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TANAKORN RAKKOB : DEVELOPMENT OF MATHEMATIC MODEL
FOR LOADING COLLAPSE CURVE IN UNSATURATED SOILS. THESIS

ADVISOR : ASSOC. PROF. AVIRUT CHINKULKIINIWAT, Ph.D., 78 PP.

CONSTITUTIVE MODEL/UNSATURATED SOILS/EFFECTIVE MEAN STRESS

A very important feature of unsaturated soils included in the elasto-plastic
models is a shift in preconsolidation pressure or yield limit with suction, referred to as
the loading collapse (LC) curve. The LC curve is typically defined in the matric
suction versus mean stress plane to account for the effects of matric suction. The main
advantage of the models including LC curve is that they can reproduce some basic
features in unsaturated soils such as collapse and swelling upon wetting. There are
two important aspects in determining an LC curve: the mitial LC curve and its
evolution with yielding. This report presents a rational method to approximate the
initial LC curve of an unsaturated cohesionless soil from its water retention
characteristic curve (WRC) along the drying path. The report begins with a derivation
of an expression for the effective mean stress of an unsaturated soil by considering its
pore volumes and the corresponding air entry suctions. Subsequently, the same

consideration is further used to calculate the maximum effective mean stresses

experienced by a soil ( p!

max

) for a soil subjected to drying to a certain magnitude of

applied suctions. The calculated p’

mx values are derived for both normally
consolidated and overconsolidated soils that are subjected to being dried from their
initially saturated state. The WRC along the drying path is incorporated into the

proposed equation by considering the pore volumes and their corresponding air entry



suction. Bearing in mind that the soil is subjected to a change in its volume while

!
max

being dried, the calculated p__ values do not represent stress values at a specific soil

volume. The calculated p’ values and information on the compression

max

characteristics of the soil are combined through strain hardening to determine the

!

P Vvalues along a specific soil volume and, hence, the LC curve. The

approximation is applicable for cohesionless soil, whose soil fabric has a so-called
“single grain structure” form. Because the pore structure of cohesive soil is highly
complex, this approximation is not applicable to cohesive soil. The test results from
Uchaipichat and Khalili (2009) are used to verify the proposed methodology. A good

agreement between the measured and calculated LC curves is found.
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UNAINDIDY AAULZAUTUITAAIN TRERIVELH in3eaiionaz3i
¢ naz ¢ nadou

Satija (1978), taken Compacted Dhnauri clay at low density ¢ =28.5° Modified triaxial

from Fredlund ef al. ; air entry = 62kPa, 0, =1 .48g/cm3, c'=7.8kPa apparatus

(1987) OWC =22.2%,

Vanapalli et al. Glacial till compacted at dry side of 1) /=23° Modified direct shear

(1996) OWC; LL=35.5%, PI=18.7%, airentry | /= ¢ box, multistage testing
= 37.5kPa, MDD =1 .8g/cm3, OoOwWC = procedure compacted
16.3%, clay friction = 42% at dry side of OWC

(water content = 13%)

Krahn et al.(1989) Tappen Notch Hill silt; LL=57%, ¢ =35° Modified triaxial
PI=32%(for clay friction), air entry = =0 apparatus, multistage
94kPa, MDD =1 .56g/cm3, OWC = consolidated tests
21.5%, G=2.7 clay friction = 10%, silt
=85%

Satija (1978), taken | Compacted Dhnauri clay at high density | ¢ /= 29° Modified triaxial

from Fredlund ef al. ; air entry = 127kPa, O d:1.58g/cm3, c'=7.8kPa apparatus

(1987) OWC =22.2%,

Drumright (1989) Compacted silty sand, copper mill ¢’ =138.7° Modified triaxial
tailing; air entry = 43kPa, MDD ¢'=11.5kPa | apparatus
=1.89g/cm’, OWC = 16%, G=2.72 LL
and PI = NP

Cui & Delage (1993) | Jossigny silt, near Paris (low plasticity ¢’z 22° Osmotically controlled
clay); LL=37%, PI=18%, air entry = '~ 25kPa suction triaxial
182kPa, MDD =1 .7g/cm3, OWC = 18%, apparatus
G_=2.7 clay friction = 34%

De-Campos & Mature residualsoil of Vista Chinesa site | ¢ ’=28.7° Modified direct shear

Carillo (1995) in Rio de janeiro (high plasticity silt); c'=13.7kpa | box

LL=50.7%,P1=18.4%, air entry = 38kPa,
G_=2.77 clay friction = 24.4%, sand

60%
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M3197 2.1 T10azBariarIALIazANANTANUTIY (#0)

11

(0]

De-Campos & Yellow collumvium soil of Vista ) '=26.4 Modified direct shear
Carillo (1995) Chinesa site in Rio de janeiro (low =0 box
plasticity clay); LL=45.7%, PI=22.7%,
air entry = 54kPa, G =2.77 clay friction
=30%, sand 50.3%
Blight (1967) Compactedsand clay; air entry =35 kPa | ¢ ' 237° Modified triaxial
c' I~ apparatus constant
water content test
Fredlund et al.(1995) | Compacted glacial till; LL=35.5%, ¢’: 23° Modified direct shear
PI=19%, G = 2.73 air entry = 70 kPa, =0 box, multistage testing
MDD =1 .78g/cm3, OWC = 16% procedure
Wheeler & Compacted speswhite kaoline; air entry ¢ /= 25° Triaxial tests,
Sivakumar (1995) = 86 kPa, MDD =1 .2g/cm3, OWC = =0 compacted dry side of
29% OWC; S =54%,water
content = 25%
Escario & Saez Madrid clayey sand; LL=32%, PI=15%, ¢ 7= 38° Modified direct shear
(1986) air entry = 127 kPa, MDD = 1.91 g/cm3 =0 box, consolidated
OWC = 11.5%, G =2.7 fine friction = drained tests
17%
Maswaswe (1985) Snady clay; air entry = 70 kPa ) ’=30° Modified triaxial
c'z apparatus
Gan et al. (1988) Compacted glacial till; LL=35.5%, ¢’: 25.5° Modified direct shear
PI=18.7%, air entry = 153kPa, MDD ¢'=10 kPa box, multistage

=1.815g/cm’, OWC = 16%, G =2.73

clay friction = 30%

consolidated drained

tests

* LL, Liquid limit; MDD, maximum dry density; NP, non — plastic; OWC, optimum water

content; PI, plasticity index; p,, dry density.
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300
Initial void ratio ¥ = g
* 077 25-5°
250 053
x 069
¢ 051
200F A 054 = (U, — ) tan ¢
= Air entry
% 150k value = 153 kPa
100}
B0 KO s e e R R e e
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(y; — u,):kPa

v o

v 2
57 2.5 anwduiusng lszrehiaeiuns anou AUNs A (Gen et. al, 1988)
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p/
2
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=

" AR

Satija (1978), low density clay
Vanapalli et al (1996), glacial til

Krahn et al. (1989), sit

Satija (1978), high density clay
Drumnight (1889), silty sand

Cui & Delage (1993), sdt-low plasticity clay
De-Campos & Carrillo (1995), residual
De-Campos & Carrillo (1995), colluvium
Biight (1067), sandy clay
Fredlund ef al. (1995), glacial till
Wheeler & Sivakumar (1995), kaolin
Escario & Saez (1986), clayey sand
Maswaswe (1985), sandy clay

Gan et al. (1988). glacial til

10 100 1000
(u, — u,): kPa

+XXOODDOOBAGSY 4>

1 2.6 aAnduiuTsg iy funsedait (i, —u, ) (Khalili and Khabbaz, 1998)
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« \[AO)-x]/[A(5)-K]

Po=D° pc (2.10)

J 9
v

Taoh  p, fo mireuseasingnsuuy lo T Insdadwmsuaulusudaaaei
Y

Y
* a % o

p, Ao neuseasngnsuuy le T Insdadmsuausuainieia

' Y
A(s)  fe anuFuveadumssadldnavesau lidudidaei

K A9 ANVFUVUFUMTVER (Swelling) VOIAY

o o

< o ] ad Y oy [
aums 2.10 Wuaumsinemideusinsngninszaunssaairlan Taeez ldanuduius
v 9
puuduTAe a3l 2.9 menasldisenduldsiidnduveuvansin (Loading collapse curve,
LC curve) ttaznioldauyagiuvesuuuiiaes 1naun1si 2.10 onueusins Ingnives

A A v oy J 1T W ] a a I A
AudNAIA1ITA NN UNUIB1TIgNE81989478 LC curve dzifluiduaselunuiag
[ Y

= A I Yy Y a ] asn [ 2 o o
nFsuaiiouiluduoalumsioummilsusaasngniniza uussanile o Taerannis

F2 A ] d? ] = =1 a a
ua? nslasuuilasriiensensinazvununisiasuudasnnunseaselsuiasuy

[

a P a A dy o J o J @ Y v @ a
wanaan (de’) vesaunazmanlasunlasiazduniusiuannuduveudunssadiing

F4
= T

Y
a Y 1 1 [ [ @ 4 1 1 [
vo3au daiudananldnmsversuss LC curve ALUVUBYNUANNANHUTIEHINAIANNFY
9 Y '
Vo UFUMITAN1UNAT LT IR Barcelona Basic Model A1A1UF U2 aAa99 10N TNNUDA
= J
159A91
[ ~ Y P [ 2 o
HAd91NN Alonso et al. (1990) 1d@ue LC curve Fuduaiuniavsauuuiiany
. = 0 AN Yo = 2 a B
Barcelona Basic Model l@liuud1a03i 1aRn1sf@ny1 LC curve gaiadusIuundnuInuig a9

[

[ I 1 o Y o w 4
drundua 19 Barcelona Basic Model tHuduun uaunuiiansd daldesinaluEeanisdasn

]
~

1 ] a a 4 [ a o ¢ g 1
ﬂ’l’ﬂu']ﬂlli\iq‘]/l‘ﬁ%}'l\iﬂ\ilﬁ@iﬁ!ﬁ@ﬂﬂé}@\iﬂUﬁNHWETH ﬂl@ﬂllﬂﬂﬂ’la@\ifﬁ\ilﬂuﬂ’lﬂﬁ’lﬂ’lﬁl’lﬂﬂ’lﬂ

MINATOL
. S KX Y o w A Y ] Ay a
Wheeler and Sivakumar (1995) iudsvesinavesnisaonldaimiiognioisvues
' Y
Barcelona Basic Model 34 1@tauauuuiiaosvesdu lusudidietin Tasaonldanadnils

Mo 11N50T LN ANTTUAL (FUIINNITANEINGANTTUMTOARIVEIAUTIe A Toa

v

] Y ] 1
UADA (Compacted speswhite kaolin clay) NFzAULTIANIAIN @19 9 FIFUUDUMTOAAIVDS

a A Y = o Y v @ a a A v Y oy T a A v Y oy
ﬂu‘l/lvlﬂ WUANUFUVDUTUNITOAAIUNA ﬂlamu"lmnmmﬂmqammuanmmﬂm
9

] 9 ]
ilosnnmManed ludunoumsnssndiod uneunadoUN15oaa Fegununsoadiiiog



17

Id A a % o .
WuaaTuduueaiien LC curve $919 1UIN19010LU L1809 Barcelona Basic Model 118 161

Q

= Y A 9 ] ay a A [ ] A 4
umsteruelien lsniiensagnse1903 YA UMAUANUAUDITOME P, 110391001016
] dyl 1 1 S (=) 09./} a Y o o A &
wieustideaeminaaeunial (N°) Taelulimsasauyagiuuazaadodinafimiuain
9
Barcelona Basic Model uaitmualiminnuduvoadunmsingdvesausziuegiuszauusg
9
AR %Qﬁzﬂvl@s’lj’ﬂ Wheeler and Sivakumar (1995) 18749 vurmalumstiony LC curve 18711
9
Barcelona Basic Model #anA1NUINg9518a2108a1190819 11U UT 120010 15UReIN 1
1 [ 9
nyydraesduaueUulun1ena ¢ 1¥U Cui and Delage (1996); Rampino et al. (2000); Chiu
. . ~ 9 ] a a
and Ng (2003); Thu et al., (2007) 1tag Gallipoli et al. (2003) N 1¥vu2ens sz aNnTNalunis
A a Aa Id Y
aFUeNYANTTNAY 1T UAY
UBADINUUINIINEN LC curve A1 Barcelona Basic Model 1147 Sun et al. (2000) 1a

' 9 1 '
ravenuuiiansvesau LidudIA1811 FUTUNANEINGANTTUNTOAAIUDY Pearl clay IR

~ [ =

9 1 '
fANIAUNTIRITIIAMIAassnT 18I INTUTNAY (Initial void ratio) M19 9 1 TaeR1d
9 [
MvgnauiinsisdmInmsaaussaaimelaniionssgns Auanaiuesn lunudinaw
v Y ' 9

Fuvoudumsoadinavesan lidudrdaeinnggannausudidienii nazez llusseu

= v & g ~ = A ] % = g’ A I
yarRenuguilugan bilimsuldeulasmilons s nauszauusedaimse LC curve iu

A o ] Y I ] a

duasalunulAusEuIy p—s uaznulonsIan o et azduniuions 8198
wuusiaes udr ldudnmsmauuiiassdarala — waraan lunsien LC curve ABNS

A v Y

wasuulasnnunsearalsuiasuuunaiaan (Plastic volumetric strain) Y99AUONAIAIEY

Y ' 9
azimnuvesan Tiauardaei mndunauauyeniiens e gz LC curve doady

]
AN v 1

£ ' Y g 9 A9 o A o Y] °
Faupazidudunidaiadiu Insasuduminy 1nuuIn1edl M lduuusiaesainise
a d' @ @ o d' [ [ A 9 a 9 ] = [
95118 LC curve NauRuUsnumsasusastaiuInsasuduvesdau'ld wu@eaiy Sun et al.
(2000); Sun et al.(2007a, 2007b)
Sheng et al. (2008) l@@u® SFG Model Taenannsilasuuilaillsunsvesau
I [ Aa ] = = a d' A = oy
NI UaDIFIUMUMAAUHUIBLTI Ao NMT1AsundaalTuInTIueI NN TINLILT A9

d! 1 % 1 o X a d? T o = oy d'
(Drying path) #4191 F U IUT19n150aa1UnNA dzVUegnUNTIAeET tazmsdsuuiag

U
Fl ]

US11a5119991nn158AF (Loading path) n1oldnsadarhned Fanualdimanusuveudu
mM3sadanavesnszuIums s asefuuseiai SEFG Model 18 13ua1nmsiionm LC
curve 15@Y (Initial LC curve) mﬂ“l,s?famﬁgmﬁ’h NATIVVDIAINAS BAFIUTUINT VY
Wmaaﬂfazﬁmmﬁug{uﬁLﬁaamumawﬁ’mma (State of stress) 8¢ UM LC curve Sud #

J 9
ﬁ@ﬂaiﬁﬂﬂj'lhlﬂgﬂﬂL“lN“]JiiJ'IG]ilL“]J“]J‘Wﬁ'I’ﬁG]ﬂigﬂ’JNﬂigﬂjuﬂ'lilWiJlLi\iﬁ\iﬁ'lﬂ'lﬂié]}Wu’Jﬂ



18

a ~ = ] a a A Y dy Y I Yy 9 a
gninaniuazmslasuuaaminensansingns Mo LC curve 1SuauH il uduo1994
= A v a ] = % o A ya Ao o o
NANULITUAUYDIAUFUIAGINLYAVITTIUAUYD Sun et al. WO IFHEIN LC curve NANWUT
fudumaaueanileusaaduda 1)

[ [ a 4
A.Uchaipichat and Khalili (2009) lan1snaaeunissadivesauazneuiiesuesn
. = = @ U 4 A A g o . =
(Brouke silt) TReliN3I05 suA19g19AeMANANAA19A Y Cui and Delage (1996) 4azun1UA
[ A A ] oy o Y ' v 3 a dy [ Y I
BALUUAIN NHUIBUIHUNUHEL ININY 15.3kN/m’ 1agUSTuanusunInU10.5% 1unis
A w1 Y, Y, v ' £ 4 & 0 v WYo qYa
1915 8UA981991AFUNIAIUUTIVIAIANNF UM Nz aY Faneuihuuada lailiay
[ 9
MegnureluanimeimanguuY e uazi TP UAIUAZLNTIVUIA 400 tm 91NTTU B9
&L A
i

9 ] v 1]
wuihedsz Tue i lannudundeanisn 10.5% uaziihwnldevoiudioganaraanuas

[ Qy Y g M Y] 09./} R o Aa ) (] ~ 9 o Y] Y R o
vuna Bidunan 249 Tue ndamindahaudlesnan lauimsuasa udrvai lineasy
J o Y v [l A [ d' o dgj d' ] a a
Tagnounsnadovaziliaieds gnimunitonsainszihau llinitousalszdnsua
9 9
MIAU 200 kPa 10T UTI0DUUTIAINUNABININY 50 kPa (OCR=4) traz¥in1iusaquiin
9 o A qgyve 1 A ooy S = A = J A v A A o Y
gounauie 1A 199 uAIA8111 1INUUIUNVLLTIAIHT INTDIULITUAUVDIAUDUAINIY
oy ~ @ = oy T @ o w Y KX o 4
1 TNseauns@aiumdy 0, 10, 100, 4ag 300 kPa MINEIFY HAITIIMITNATDUAIY
A A . . A a o XY Y o o a
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Specific volume

(a) 25°C, (b) 40°C
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517 2.10 1iduTRamsdadivesaugungiian1ee (A.Uchaipichat and Khalili , 2009)

, (c) 60°C
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Effective preconsolidation pressure: kPa

3% 2.11 LC curve Ngaiiienari (A.Uchaipichat and Khalili , 2009)

Zhang et al. (2011) 1Rauetosidaluuuuiiasinnuduiusvesin isugagaei
TAB31INNTHAAIMIALIUALAINTINYO LC curve LA SI yield curve 91013 19Hans
NATOUYDI Wang et al. (2008) Hldmaaounudeend 9 0819 Faulseenilu 2 MInadoy
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4
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Cui and Delage (1996), Wheeler and Sivakumar (1996), Robles and Elorza (2002), Thu et al.
% { I a ] A { o
(2007) #alugi 2.15() Wumsuaasdudumaaunitenss Tasmsiunsainszi neld
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719 2.12 amsedumaduniaens IMsnadew ISC 1az SWCC (Zhang ctal., 2011)
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Q q

a < a
AnsanIiuaauilugavesanguduves LC curve

s @® Yield points
LC, LC; LG

(b) Volume changes upon loading at different suctions

3U% 2.15 9 MM31935M3MMUAJ1319989 LC curve (Delage and Graham, 1996)
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~ J a s Y
ATNN 2.2 ﬂ'l‘W'li'liJm@i‘ﬂ%iﬂﬂﬂ'ﬁﬂﬂﬁ@ﬂ ISC

Suction (kPa) A(s) N(s) 1< P, (kPa)
0 0.045 0.654 - 20
20 0.037 0.630 - 37
50 0.032 0.613 0.0149 46
100 0.024 0.598 0.0171 58
200 0.027 0.596 0.0140 96

dUMsMUIUAINITINDI T89INMINATOU ISC HOHINTUINGUUDUFUATINT
' 9 ]
Uaooisaagiiunsa$1 (unloading - reloading) ¥94317 2.15(b) 1d1ATI AB, DE uag GH 92

Y
maNuFURUS 18e il (Alonso et al., 1990):

d
dv= —K—p (2.12)

p

1 ' 9
o« e sasdlunnqusedsrh egdvusuidumsdadilndiidunniisamie BC, EF,

tag HI 92¥1aNNauwus 1aaail (Alonso et al., 1990):
_ P
v=N(s) = A(s)In— (2.13)
P

Taufi
A(s) = A0)[(A—r)exp(—Ps)+r] (2.14)

4 a 4 [} Q' 4 1 1 a [}
o B e MIMNMBIVDINITAILANOATINTINUUUVYDIAINULNI IUDIAY NULTIAY

Fl
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r e SRR MIMNUARIAIINLNTIGIgAUBIAY

¥ Wang et al. (2008) 181935 n1511 LC curve a133015909 Alonso et al. (1990) wazilu 11l

aundulugi 2.16

250
@ Vield Poirt (ISC test)
w 200 A Yield Poirt (SWCC test)
2
“ 150 :
g LC
= S1
z 100 i A —A
° A
.
s 50
[
0
0 50 100 150 200

Net normal stress p (kPa)
gﬂﬁ 2.16 MWW LC curve 1ag SI yield curve U934 Wang et al., 2008

' Y
FMTUMSAIUIU STyield curve MIAMINATIU IAeMIHinLsIAaiin1eldne1s

~ o A 1 a Y ~ Y a ]
Nnszihinai Ara1ee o5ue’la laegi 2.17 Tasuaaadumaduniionssnn A 1 B, ¢,
9

Hay D F9dmSuan e uduee BC UaNudunusail

dv=-2 _ s (2.15)

S
(S + pa[)
o [ 9 -d' a Q' = 3’
tazdmsuauveansilasunlaslsuasanmsmunazaausaeiin

ds

dv=—K,———
(S+pa[)

(2.16)
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91N171 Wang et al. (2008) 135013/ SI yield curve A1NITUDS Thu et al. (2007) &4
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]
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Alonso et /I
al. (1990) /
/

AllD ;
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(a) Stress paths to determine the shape of SI curve

>

@ o o -

0 log s
(b) Volume changes upon drying at constant stress p=p;

3U7 2.17 7 M31935MIANMUAA 111 9v04 ST yield curve Y94 Thu et al., 2007
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Lc,-s1,W Lc, - s1,uag LC, —SI, Tavaadulfeninnisnsin BCD azdoduilu s

. Y ] Y 1 1 dyd . ~ 1 [
yield curve Lmuu"lugﬂmm LWiW’Ni}ﬂmmmﬂu‘UmSI yield curve NUANANNU
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» >
(a) Stress paths to determine the shape of LC yield curve

L¢ np

(b) Volume changes upon loading at different suctions
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(c) Stress paths to determine SI yield curve
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' 9
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(b) 39ATINUUFU TAINTOARIVDIAL, (c) AATININMITINULITIAY

b
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o w Y o 1

9 [ 1
NAUU Zhang et al. (2011) SanudnnidesiiannervestuaNuLANA1TEHIeNST
A (] = Y =X
sanguIaznN131@8310195 T8 Zhang et al. (2011) 919DINITNATDUVYDI Wang et al. (2008)
~ 9 1 1 9 dy 09./} Y] FY 091 a
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s : 4
® Yield points LC, LG,

".H

S2

>

Po P Po Py P
(a) Stress paths for normal compression tests

Inp

Y

(b) Volume change for a normal compression test at constant suction

JU7 2.19 MNINUAAINENNIIVDWUIAA MSSA (Zhang et al., 2010)



31

A3 19N 2.3 AT 1A INT A0 IUSEUAUIDININATOUNANU

Suction state (kPa) Void ratio
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ABSTRACT: This paper presents a rational method to derive an expression for effective stress of an unsatu-
rated cohesionless soil. The derivation of an expression for the effective mean stress of an unsaturated soil is
achieved by considering its pore volumes and the corresponding air entry suctions. The effective stress pa-
rameter y. which is strongly related to the soil structure, is derived and compared with the widely accepted
expression. The comparison confirms that the consideration of pore volume and the corresponding air entry
suction can be further utilized for approximation of the maximum pass pressure in the unsaturated cohesion-

less soil.

1 INTRODUCTION

Unsaturated soils are widely found in nature and are
the basis for several geotechnical aspects in current
engineering practices. A mathematical model that
can describe the load-deformation behavior of un-
saturated granular soil has become essential to the
field. Proper stress variable is one important factor
to characterize the mechanical behavior of a soil
Terzaghi (1936) introduced the effective stress to
explain mechanical behavior of a saturated soil. In
unsaturated soil, the effective stress was proposed to
explain the mechanical behaviors of an unsaturated
soil (Bishop, 1965). The expression is a function of
the extemally applied stresses and the intemal fluid
pressures and it can be expressed as
p'=p, +yswhere p_ isnet stress which is
the difference between the applied stress and the
pore-air. s is the matric suction. and y is the effective
stress parameter attaining a value of unity for a satu-
rated soils and zero for a dry soils. The effective
stress converts a multi-phase. multi porous media to
a mechanically equivalent. single-phase and single-
stress state continuum (Uchaipichat, 2005).

One limitation of the effective stress concept.
which is often cited in the literature, is that there are
no unique relationships between y and some basic
soil properties such as the degree of saturation. S;.
However, as commented by Coleman (1962). y1s a
parameter strongly related to the soil structure, and
therefore one should not be surprised if a correlation
is found between y and a volumetric parameter such
as the degree of saturation, S1. This paper derives an
expression for y for cohesionless soil. The derivation

concept can be further used to determine maximum
pass pressure for the unsaturated soil subjected to
suction increment.

2 EFFECTIVE STRESS

Previous studies, such as those by Tarantino &
Tombolato (2005). Tarantino (2006) and Alonso et
al. (2010). have suggested that the effective stress in
an unsaturated soil should be related to its pore
structure. Additionally, pores can be grouped into
two categories: large open pores and extremely
small pores (micro-pores). and only water from the
large open pores is primarily linked to capillary ef-
fects. Figure 1 presents a variation of pore water at
various magnitudes of applied suction. A soil con-
sists of several pores of various sizes. of which the
pores labelled p) are the largest pores. s”* is the
highest suction at which the pores p; remain filled
with water. Hence, s is also the soil air entry suc-
tion (s, ). Pores p; andp;a:tthcsecondandﬁnrd
largest pores in the soil. respectively, and pore p; is
the i largest pore. s” is the air entry suction of
pore pi. When the magmtude of the applied suction
1s less than 57 . all pores that are smaller than pore
p; are filled with water. Once the magnitude of the
applied suction exceeds s/ . water is expelled from
pore p;. The retained water 1s in the form of pore wa-
ter and inter-particle water bridges. The pore water
is water retained in pores that are categorized as (1)
large open pores with sizes smaller than that of pore
p; and (2) small pores (py). which are always filled
with water for any magnitude of applied suction.

:671:
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This retained water is further referred to as the wet
portion. and suction affects the effective stresses of a
soil through only the wet portion.

An initially saturated soil subjected to a suction
increase under zero mean stress (i.e. no external
force) is considered. When the magnitude of applied
suction (s5) is less than 57 (s <s?'), all pores re-
main filled with water. The effective mean stress
(p") at this suction value is equal to the magnitude
of the applied suction. When 57’ <5 <s”* water is
expelled from pore p; By considering that only large
open pores play a role in the capillary effect and as-
suming that due to suction. p' is calculated by
weighting the magnitude of the suction occurning in
the large open wet pores with their volume fraction,
p' at s <5 <sP* can be obtained as follows:

sss) Se Sy <8y

Figure 1. Development of pore water in soil at vanous magmi-
tudes of suction.

p,=[(v,-v_)-v,,]xs=[(v, -v,.)‘-v,-],, 0

Ve " Vom Ve Vo

Accordingly, when s7 <5 <s7*Y water is ex-
pelled from pores larger than pores p;. At this suc-
tion value, p’ can be expressed as follows:

L
S ’Z";-)“'-
pP= =] Xs=
“F -\'F V" -‘F

Op =)~ gvr- (2)

xXs

where v, is the total soil pore volume: vy is the
total volume of the small pores: v, —v,, is the vol-
ume of the large open pores; and ¥;, is the volume
of the o pores, in which the water is expelled from
the pores due to applied suction. Eq. 2 can be rear-

ranged by multiplying both the numerator and the
dominator in its right side by the term 1/v,, . which
gives

o
[

where S, is the degree of liquid saturation; S, is
the residual liquid saturation; and S, is the effective
liquid saturation.

Now, let us consider a saturated soil subjected to a
net mean stress of p  kPa and subsequently
brought to a suction of s under this constant net
mean stress. Consider that the magnitude of the ef-
fective mean stress occurring at a certain wet pore is
equal to the summation of the magnitude of applied
suction and the magnitude of the net mean stress oc-
curring at the pore, ie., p\=p,, +5, Where p’ .
P,.,-and s are the effective mean stress, net mean
stress, and suction occurring at a certain wet pore,
respectively. Furthermore. it is assumed that p_ af-
fects every pore regardless of its state (dry or wet).
Consequently, p’ of a saturated granular soil
brought to a suction of s under a constant net mean
stress of p,, kPa can be obtained as follows:

P'=Dp.+Ss “)

An expression of p’ in Eq. 4 is Bishop’s [2] ef-
fective stress (p'=p,, + ys) with y =S, . The pa-
rameter ¢ is strongly related to the soil structure
[4]. To cope with the complexity of the soil struc-
ture, a factor @ is introduced into the pore volume-
related terms in Eqs. 1, 2. and 3. 1.e. Eq. 1 is written

p’='{(v,, D=V )/(v’,—v‘_.)} xs. Hence, an
expression for the efféctive stress in unsaturated soil
can be rewritten as follows:

P'=p"+5°%s ®)

where @ is a correction factor linked to the pore
structure of the soil. Moreover, because the contribu-
tion of inter-particle water bridges is not included in
the calculation for effective stress in Eqgs. 3 and 4,
the parameter @ also corresponds to the influence of
inter-particle water bridges.

Khalili et al. (2004) suggested that » can be ex-
pressed as a function of suction ratio, which is de-
fined as the ratio of matric suction over air entry
suction, as follows:

3

Vi 'Z"n N i ‘.‘ 5-5
[ B L= etk a5s
v v v ] 1-5,

~ e Y

\

1 s<s,
T uts
The effective saturation (.S, ) can be related to

the suction using the relationship proposed by Brook
and Corey (Brook and Corey, 1964) as follows:
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25 fors<s,

L3 ]_(s,/s)'

where » is the model parameter relating to the
pore size distribution and S, is the residual degree
of saturation Accordingly, the correction factor @
in Eq. 5 is equal to a ratio of 0.55 over n, which is
the same value proposed by Masin (2010).

S,

3

™

for s>s,

3 CONCLUSION

The expression of the effective stress in an unsatu-
rated cohesionless soil was derived and discussed.
The denivation is based on a consideration of the
pore’s volumes in the soil. The expression is in ac-
cordance with the widely accepted expression [2.8].
This consideration of pore volume can be further
used to estimate the maximum pass pressure for un-
safurated soil subjected to certain magnitude of suc-
tion.
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