneters 

Three testing parameters derived in the previous 
section ~ver'e varied bet¥veen tests as sho¥vn in Table l. It 

should be noted that the back pressure, po, used through-

out this paper is the absolute pressure instead of the 

ordinary used gauge pressure. The range of the 
parameters tested ¥vas ¥vide enough so that the range of 
e~ covers that of possible field situation ¥vhich might be 

encountered in practice; the initial effective confinin_"*, 

pressur'e ¥vas varied betlveen 19.8 kPa and 196 kPa and 

the ran*'e of S* ¥vas similar to that of the in-situ soils 

desaturated by the sand compaction pile installation 
(Okarnura et al. , 2003, ,_006). The values of the potential 

¥'olumetric str'ain at the beginnin_~: of cyclic shearing, 8~, 

are also given in Table 1. 

It should be mentioned that the frequenc)' of shear 
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cycles in the tests being much lo¥ver' than those of 

earthquake motions may allow air in the specimen to 
dissolve in pore water in accordance to generated excess 

pore pressure during cyclic shearin_g. According to the 

Henry's la¥v, a maximum of 3.8 cm3 in volume of air can 

dissolve for the test condition shown in Table I ¥vhen the 

specimen '*enerates a 1000/0 excess pore pressure ratio. 

Ho¥vever, it ¥vas observed in preliminary tests that 
amount of air dissol¥'ed in the pore ¥vater in an hour after 

applyin*" a back pressure of 98 kPa ¥vas ¥'ery limited, 

approximately 0.3 cm3 corresponding to an increase in 

S, of 0.30/0. 

RF.SULTS AND DISCUSSIONS 
Stress-strairl Re!atiol7s/1 ip 

Figure 2 shows t~.,pical time histor'ies obtained from 

tests on saturated and partially saturated (S*=95.40/0) 

specimens at the same confining pressure ((7~=98 kPa) 

and the back pr'essure (p0= 199 kPa). For the satur'ated 

specimen, the excess pore pr'essure increased with the 

number of cycles. The axial strain started to increase 

swiftly as soon as the excess pore pr'essure approached to 

the initial eff~cti¥'e confining pressure. This response is 

typical of a fully saturated loose sand. The response of 

05 

the unsaturated sand indicated in Fi**. 2(b) is quite similar 

to those of the saturated sand except for the applied cyclic 

stress amplitude being considerably higher. 

Effect of the Factors 

This section discusses effects of the three factors, that is 

the degree of saturation, the confinin*･ pressure and the 
back pressure on the liquefaction resist~nce. Figure 3 

depicts the relationship betlveen cyclic stress ratios and 

the number of cycles, N, to cause double amplitude axial 

strain, DA, of 50/0 for cases ¥vith cr,'.=98 kPa and p0= 

199 kPa. As the degree of saturation decreases, the cyclic 

stress ratio increased irrespective of the number of cycles. 

The cyclic stress ratio almost doubled as the de*･ree of 
saturation decreased fr'om 1000/0 to 900/0, ¥vhile in the 

range of the degree of saturation lo¥ver than 90010 it 

increased at a lower rate lvith decreasing the de*"r'ee of 

saturation. Hereafter, in this paper, the cyclic stress r'atio 

to cause DA=50/0 in 20 cycles is termed as the liquefac-

tion resistance. 

Illustrated in Fi**. 4 are variations of the cyclic stress 

ratio ¥vith number of cycles for tests in ¥vhich the 
confining pressure ¥vas varied bet¥veen tests ¥vhile the 
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　　　s隷芝ur謎粟ed　s＆nd

（iegree　of　saturat玉on　alld　the　back　pressure　were　kept

constant．The　cyclic　stress　rat玉o　of　the　partially　saturated

sand　is　apParent豆y　depelldent　on　the玉nitia圭con行ning　Pres－

sure．Li（luefactioll　resistances　are　plotted　aga圭nst　in圭tiaI

coufin量ng　pressures圭rl　Fig．5．The　liquefactionτesistances

ofthepartiallysαξuratedsandincreasewi出theinl重i＆1
con且鷺重ng　Pressures，　with　the　liquefac重ion　res量s重ances

being　higher　for　lower　S，．The至i（1uefaction　resistance　of

the　partially　saturated　sand　seems　to＆pproach　to　that　of

fu1重ysaturatedsandasthecon且nlngPressuredecreasesto
zero．hl　other　words，degree　of　saturation　has　a　smaller

e圧ectontheliqueξactionresistanceofsandunderalow
con負nil19Pressure．Figure6illdicates　effects　of　the　back

pressure　on　the　cyclic　stress　ratio。The　liquefaction

resistance　of　the　parξia11y　saturated　s＆n〔iεしpparently　de－

pends　on　the　back　pressure，which圭s　not重he　case　for　satu－

rated　sand．王n　oPPosition　to　tbe　effect　of　the　confining

pressure，the豆iquefaαion　resistance　decreases　as　the　back

preSSUre　lnCreaSeS・

∠，iσμψぐ’ioll　Rθ5i5∫α～zぐθρ〆’∠）θ5ρ々’ノ’α～θ61Sα11グ

　　Final至y，the　effect　of　the　potentiε芝1volu！netric　s芝rain，

ε済，givenbyEq，（4）ontheliquefactionresistallcels
discussed　in　this　section．All　the　e仔ects　of　three　inauelltial

factors　o蹴　the　liquefaction　resistance　discussed　above

qualitatlvely　support　the　idea　of　the盒rst　mechanismξhat，

air　in　the　pore　plays　a　role　of　absorb玉ng　generated　excess

pore　pressures　by　reducing　its　vQlume．Thus，the　liquefac－

tion　resistance　ratio，which隻s　the　liquefεlction　resistance

of　a　partially　sa芝urated　sand　norma正ized　with　respect　to

重hat　of　the　fu玉1y　saturated　sand，is　plottecl　against　the

potential　volumetric　str＆in　in　Fig．7（a）．All　the　data　lles

along　a　unique　cul－ve，　conarm三ng　that　the　poten丈ial

volumetric　strain　is　the　determini煎g　factor　oft難e　e窃ect　of

degree　of　saturation　on　th玉s　speci負c　sand　at　relative

density　of40％．Data　re重rieved　from毛he1呈terature三s　also

shown　in　Fig．7（b）in　the　same　manner．The　d飢a　plotted

in　this　ngure　was　obtained　from　the　tests　on　specimens

prepa罫ed　using　d星鉦ere正1t　sand　at　di拝erent　re正εしt圭ve　density

and　subjected　cyclic　loadingεLt　di郵erent　con盒！1ing　Pres－

suresαs　summarized　in　the　figure．Despite重hese　differe臓t

conditions，＆H　the（iata　lies　a董ong　tぬe　same　curve　as　that　in

Fig．7（a）．Thiscon且mst紅atthee鉦ectofthedegreeof
saturatioll　on　正iquefact量on　resist＆nce，　which　is　arisen

from　the丘rst　mechanlsm，c＆n　be　es書imated　using　this

curve．

　Figure　7　and　Eq．　（4）　圭ndicate　that　the　liquefaction

resistεmce　of　a　soil　under　a　very　low　confining　Pressure　is
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　　　dep｛hs

not　th＆t　sign韻cant　for　small　scale　models飢茎黛but　for

Iarger　models　and　centrifuge　models。In負eld　conditions，

providedthatlique負ablefoulldationsollisclesaturatedin

someway　with　an　玉n重ention　to　enhance　liquefac毛ion

resistance，asigni員cante仔ectcallbeexpectedexceptfor
solls　at　a　s｝1allower　depth．

　　1t　was　found　that　thereis　aunique　relationsh量p　between

t熱e　nonηalized　I至quefaction　resistance　and　the　potential

volumetric　strain．The　iiquefactlon　resistance　of　partlally

saturated　sand　can　be　reasonably　estlmated　from　that　of

fuHy　saturated　salld　in　conjunction　with　t｝1e　potent圭al

vo墨umetric　stra至n　using　the　relationship　obta量ned　in　th量s

study．This　relations麺p　may　be　Iimited　for　soils　with　a

low　matric　suction．Fllrther　investigation　is　勲eeded　for

the　Iiquefaction　resistance　of　part三al豆y　saturated　such　as

non－plastic　silt　and　saad　containing　considerable　amount

of飴es．

essentiaIly　tbe　same　irrespective　of　the　degree　of　satura－

tion　and　t｝1e　back　pressuτe．This　must　be　a　reason　why　the

soil宝n　a　smaII　scale　model　foτa　shaking　tab豆e　test　at1黛

envlronment　can　easily　liquefy　even　if　the　model　ground

contains　considerable　amount　of　alr　bubbles（Okamura

and　Teraoka，2005）．

　　丁熱e　relationship　indicated　in　Fig。7and　Eq．（4）make　it

possible　to　evaluate　the　liquefact量on　resistance　ratio　for

負eld　cond嚢ions．　Figure　8　dep圭cts　variations　of　the

至iquefact量on　resistance　rat圭o　w茎t｝1　the　above　discussed

t振ee　factors　for　a　fully　submerged　uniform　sand　deposlt

withbuoyantunltweighげ薫10kN／m3，voidratioθ瓢
0．6and　water　table　being　co圭ncided　with　the　gτound璽evel

（G．L，．）or　at　10m　above　G．L。互t　can　be　seen　that　tbe

effects　of　S，and　the　ef£ectlve　con負n圭ng　Press11τe　aτe　moτe

signi負cant　t勤an　that　of　tke　water　table　oτthe　i勲itial　pore

pressu「e・

CONCLUDING　REMARKS
　　Resistance　to　liquefaction　of　partia至1y　saturated　sand

was　investigated　through　a　series　of　triax量al　tests　in　this

study．　Three　parameters　obtained　from　　theoretical
cons圭deration，that　is　the　degree　of　saturation，the　initia｝

con§ningPτessuτeandtlleinitial貸uidpressurre，were
selected　as　testing　par＆meters　in　the　series　of　undrained

CyCliC　tτiaXial　teStS．

　　It　is　co面rmed　that　the　degree　of　saturationぬas

signific＆nt　e任ect　on　tl｝e　Iiquefact量on　resistance　of　sand．

T』e　liquefaction　resistance　also　depends　oa　the　initial

con負ning　pressure　and　the　init三al　pore　pressure．The　ef墨ect

of　the　existence　of　air　on　the　liquefaction　resistance玉s

more　s玉gni員cant　foτ　soil　under　the　higher　confining

pressure　and　the　Iower　initial　pore　pressure。This　fact

implies　that　the　e行ect　of　the　degree　of　satllration　of　soil　is
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