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Abstract

Project Code : MRG4980086

Project Title : Investigation of behaviour of unsaturated soils in Thailand
Investigator : Dr. Apiniti Jotisankasa, Department of Civil Engineering, Faculty of
Engineering, Kasetsart University

E-mail Address : fengatj@ku.ac.th

Project Period : 2 years 2 months

The understanding of mechanical behaviour of unsaturated soils in Thailand still lagged
very much behind those for fully saturated soils. This is partly due to inadequate testing
technique available in the country. Unsaturated soils can be found in nature especially
in hilly areas where problems of rainfall-induced slope instability are frequent. Moreover,
the unconfined compression tests, which are commonly carried out in practice, are in
fact often unknowingly performed on samples with negative pore water pressure or soil
suction. This is thus a need for studies of unsaturated soil behaviour in order that
engineering work related to those materials be carried out efficiently, safely and
economically.

This project includes a further development of the miniature tensiometer at
Kasetsart University, used for measuring suction up to 100 kPa. The device makes use
of miniature commercial piezoresistive pressure sensor which is available at relatively
low cost. Examples of applications of these devices are given for in-situ suction
measurement, and soil-water retention curves determination. A particular attention is
drawn to the determination of the effective strength parameter of soft Bangkok clay
using the suction-monitored unconfined compression test. The tested soft soil was
obtained from a construction site along the drainage canal of Suvarnabhumi airport. The
value of the effective angle of shearing resistance, obtained from these tests is 20 to
26° with effective cohesion equal to zero. These values correspond to those obtained
from previous research which used Triaxial apparatus. This innovative testing method is
expected to be an attractive alternative for determination of effective strength
parameters with its cost much lower than the triaxial tests and will also be value-adding
to unconfined compression test which is commonly used in Thailand.

Another part of this project is related to mechanical behaviour of residual soils in

landslide-prone areas of Thailand. The relationships of shear strength for unsaturated



soils are frequently used in stability analysis for slope subjected to rain infiltration. In
this project, a modified direct shear box is also used to determine such relationships.
The apparatus incorporates the developed miniature tensiometer for simpler, direct
suction measurement during shearing. The soil-water retention curves and shearing
behavior has been investigated for intact residual soils from four landslide-prone areas
in Thailand. The air-entry suctions vary from zero to one kPa for the low-to-medium
plasticity clayey silt, sandy clay, and silty sand, reflecting the presence of large pore
within these materials. The shear strength increases non-linearly with suction, though
linearization can be reasonably assumed. The residual soil samples with higher suction
tend to have stronger bonds around particle contacts and thus the more brittle they are
at higher suctions. During constant water content shearing, the soil suction appeared to
change slightly according to change in soil volume. The strengths determined from
multistage tests appear to be bounded within the envelopes of peak and ultimate
strength. A simple equation can be used conservatively to predict the ultimate strength
of unsaturated residual soils for suctions lower than about 33kPa, based on the

volumetric water contents at 33kPa and zero suction.

Keywords :, suction, tensiometer, shear strength, residual soils, soft clay
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51U 1 dnvazveanssautiluanizadag

d o A Y Aa a a dyd 1 Y v A
UsngmsaivangnldeFuenmanaussgammsniiledaoisingmsaiaeiune
=K A a\ dl . d! a d? d‘ dla a
159A9AIA1Laa13 ey Surface adsorption FunauoIINszq lWihauiAiveseyninau
= [ a3 v Jd A oy 9 @ a do d? (Y] a
witlen. pe1elsnam AnduIennuaniolumsgaiiudimarvesaunduegniulsua
A :l a £ A v a . . a Aa
Yodesazmenaovei luAY F35enI1 usagaeed luAn (Osmotic suction, /) TAAUTNI
[ 09/ < [V :l Y o
msazaeinaeiuegluinnnilidndlumsgarinndueslaun ldre. Taei liudaes
Y
AWNTONVITV LTIQANITDIFUATINAUITINT 1339ATIY (Total suction, ) (ANN19 1D)

W=r+s (1b)

v o @ 1 g v o a { v
Lﬁ\iﬂﬂi?lﬁlzﬁﬂﬁ1uﬁﬂwu‘ﬁiﬂﬂ@]i\iﬂ']Jf’ﬂﬂ'J111‘dlfu’é"fiJWT]‘ﬁlm%qm‘l’i{]um@ﬂ@TﬂTﬁﬁﬂQlu

1 ' a @ 4 a do ~
‘]5@\1’JNﬂu@nllﬁaﬂ‘llﬂﬂl‘ﬂﬂiiullﬂlnllﬂﬁﬂ\‘lﬁﬂﬂWiV] )

d A 1

] Y
e R, = AnuFuduing iawmnu oasdiuszrinusean leluanzinase
useauloluannzonda (P/PR)
' A o . -1l
R = a1AInu93n1% (Universal gas constant) = 8.314 J.mol .K

V.. =molecular volume 104 1911 (0.01802 m3),



2 o . ] |
T =quvigu (K), uag Total suction, I/ Wy kPa

a A (% o v 9 a <3| Y Ao o & Y va aa oA
Ll,iﬁ@ﬂﬁlu@u UI9 NANNTUNINUNDUAU HJH@']'Jllﬂiﬂﬁllwu‘ﬁIﬂﬂ@iﬂﬂﬂﬂmﬁﬂﬂ@]ﬂWQV\lﬁﬂﬁﬂ

o w ]

a 1A o a I 4 3’ a
dryra1eed1vesau ldua) (Fredlund & Rahardjo, 1993). 195U tlesisudvetiluau

0o v w =

1% a 14 g’ ] a a [ a 14 o
, ’dllﬂi$’(3f‘1/]ﬁsll'é)\‘lﬂ?ihlﬁﬁcﬁhﬂlﬂﬂu'm'luﬂu NIANTULIURDUUDIAU LIS ’ﬁllﬂi$ﬁ‘1/]‘ﬁﬂ1§u'l

9 a v v d 1 dyd dy Aq Y a J 7

AIMUIDUVDIAU ANUTUNUTANG L’VfaTL!LL]JuW11!31‘Ll‘i/]Glﬂfsluﬂ'liﬂmﬁ'WWﬂi'lﬂgﬂWimﬂ
{ 9y v oA Y 9 @ a 3’ ] a A 3’ a

Lﬁﬂ?ﬂl@ﬁﬂﬂ@uﬂﬁ’lﬂﬂ’lu@ﬁﬂﬂu 21N ﬂ1§1ﬂﬁ§ﬂﬂl@ﬁu’lﬂ’lu913@u NITISINIUDIUTIIINAU DT

WINABVDIAY AUADVDINGINUTENINAULAZDINA 18]

[ J
2. Jngilszasn
E4

Tasamsal

[

o = a a A o 9 g} ~
aniszdan lumsAnymganssuvesau lududidein anuluilszmealneg
= 9 Y Aa va A A = = a a a
msfinyziiumsnaassluenlgianms menszansonlssumeunganssnasavesau
a o o a 4 a P
FI5UMANILUS AN eAdlamans  wgAnssunenamansneznadeulsynoulidae
WOANTIUMITUNITUNOU  (shearing behaviour) DNTWAVOUITIQAADNHANTIUAI 1Az
3 o g, a . . . v o d 1
anuasalumsnunniiivesau (soil-water retention behaviour) NIDANUFUNUTIZHIN

i’ 9 a a A g @ a Ao g
ANUFULALUITINA Tagaziunadovaurianiudunuvesdaunini]uilyriluau

v ]
=

a F) 1 Aa ~ 1 a dil AR
’Jﬁ?]ﬂiillclu‘ljigmﬁllﬂﬂ ‘lmm AUNUYIDDUNTIUNN LUASAU residual soils VNWUNYIUTYY

aoaunaululszme lne

3.35MInAaea
og/’ = a o 1 Y o dy
Tugeumsane lulasansideuasldaail

A

s o U a

3.1 M31)524n@ Tensiometer 1o 15 umsnagouiidesunsunouria MouATY
(Direct shear test) (LA NMSNATOUN 180auuy 15 s sdudng (Unconfined compression test)

3.2 mynagouasdauuy 15ussdudne siiadausaga (Unconfined compression

A a o w w A A A a ~ 1 £ g =
test) 10U THUMAT VT URBUYTLANTHAVRIAUIHHEIBBUNTUNN FUAVIINAINAD 0-
9 1

415 vinulasamsnasesziesh auwiugssugd wazSeuisuduideniueld
VINNANMT effective stress

o w

Y
a o v o 1 a
33 ﬂﬁﬁﬂH"IWi]ﬁﬂi'ﬁJﬂiﬂ\i ULLi\‘]Lﬁi’JULLﬂzFI’J111E‘Tll‘WLl‘ﬁi%ﬂ?]\iﬂiﬂ"lﬂ!ﬂ’l"mcﬁuuag
a ) ) A A% a ' a Af dy o
1IQAVDIAU residual soil NNNUNTUnlseauanoanneulusaadnunalenuluy
U [ a J 1 a o 4
Uszmerlne 1dun o.duna 1.903AA0, 8.0UN0Y 1T 11, 0.101AYYY 2.3UNYYT Ay Wou

YuailsImsva 3.unsUIEN.



Tagsreazideavosnamsann lunaazdiuaz lananeas 1 luseau

4. M5NMU1 KU-Tensiometer !!ﬁxﬂﬁﬂizgﬂﬂﬂ‘ff’

oY 1 Yy ¥ 9 . I A A Aa v 1 o
galdnanuuditnedy  Tensiometer 1unTosdionienluniusdrauinluniiia
Awssgamminvosanlugaem 0-100 kPa. ITuiszmelng andquns (2532) ldsiaun
. Y Y dil a A 9/21 A 1 =1 A a
Tensiometer  taz1¥1umsiannusuveIaions ltifyed1atdszanson.  uazlu

1 Y o . 9 < v Y] ad a ¢ £
a1lsemns UlﬂllﬂﬁW@llu”l Tensiometer AIYLEULEDTIALUITIAULUUUDLANNTDUNET "If\‘]ﬁgﬂ'flﬂ‘lu

F4
A A

J T W va 1 4 K% o Y @ . @
mimumaﬁiuummmmﬁm LmiJﬂ%Zfli1ﬂ1l!‘W\W1ﬂﬂﬂﬁ’mui\‘l@’ﬂ suction Gluaﬂymwﬂm

Aav =K

(R o w Y (% 1 Y Y o . d%l I
@Q@ﬂ?ﬂ%1ﬂﬂiﬂﬂi$tﬂﬁq1ﬂﬂ. AYUAWAAINEATI ﬂmzumi}ﬂm”lﬂwmm Tensiometer 6lJ‘L!!,EJ\‘H,‘]J‘L!
ad a s 9 a dy 9 A o Y] a ~
FEUUDANNTOUNE mmunumm@ui}mg{umammzWmunmﬂﬁmﬂgwuazgmﬂﬂ ag

a a 4 a [ s QJQ' 9 Aaov {
RUNUYANUUAUSIAINTIUAITAT UNRINYIAYINTFATANRET uaz"lmsu“l%“lmmnﬂﬁ

Ne1v09ra18 13N (Jotisankasa et al., 2007)

Connected

Ceramic tip to pore air

(1Bar AEVD Ceramic tip

(d Bor AEVY 7

Transparent tube
(filled with Transporent tube
deaired water) Filled with

deaired water —

Absolute pressure

sensor
—
Port P1

connected to air

Differential
pressure
transducer

n) )

Port P2
(filled with
deafred water)

Dif ferential
pressure sensor

|
Cable
Porous ceramic
(SBar AEVD

3191 2 KU-Tensiometer, n) ¥1A539AA1-A (Low-suction-Absolute) ) ¥1AL1599AA1-D (Low-

A)

suction-Differential) A1) ¥ UALLTI AAQN (High-suction-Differential)

v A

1 a a s o a g’
drtlsgnouvoanuglolmesndingae 1) darwaumw 2) nzinhgiir wag 3)
o [ = v @ 1 ~ 9) [l 9 ~ 2}
ginsallaussaunsanagyIna. aeiedaluziln 2 Tagluvazlsnuyndivazdoaini

g 1 1 A Y 1 [ = g’ a 1 3’ 9 Yy I o 1] Y =
@QL@‘JJ%?N’JNLW’811’1’ﬁ']ﬁJ"Iiﬂﬁ\‘]fﬂﬂ!’ﬁ\‘lﬂ\‘]ﬁnﬂu'161,149]‘Llqu']ﬂTLlTiu%“]ful“]f@i')ﬂllﬁﬁﬂuvlﬂ’ﬂﬂﬁﬂ

=

& A < do Y Yo o ) S o ¢ A .
ﬂﬁgﬁ"ﬂ‘ﬁﬂ'lw. L“ﬁul“ﬁ@ijﬂllﬁ\iﬂumi%ﬁqﬁiﬂ KU-Tensiometer utﬂuwﬁulcﬁ’ﬂﬁﬂ)’u@l Single
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. . .. A a d? A Y ad a J 9 ) o
Silicon ~ Piezoresistive ~ NWARYUING 1% lugaavnssudtannsetind laglama Tulassza

o Y3 L= <3 =y ~ = (] A
707A (MEMs technology) W lviiussesivmnadnuazidayananades 1ugagumgiin

[

9 a 4 Ay & Jq 9 Jd A dycu I A A A a s A
AN, AvyneAuazgniang (2550) lalHwuaesviainauniuniosionlsinesiioin
[ g’ Y 9 a o a ~ 9 [ a U 9 [
usaauth@uuIn) uazldluauIsemadainssulgiivatsnualeny 91 MInediNag
v F4
AUDN  HATMIAATIZHMINTAAIVDIAY. §115D  KU-Tensiometer 9 1A5UMIWAIUYUT]
9 v
nariua 3 uudenu. siausagad-A uag -D (31 20 taz 29) dunsoiausegaldgegans
Uszum 90 kPa tazwiansigage (31 2a) dedsegluserninmsiannuazaunsniausiga
Idgeqatailszanas 350 kPa. (Jotisankasa et al., 2007) §H5UTOLANAIVDITULTIRAR-A
= 1 o A /A A Y Y [
uaz -D Ap JuNsIgadl A dlimguinulaounadliamuanuaunssemasidesondons
5uud Tuvaizfigunsagadi-D 9ze1usn differential pressure gVAIAWAUUTTENAD T
o o 9 a o v A Y dy
uiluApalmsUsuuiToInNUAUUI TIINAL
a g} . v 1A o W A Y Y =
nzUIUMIANIIalY  KU-Tensiometer 11U1NANNEAYNND 11013 1959111
Y ' o & g99 & o £ 4 :
ANUYNAY Taglugiasnueamsany iz 15iuno Uiy Imperial College London
Ed 1
(Ridley & Burland, 1995) @1l (1) 111 Tensiometer #ogluanmuialdlumsuzdantinneld
Y
annzguanme Tagldilugyama (Vacuum pump) dsuanm 2) meldannzgaaims
4 Y Y
wudntiud 1) ugesi1e uagding Tensiometer Minoldannziluganmasnednedinion
v Y 1 v 1
1 $Tus 3) sioeq aaegyanmslaslailuediedng welmini ldununemeluyesing
Tinue.
1 I :JI [ ' 1 Y 1 Y J Y v Aawv
pg19 l5na Tuasuainafeudazgunuaz ldginsainoutiann auzinide
o A, < { gl 4 1 { o 1
39 ldsiann U195z grinaaninznhegiiuie Idamnso lawesermandinndsegeanun
9 [ 9 Y 9 a\ = ~ dy 1 = [ o
lanuaszningaoimameilugaaing  nazazdeslaniingimziiodwadieiagimintac
A J g d' oy o 1 9 v Aag d'dd' a 2}
#3019 neuaz larenaninimuneulsau. vazluilegiuasmsnangalumsauinly
Y 1
nzihzfeomsgaeimavennnzihziiuag@d  sensor  Foguonviniu  meldaniig
A 9 Ay 1 o J Y Y v gV
qyand e e imaraetssnnouvzilszneudinznheimazmuaesinalenu1ai
% Qddyw [ as Aaa Y o [ 3 [
Tupienas U uITMsnangaaz lsdmsumsnageunnasalunienas
[ = . 1 9 9 [ . A
M3USUNOY Tensiometer NOUNT IFIUL TFHANMNT Hanging Water Column #i3®
9 091 ] a . [ d‘ 9 L% [ 9 =
Moot nlaeW w5 1inues  Tensiometer @930 3 Tavszdossziinszdeld il
gl d' 1 d' .f} 1 1 1 Lﬂ'w 9 [ (%
Wosermalumetinvoanuaoiiiowonilumsdemenss  awssganialdezuilsiuny
Yy 9 Y [ 9
ANNgeInMivulUds Tensiometer (9.81 kPa/ 1 was1h1). 31U 4 uaasdnyuzmIaana

] Y ] ]
Tensiometer o ausgaiivesdredautlaniinededimotiosiumsszmevosan

' Y ] 9
5enIuMInsvda. Taenalinsdads Tensiometer tHoiaIIgAvINAIRENALIZTTLUADY

A3

[

= [ 1A d‘ o (% YA d' Y [ a d’dQ dy
W (1) USuuasiineziimsialiisey 2 WABIALIIAAVIAUNUHNIVIVISHATIUD
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1 a o . . a < I3 A
WONUFUNIN AUNTIO gNTINTD Residual soil A5aziheammilondaaziden (@r1mdudaua
= A o a . <3 Y A Y oy Aa 1 A o :' a
A loau) NHAUFIINAVDI Tensiometer tantoaie i luauaemeanuiiiluemsiia (3) in
W1 Tensiometer adludwmiialduiuneaunisiay ¥in39ar093195213191%7 Tensiometer
v A 9 [ 4' v v R U d‘ U . z& = v
AuAUAIEIENIN Tac oiloeumsszmeriufinaA1Ne 19N Tensiometer vz DITUAAN

usagameluszezia 0.5-1 ¥ 1ue dwaaalugin 4

] «— Tensiometer

<« veldnfin selnseda
H (m) Ll finasanasadnle

H39@Am suction = H * 9.81 (kPa)

1 Y
gﬂﬁ 3 MIADVHY Tensiometer 1A8ITMIH 081N Hanging Water Column

©
& 20 |
g
dodwdutlaniin | Tensiometer | 2
TN I L -40 Sk kbbb oAb b b Ak A A
adfiionuszIvy s
Q
©
2
o -60
o
o
B
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|
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5. MynageuMasunsuReulsyandnavestumiladsounyamn laamsnagey
Unconfined Compression Test Mﬁﬂ%ﬂ!!ﬂ@ﬂ suction
] dy [ = 9 Y . ) [T . A
Tusigauaiuiezna1nnimslszgndly KU tensiometer d1M5UIANIIRA suction 1WOH
a do o o Aa A a 1
Wlmes M uns uReulssaAninavesdumiiersounTUNNANNNITNATDL

Unconfined Compression Test Fagruniainnunanulag WY uazenla (2551). 1

% zﬂl o w o = a = -Q' o 9 oy Y %) 2 9Y [
:ﬂﬂﬂUUﬂ']ﬁVIﬂﬁ'@ULWf]WWﬂ']ﬁ\iﬁ‘ULLﬁ\‘]m’f)uanJ\iﬂumuEJ’J’f)iJﬂ’Jﬂ’JfJuﬂuﬁ’f)xi‘]J{]iJG]ﬂﬁiJﬂ’JfJﬂ‘L!
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Aa a, Y { A [ o v o
Wa1e3s e 2 Asniluiden Tdun msnageumasdanun1Fusedudie (Unconfined
Compression Test, UC) HAZMINATOULTIOATINLAY (Triaxial Test) foel,mmsinﬁt’hﬁmmm
k4
NId9935AD IBUTIOATWLNUIZATNITOAIUANAMTIAUAIUNI (Confining Stress) 115IAU
g} ] A a 1 < A, y o /A o
i wazniousalszaninala ed1lsnawas i linmgalasiniludesldglnsaimiui
1 ) [ o 9 = [ 9y [ 4 <
nnatszmg  dmsumsnadeunsdauuy veuwagaussaududnaiugud Hums
~ Yo Aa A ) F <3 =\ A 1 1 o o o
naaeud lasuanuiioy ewwinnszilade soa5 vazlisimngnniwn msidesuns

= ~ FY Y] 1 I 1 o o o A [ g} .
mmm"lmmmsvmaaumﬂfmﬁmﬂummaﬁuuiqmammﬂmz‘mﬂm (Undrained Shear

) 9 a L ]
Strength, s, cu:q?“) sazenunsnih U 1FlumsTnszd lugduuumiiensasa (Total

A

. a SY o ) v A ~ A o 9 ;y o
Stress Analysis) H39N1TUATIEUAIIHANNT ¢u =0 AMMIUAUHUIIDUAINIWUTIUUID (E“JJ

' E
A o W I

1 5) auyagwidaylumsinaziil AeAmuleusalssaning (Effective Stress) Up9AU
M9 UINLNNIMINATOU Unconfined compression test HAUNIALAT Effective stress U949
a a 1 ' < 3 o [ ) v A
auluauinese uaedelsnam ManUAILE19AIEN N (Undisturbed Sample) d1m5uAU
Y
1 Y | a wa a o ' . a '
mitgrseutiu Wu'llIdenTunal§ia mssunauauzinlia Effective stress Tududian
anasIdmadmsuaumiiedseu
A =® o 1 A A 1 I % 1 1
UM 6 uaasdanpuzvesmilonssiudsnlaoulusznimsinudlediannyl
. . < Y1y 3 o 1 1 Y a
JUNIU (Perfect  Undisturbed  Sampling) wrin ladndimsinudiedieline 1 inanis
d' a a a (% 1 a d' =) o w ] dy d' a
nlagunaalsuasvesdutaz usnuveIdledaungnaaugninasg NN AU
A196199204 14dN19% Undrained unloading 1oz A1 Effective stress 92 Ti#imsn/asuniaia
Y 1
J v o A1 A A o S . A 1w ] a a
Iausesdwiiiafeay nielanymzidunsiga Suction Flinumnunuionsslszanina
nae (Mean Effective Stress) HUID4
Tutlsgmealne dalailimsAnpisedaumaauuesrtiionsslse@ning 5eM319ms
4 Y Y
NAAOY Unconfined compression test 101N Nailiiiasninluedamsianseduindivay
o vy = os: dy 1 Y a Y A o v o A ]
annsonszilaen msAnpiasitivzne Ifimaanud1TeaMa DI URBULDUNIBNS S
Uszansua (¢’ uaz ¢’ MAMINAAEL UC uagiduomaiamIinadousta vl uagnian
I d o o a o’;} 1 a 4
el ulsg Tordd1vsuns AT IEHAUGL 19U MITAUATIEHAN1ILIZ8281) (Long  Term
8 a o 1 a A
Condition) #3dealdw151iimes luglvesrileusalszanina

[
a A Y U a

51 ﬂqygmﬁmmmnumimaau Unconfined Compression Test wa"s’mmgﬂ suction

a ]

a J ] 3
wmmmaﬂugﬂwmmmmu (¢ Cu) HUNITUURWIZHUYUIITIN 0 =0'+u

u?

1 Y H Y
Fa5aueInavoInstnansamihawiuluauigaiia 13de nsnageuieaseguu

H Y v
WYAFIUNNUTIANA IR UTEHIINadoulAuNs A UusIa U Tuaa1zas

fa)}
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auw drumnimes lugUvieusalsza@nina ldud anpusudoudse@ning ¢ uaz
anuFeniulszanina ¢ o2 1dnnanudniussernanineus uien 7 nazuons
UsgAning o'= o —u Sausnsusaduii (Pore Pressure) 00N91NMINA5841 91 1¥ianunso
ﬂizzﬁuf‘i15&611@@ﬁuﬁﬁﬂnmsqﬁuﬁywi”mﬁ'u"lﬁ'

7,C,

Total Stress

o
A .
Effective Stress -
S @' >0
-
-
P a, b, c
-
-

o'

D .

s 5 dunaasvevivanisitavesaumiionlugdueaniiensssiunazniaouns

UG

=) =)
szanwa
Effective Stress
e
K0/ In-situ state NOULALIAIDENT
N
Total Stress Pore Pressure
lov =0
HaIMSIAVMBENI 1D

d
anysal
o, =0
£y U= Total stress = 0
ctio c +2-0
u = _( . 3 h ) = O-vmean

H a a 1 Y S o ll Il J
gﬂﬁ 6 ‘WE]G]ﬂﬁiﬂﬂ]i’)\iﬂuiuﬁﬂTJSﬂﬂulla814?1\1"l]TﬂLﬂ‘U@l’Jf’JEJNLL‘]J‘UﬂQﬁﬂWW’E]EJNﬁiJ‘lajlim

(Perfect Undisturbed Sampling) (WU 1Az 8AUA, 2551)
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4 v Y
Tu52%1719MINATOY Unconfined compression test 11 Tﬂﬂﬁa"lﬂmqﬁ’uﬁﬂu%maw

)

uaza u*ﬂuau ﬂ\‘ll‘lﬂ’ﬂ‘ﬁ‘]ﬂﬂlfh‘lﬂﬂﬂu musmummﬂuauuﬂ ‘]J\ﬂfﬂ\illi\iﬂ\iﬂﬂﬁ ﬁ"JN!iJﬂ
A
7

)

U wiefiTenia 113399 AUNT N (Matric Suction, s)dsmusosiua i dasauns
s=u,—u,=-u, 108A1 u, ifumusadnilugeaiadu uas u, LUAWNINUUTIAY
] 1 = d! o'/ = | LY Jd A LY Y]
p1Melugeeieau Falumsnagey uc  Tagna lsziinmmnuguiviomnuanuau
UITMA WONNTAFNHULMUAUYDINUIBUTITZANTHA (Effective Stress Path) 58117314
@ ] o
N1INATDU Unconfined compression test Ia ﬂﬂl%ﬁﬂluaﬂ‘lelmlmﬂ MIT, Lambe & Whitman (1969)

Y 9 ' Y dal
i]%llﬂﬁllﬂ”liﬂ"lua"lﬂﬂﬂu

p=—t—"t=""4y 3)

g=—t—=>"r="r 4)

[ a 5 o 4 a a 4 . 1
Tag s flo Awssgaunin Feawnsoia lagldinsesiiomudlolines Tensiometer, A1 o, 7D

] A 1 1 1w -4
M5 INA THLUIAY ez wieus luuIs Iy o, ﬁﬂ]lﬂTﬂUﬁUﬂ

5.2 YUADUNINATOY Suction-monitored Unconfined Compression Test (S — UC)

% [l a ~ A o < Y [ o

A10819AUMHEINTUNNNITINMINATo U] UAI0819AITAIN (Undisturbed Sample) 11

Y =) :} a =
mM3yanz laglenszuonilasnuia9inaaedszineingIssugil ANuan 1 — 4 was lag
] 1 Aa ] a o 4 S o g 1 1
A19819AUYNHORUAIINIT T UYANADIMAIA UNDIN LS NEIANUFUBENANDUNTNAT O
) [ oa/’ 4 a 4 QBJI 1 ] o
FMTUTUADUNITNATOLINOMINITINADS ¢’ LA ¢’ UUIFUABINUNITNANATOULIIOA
A1 (Triaxial Test) FIUMTINOUAIDINAUNMUIBLTIYTLANTHAUANAINU LAZATLH
~ v W 03} @ 1 A o 9 9
Taolasuuilainsondan1e1ind10e190 1IIGUAIUU Effective  consolidation  stress, o
meshaﬁ”u dnsumsnageunsasauunl3veuua (Unconfined Compression Test) NLerU®
d Aam { . o 1 Aa A A = 1 <3

Suf 733 maaeulaq Effective stress YDIAIDINAU RGN NN 0aALITINIATTHINUTA
a . A o oy Y o q Yu " a Y A A "y )
AU (Suction) HIBUTIAUTNIAIUAY MBI IHAI819ANLT T oend 91T U0

ol anbuzmandeunilag Effective stress #28n151W11599@ Suction 1UAI08190U
A:i d? 091} . Y o Ay o A =\ d’Q' o 9 3'
Aaue¥UITY Cunningham et al. (2001) 1dshimsIvenuaumiisrdunsentlandudidaei

1T A ] = (% Q' ] a A 9 d‘ [ d!

WUNMTHATUIAGINUMSINUT UL U5 ansHa lagldinToanadouns oA IuLAY 39
ADANADINUNYHI|VOA Effective stress NAauaunuianTne Bishop (1959) daueaqluaunis

s
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o'=(c-u,)—yu,-u,) (5)
TagA1 y factor azliauvinu 1 ieduegluaniizoudmielndonda (St > 95%) uaz

1 4 v
aumsi 5 9lA1 MU o'= (o —u, ) NTOAUNMIAUANVON effective stress UUIDT

£4 9 v
a A v A a o

Y
dmsudunoumsnaaouluauIdetiiaatl (1) Aada KU-Tensiometer an 1 Tuau

k4
v v A

frogszina 5 daamas e ldudlanA s iaduiadiuiloAuod19d LazIoUA T

a o 1 dl d' dy = 1w U 1 Q' 9 .. .
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st 6 MmInadouIausIgaveIRIeg 19l Iay KU-Tensiometer (I uag aAtiaA, 2551)

5.3 WamInaaau Suction-monitored Unconfined Compression Test (S — UC)
. < { ' . :
MINAAOY Unconfined compression test (HUMINAAOUNIZHAIN Quick test Ha3)

a d' J J 1 dy a % 1 = dl [ 09: d' =
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voeMenI Tz Rz I Aud b (Pore Water Pressure) LAzl 3I9Av0IAUAIDE
wasulasll wudersunsdinasauu sz 11611 Undrained loading
SmSusanmanafizau uMINATeUASaR AL 0.1 TaamaIdeuR Hiosan
seWhamadoudotanInIz Moo sd A naneRad0d (06198 1uay 2
sEniumadeunusnsynedve s e iaiiaueiadie) aagTuasna

ni

Top cap Connect to
S

Voltmeter

KU-Tensiometer

Plastic'wrap

] A [
s 7 nsdAadunieslolumsnaaen S — UC - Test (31 az oAtia, 2551)

dy <3 Y d‘ 1 A . a 1 19 o Y
fl]'lﬂﬂ'liﬂﬂﬁ@‘ﬂuL‘Viul’lﬂ’l'llilﬁlﬂ'llﬁﬂﬂﬂ (Y199 Effective Stress) UDIAUUANSNNNU Wl

v v

) v 9
MMAIF VLT UNOULANANAUAILAD 11DAITIAA (Suction) VDIAUNNAUAITNIAIST VLT UROU
2 91
Savifinduay Taosy mNﬂ15m@uuuﬂmﬁqﬂWumﬂuﬂ3ammuuﬂuuaﬂaﬂummsn
(Lmﬁuﬁuwmu) udreziFunsi (Au=0) mamﬁ;ﬂ Critical state ﬁmﬁﬂﬂugﬂw 8
a o a ] a a a 4
TumMsAATIEHMUAUYDIHUIBUTIUTLANTNE (Effective Stress Path) HazInIIZH
Y aAva o o [l A I a A Y A oy g’ A Y A

WiduveuaMs 1A tudweguuteu lyauiinadouazdssduiinieiinie Indife (Sr.
>95%) ma“lwwaﬂmieum Effective stress ﬁ’e’]ﬂﬂamﬂqusﬁlﬂiim}iwmﬂu (Cunningham et
al., 2003). MIAGNTIT 1 w1 d dodeaui 19 lumsnadeuiina Degree of saturation i
Tndauda (>95%) mﬂgﬂﬁ 9 AMTOUBNIIENBUENYANTTUVEIAUIARD S —4, S~ 6,8 — 7
3 a A Aa o ' A 3 a A A o '
Wuaumrtenlanmeauduilng (NC - Clay) uaz S -3, S — 8 1udurdeINUan moauuy
AU (OC — Clay) dmlu s — 1, s -2, s — 5 liansovenldFanwileananusigaves

AU (Suction) lumsnaasuuMAM
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13 N‘ﬁ 1 A3 iqﬂ HWaN1INATDUY Suction-monitored Unconfined Compression Test
Sample Depth Rate W Suction W Sr
(m.) mm/min (initial) (initial) (final) (%)
(%) kPa. (%)
1 3.5-4.0 0.5 114.18 0.68 108.44 95.54
2 3.5-4.0 2 120.47 1.14 117.24 98.00
3 0.5-1.0 0.1 56.88 37.95 54.88 98.53
4 3.5-4.0 0.1 95.07 22.27 89.70 95.70
5 2.5-3.0 0.1 123.84 0.91 120.87 96.90
6 2.5-3.0 0.1 67.85 40.45 67.43 95.15
7 2.0-2.5 0.1 78.24 57.27 76.65 97.08
8 2.5-3.0 0.1 73.22 55.23 70.31 97.59
60

\ “

404z s5-8-suetionfi)=55.23 kPa
Axial Shear | f
L J - _E:_._.‘I,..‘..-,y.x.'_,::,-_r,.n;;(.;(.\::x.:::'::'.':: 0111 4 a T
Stress, kPa | # .
2% ;¢ \ s-6 suction{i)=40.45 kPa

pwp, kPa

Axial Strain, %

4 1

v Y
s 8 nsmlanuduiusszninanuRuELILAUIAZLSIRINAY  A2IWATEADINNTS

=

NATOY S-UC-Test (ANNAN 2.5-3.0 1IAT) (IFU t1ag 9nild. 2551)
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E4
~

1NNUIIUANHINU AT DS

s

1Ay ¢ =0,¢' =20.5° (@131902) Fl
ANADANADIINNITNATOUUTIDATINUNY (Manoon, 1969) NUAUMIIEIBOUNTUNNA N
anvanlszna 1-5was Minusnusda dnusiil ¥alde ¢ = 0,4’ =17.2-21.9°
@ I A 3 a ~ Ao @ 1 a o =
1NA29619 S — 3 (U7 9 (1) iudurtierNTan meuILAUAY (OC — Clay) Hazil
1 o o @ A A I a o [ a Y
AMMAITVUTUNDUFUTDIINTUAUAIDE VTN Crust zone (1-2 1WAT) IAA1
¢ =0,¢' =255 S MTUFNANVAN 3.5 — 4.0 1WAT (AIDINS — 1, S — 2, S — 4) A1 Initial
4 v
suction UBIAI0819AUBYIUFIN0 — 2227 kPa. 111U T901989 luATeUAGUININAITLA

~ 1 a S Yo A
WE’JV]i]%ﬁiqﬂﬂ?‘l/‘lﬁ"llll@]@illﬂﬂ\i@ﬁ"lﬂ‘ﬂ 2

B0

(n.)

1060

100
p' =( '1+ '2)/2, kPa

o 2.5 i 2.5 0O 2.3

* O w.T * 5.3 |

v 5-1 = 5-4 = Faihwe swcelope

ci a 9 a wvAa ] a a a

31]7]9 ﬂswv\luﬁmmmuuazmumﬂmﬂmm’mm”lugﬂwmmm Uszansnavesau
Lﬁﬁﬂ’)éﬂl&ﬂiﬂlﬂ"l ANNTNATDY S-UC- Test (0.) ﬂﬂuﬁﬂ 2.0 - 3.0 a5 (V.) ﬂ’JTiJﬁﬂ

0.5-4.01Wa5 (AU AL 8ANA. 2551)
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Y J a Jdo v w ] a a
M319N 2 asnaglamsiimesmassunsuneuluglvitensalszdnsna 9103

Nagou S -UC — Test

Depth At Ultimate State
m Stress Path Mohr — Coulomb
Parameter Parameter
a® a' @ o0 4 )
2.0-3.0 0 19.3 0 20.5
3.5-4.0 0 233 0 25.5

1
a', c' :kPa

2
a', @' : Degrees

KA K I o o W A A A A Y = & A Y} o
aziuuldn mmaesuusanaulszaninan ldanmsanyiulaNuaaAnaBIN
e luefadaldisnmInaaeuuUUAUMNY  Triaxial  test HAZINI9INMINATDY

o [~ At a ~
Unconfined Compression Test HUAUMINAdoUNY LLazuﬂui%’mﬂchvﬂuﬂizmﬁhlm
ax dyd I A [ [ Yo o v A = [ 1
FBMstauumsinyamegan v iunMInaaey UC — Test dmivAumtedsouluyg

1 Effective stress 111101 0 ﬁﬁ 100 kPa.

6. MInag Bﬂlﬁﬂuﬂiﬂ‘ﬂ‘ﬁﬂgjﬂ!!ﬁﬂ@ﬂ (Suction-monitored direct shear test)
[ v 7 0 w w A o v A 1A % u’/‘ 9 I ~ v Aawv 1
mmﬁuwuﬁmmmmﬁmmmaummmu”luammuu‘lmﬂuwﬁu%mmumﬂwmwm
< a . . 1 v o 7
WuszezIaIuIy 8n Bishop et al., 1960, Fredlund, & Rahardjo, 1993 TagmMANNTUNUS
1 0o v o A [ 3 I 1 a P o @ A 9
JEUINMAITUUTURDU WUIYLLITIAIRIN  LUASHIIAN uJuﬂ1w1immawmmyma"lﬂ1ﬂu

MIAATIZHAUDANTBINAHUAN (019 Cho & Lee, 2002, Collins & Znidarcic, 2004, and

v
a

v 2 1 Y v
Rahardjo et al., 2007) MMAWIURPUTMNIUITDINNNTIgATTIT IR ET NN 1T
a 9 d! =\ Y oy Ja 1 9J =3 o Iya @ L] IQ' LY
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[ :’ I 1A
LLﬁﬁﬂuu”lL‘l]uﬂ"l@lﬂa’U
o A [ @ 4 1 o v w A 1 egj
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o ] A % o @ [ 1
Llﬂgllﬁﬂﬂﬂ i]"llﬂuﬁglji’]\?@”lﬂﬂq‘ﬂﬂﬁiL!WLﬁ‘]&lé]?\iﬁ"lll"Iiﬂﬂ?ﬂﬂﬂﬂ?ﬂ?ﬂl!ﬁﬂﬂﬂ“ﬂ@ﬂ@]ﬁ]ﬂ81\1531’?31\1
naaov'ld Tasernldmaiia axis-translation %38 osmotic ( 911 Gan & Fredlund, 1996 and
¥y A A A 9 v 9 = Y A
Delage et al., 2008) Lm%lﬁﬂﬂi@ﬂll@‘ﬂﬂﬂuﬂlN‘ﬂf‘]JGH’E]‘Ll"]Nf’J1%5]31(?1[1@8177145@5191&&1/‘\1‘11!

weslfiamsmatlgiinamansing 1 Taamwizededslulszmaiideiaungainlseauy
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(U), 9.ouf0Y Tl (0), 0.1ATYY VIUNYS (C) wag WouyualIIMIa A.
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Aty uegann

A o ', 9 09/’ Ld‘ti’ AN Y <3 A 2

Auaedasanw nnnsanui ldgninumnlaemsaennszuenulasnuieddl

% 4 4
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Y
a a o ] o <} a o
LﬁﬁﬂﬁﬁluTﬁTﬂ uazﬂumwﬂumwuﬂﬂ ﬂuﬁaﬂmﬂmmmgﬂm‘ummmwummwuﬂmmn
0 0 a £ a 1 Y Aa £ g a a &
(10" -24") MYUBDNUTNIUFUNANITNAN INIUAUUATUIIN (N) HAUNVNIINUTIUAIAAUE
' P o o vy a 2 A 1@ a
LﬂﬂﬂaﬂJ‘llflu@ﬂﬁmﬂ‘]J 2547 Llﬁ$Qﬂﬂiﬂﬂ')'lﬂﬁ']ﬂ“]fuﬁlﬁuﬂﬂaﬂ AUUATUIENDINT UAULA

SALDUNAINT F1A39a319ANV04 residual soil gRITUNIY

d' o 1 dy AR R Y o <3 o ] dy A& a a 1
51]7] 10 WILL‘Wuﬂﬂl@ﬂWUﬂﬁﬂB'l“lf\?"lﬂﬂ']ﬂTi!,ﬂ‘Uﬂ'JﬂfJ'N LUAZHNITMNNUNBIAUNAAUDAY

U

{Tw‘?ﬂqm and (U), MW N Asian Disaster Preparedness Center (2006)

Parent Liquid Plasticity % % % %
Site Location Soil Type
Rock Limit Index gravel | sand | silt clay
C 53.2- | 22.9- 16.0- S||ty sand
Granite 41-48 5-12 2
Chantaburi 554 | 26,5 | 22.7 SM
N 13.7- | 38.9- | 31.9- Silts
Volcanic 46-51 6-18 0.5-5.5
Nakornnayok 18.9 | 539 | 36.7 MH/ ML
O . Sandy clay
Granite 47.3 15.4 1.0 451 | 16.1 | 37.8
Omkoi CL
U Siltstone/ Sandy silt
41.6 20.2 14.2 26.5 | 36.9 | 22.3
Uttaradit mudstone ML

Y

~ wa A A . . ~
M31an 3 pauavianugivvesau residual soils inaaow

(4 v o d U { a 9 v A {
ﬁﬂHm%ﬂJ@ﬂﬂ’ﬂﬂJﬁﬂJWHﬁizﬁ’JNﬂ’J”IiJ%‘L!IﬂfJ‘]JﬁJ1ﬂiuazuiﬂﬂﬂﬁ1ﬁiUﬂuﬁ‘ﬂﬂﬁﬂﬂulﬁjuﬁﬂﬁ
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nl')GlHZTJ‘VI 11 mi1/1ﬂTcTEJ“JJL’cTu’e)@maﬂymL‘}Juﬂ”|’i@1'i’Ji]JmJ’immmm%mmzmmﬂmamu
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Y 1 4 A 9q 9 o ' J 3 J &y o o Y ' a A
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[ 9 9 ]
9adIN11 1 kPa 9o nauusi IaeiiiminnaniuTaedszunm 1 kPa fiuegiietloanu
9
@ o ' 1Y 1o & o o w 1A
MIUANAIBIAI0818 Merdwiniuszeznanlszana 5 Juiihdiedisanesniudlig
¢ d w Y a4 Y s A o ' 7 o A A
FuhninnToNIaaIUgUazaurIguinaemuInAIleTIFUAA NNFUNTNITUIIRA
1w < | J < J g { 1w
iy 0 Gzwaonitlulosiduannuiuiussgaminy 0.1 kPa Tuns vl log scale)
Y v 1 E4
WAIINTUZITUMINAAODTIMNAY  (Drying)  Tagazihddedeaunse mang’ll
4‘ Y a dy Y R o o 1 Aa A =1 A Y dy %
e lvlSnannuruanasiszinm 1% udrnuhdedsauilantniie 1HaNuFunTE 1807
v ' Y ' Y
aiuauenINeiIos sz 1 Ay udneiausiga  audeauganazsuiminnionda
1 9 1 4 A 9Yq ¥ o 1 S I 4 dy [ o 1 dy:
dnguezduriguinaraie IFswianlesisuaanudulunenas.  nsziediiian
Ay = 2 o @ 1 9 A S o 9 73 o &
Tiaulinmsegada 100 kPa Juihwredrudumeotonmimiinuiaazninlesisuaaudu
voIdteg1eaU IuuAaz NNy NMINadey. nnwamsnadeuluzili 11 Wy Awsgai
a 9 1 ' a . . A 9 o v
o meti5ud 1) 1ure931900 (Air-entry suction) Tmaeudedr Yszmna 0-1 kPa dnvay

[ J o ' ' ] I a
ﬂﬂﬂﬁ??ﬁ%ﬁﬂﬂﬁdﬂlﬂ?@uﬁ%fﬂiﬁENG]’J"U’E]Q"]ﬁ]x?']N"lJHWﬂiWiyslumﬂﬂu
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X 45 ]
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Q ]
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© 1
g 35
3 1| aC:Wetting
Q ]
*’é 30 1| aC:Drying
% 25 o U: Wetting
> 1| mU: Drying
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Suction, kPa
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50
X 451 v
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9 1
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2 1 o N: Wetting
O i
;GEJ 30 - + N: Drying
= 1 o O: Wettin
3 25 : 9
> 1 e O: Drying

20 ] T T T T T T T 17 T T T T T

0.1 1 10 100
Suction, kPa
V)

4 v A Y 1

51U 11 idudandnbaldrmsuAudIog n) JuNy3 (C) tazgasAnd (U) ¥) uasuen (N)

Hazounoy Fealny (0)

6.2 msmaa‘uuseaﬁaumwﬁﬂ%’ﬂmagﬂ

5UN 12 uay 13 uaadnyazvenIoIlonade UL IR ounTIFIaauasd msuIansan

u U

Y 9
J o

[} 1 [ 1 =Y a a a a J
oIR8 MunNreulaveshaseumunudlsmuglolines Ntimuslolinosizgnon
Y 1 < &£ an < 9 8L o amA £ .
RNz any  oHITNINAARUNANEAAINUITNTUOUNUIAY  Tarantino &
Tombolato (2005) and Jotisankasa et al. (2007b) Tasianuuanaangd 1ﬁ’ﬂﬁ® KU-Tensiometer
A 9 dyd [ :/‘ 1 = & o‘ 1 a a o
g luTasamstiianuansalumsiansigadaud 0 89 80 kPa HIAINIUNUF Toiimos 1u

aov 1 Y d' 9 1 9y
MATeRsunn ldnann'li

Tensiometer

Top

Direct cap
shear / MEMs

box\ IR P essure sensor
% 77777'7777;7777 - \Acrytic tube
SOl sample T

7777777 1Bar air—-entry
porous disc

]

Cloamping set
/
ﬁ

v Y
510 12 LUVUAAINITAAAY Tensiometer VY direct shear box
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Clamping plate

Tensiometer

1 A
gﬂﬁ 13 LAAINITAAAY Tensiometer UM direct shear box

M9 4 Tsunsumsnaaeudmsuiug o.oures v.5ealmi
Testno. | Initial suction | Initial S, % | w % * | Initial Vertical stress during
kPa during void shearing (kPa)
shearing | ratio
0-2 Soaked ~100% - 0.700 31
O-14 Soaked ~100% - 0.801 | 15.5/31/62 (multistage)
O-1 2 89.1 26.9 0.802 31
O-7 11 90.0 28.4 0.837 31
O-11 18 83.4 25.2 0.801 31
0-9 50 81.7 26.2 0.843 31
0-0 77 81.7 22.9 0.742 31
0-13 62 66.8 21.7 0.874 15.5/31/62 (multistage)
O-16 32 82.8 23.6 0.754 | 15.5/31/62 (multistage)

* w = gravimetric water content

oy y o v A Hq g y =

uennniuuaginssinaaeuidunouasai g lulasamsiidluginssinasgiuiannse
v v Y

wilan W ludesljiamsmadmanssudgit wazieldaunsoinulSuannuiulae
9 [
minvesiedeauluszrniumsnadoulnai szdesihmsaqualedsdrouiunaidan
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The Development of Soil Suction Measuring Devices

anln Tghdna ' uay Tenned wedaar

Apiniti Jotisankasa ' and Wissanupong Porlila 2
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a = s < 6o [ a = o ¥ Y o Y & ol
Au duflunisdszyndlenduimeiinusssuaiinmalulatisvduqania  (MEMs) dunldvinlidwnasi
mnaanuaztssgnaldunimasedléivainuate.  Tensiometer  AMAUANNN90 F W lAR o
ALINAAFILE 0- 90 kPa uaratlusyndnenswmuialidaussgatvisnlalugasussgm 100-300 kPa.
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Abstract
This paper reports on the development of two types of soil suction measuring devices, namely
Tensiometer and Psychrometer. The tensiometer has been developed for measuring suction or
tension of water within soil pore. It incorporates commercially available pressure sensors based on
MEMs technology. The newly developed tensiometers work satisfactorily for suction range from 0 to
90 kPa. Another kind of tensiometer with higher capacity is being developed for measuring suction
from 100-300 kPa. The psychrometer used for measuring total suction is also being developed, which
is based on capacitive relative humidity sensor and thermistor. The range of total suction suitable for
this psychrometer is from 1,000 to 1,000,000 kPa. Calibrations of these devices can be done with
relatively simple equipments in laboratory. An example of applications of these devices is also shown

for Soil-Water Retention Curve determination of soil sample in the laboratory.

Keyword: Soil suction, Matric suction, Total suction, Tensiometer, Psychrometer, Soil Water Retention Curve, Soil Physics

E-mail address: fengatj@ku.ac.th,

"WealfiRnsuianssunnedansaulgi gudidedranssulgiiuazgiusn nededaonssulas) Amgdranssuanans
NUINENFLNBATANAAT NFUNN 10900
! Geotechnical Innovation Laboratory (GIL) Geotechnical Engineering Research and Development Center, Department

of Civil Engineering, Faculty of Engineering, Kasetsart University Bangkok 10900, ? Asian Technology and Testing,



AN
y - o om y ¥ 0am v ¥
pndnlalungAnssnzeninuin  Tnsanizdunislnazesinldiu  nsguiizesdn  uay

AANLTRAUEW Tanaranfuazgnamans udiiannudiAtyetiedsluainuansananda ‘VT\‘i

aa [ Y a = o %’ ° o
nsinems seadanen Ul Jaanssudlgh niwennsin sadlsenu uazAaunnden. ArfauLlsidn ¥ N
LdTaeanazeeninluauie usRATBIAU  (Soil  suction). ﬁ'mﬂﬁf;'ﬂﬂ'}qmﬁﬁﬁmfﬂmmqmamT
(Hydrostatic) ﬁﬂuﬁmdwﬁu%gmﬁ@ixﬁuﬁﬂﬁﬁu (Ground Water Table) aragnielfianinzussna
(Tension) AMnuuinaasIfiuans (17 1). uspeiTalNgatlFandd LNgAWYEN (Matric suction, s)
o . y o o
TIANNNIDAUIIIAAIANNIT 1

S=u_—u (1)

Toe u, wirduusesurinlutesdnedy was o, wiaduussduanialudesdsu. insasienldinusign

uvsnlneAseizandn Tensiometer "N@;L‘N’]usluﬁﬂ’]'lv‘lflﬂ’] u, PRIAUNANYINTL 0 WaZA1 suction N9

"Lﬁﬁﬁ@ FniRnauTasuraRiAwandlugl@ 1 taes. ednslafinna Tensiometer aldazlsianansnda

v oo ' '
o aAa !

ANLIFULNNRAALING 100 kPa b8 @9nItiNALNL 100kPa axfiaaldnannis Axis-translation lWBSALAY

AILANAN matric suction TBNAUANELATENHE pressure plate viseudausAY TaeilunisiausIAY

2 NAluTe99AY u, WWaLK suction luanuziiAn u,, = 0 Heg

[

Vv
useauii luresadneau

Y
B3eeunaay Pore water pressure

(1399@ suction)

apillary
1 4
@ o ya
¥ Y. 4 <+« szamihlaau
: =l
useauthiauan
+
1 x
- Y
AWaAN

v

2109 1 dnnuzaanssuTn luannzat sl

a

dsngnisnindnnldesuianisinussgamrisniifiagaasilsngnisnifoaiume usemamn

ATlaaTs way Surface adsorption TeiinTuLHasaNLlsyq lWinaunHaaeuN AR, atnglaf

@ o &R 1

v v
AN ﬁﬂﬁﬁ?@mmmmmlnmmmmL%quﬂﬁfmmmmmmu@ﬂﬂuﬁmmmmmmxmﬂmﬁmmuﬂuﬁu

LTl



al

= ! a . . a aa & P @ Ao
ILTENIN LL?\T@@@@@IMW'N (Osmotic suction, TT) Imﬂmumu@f]?ﬂzﬂqﬂLﬂﬂﬂﬂu@ﬂuiuuqﬂflﬂﬂqgﬁﬂﬂﬂiﬂu

o o

nsgaraeslfunnidsan. Tnaialludeazannsofianson ussgavivassatinguinGEandd usage

794 (Total suction, /)

WV=r+s )

usspAsaNariaNdNRUsIneas i UATANTUANTINS LAz g UM RaaseNANaY luTasd1emu

AHNANUana SN lauNAndsadanniIn (2)

RT
v=—{3—|ml&) (2)

mol

o o

dl d’l o o e a | ] 1 o a o/

e R, = ANTudNng Aa1winiy dnsdouszudnsusssulaluannzdnfsausesulaly
annazausa (P/ P))

R = AnAsRuesin (Universal gas constant) = 8.314 J.mol" K"

e

mol

= molecular volume 2841211 (0.01802 ms),

a

T =qomnd (°K) , ua Total suction, f, Aniagilu kPa
a <A o °© o Y a | o Ao o o a aa o o

wnegaludn vive wasuiiuiewAu Wuiulshdiusinenseiunmuantmnenandnd iy

“aeeeiNa189m1 (Fredlund & Rahardjo, 1993). @1y iwefidusueinlumn, dudsz@nsaesnislua

TureuhiIuAY, MALusEeuIesAY  war  AnUsrAninistiAninieutediu  ANANTUEHS
! z d’l’ dl a [ o‘d‘ dl ¥ v a v ¥ o a = io’

wiantiduiugunlilunisdmmzsilsngnisaifinesdesiufunanadudaaii ef nisluagnaesin

ENUHAAL N199EMETBIHNIANNAE NIIINATEUBIAY ANAATDINAIITUITUNINAULATBINVA 1A

NISN U KU-Tensiometer

a

aaldnananndnesiu Tensiometer arasdianfianldiiuatrannlunisinaiusigauyisnes
Aulutaarn 0-100 kPa. Bnsguns (2532) 1HWmun Tensiometer uazldlunisdnanuauaasmiunanisli
vgesnallss@ndan.  waslusnalsznd  TeRnsWmUN  Tensiometer  Aaedume SRS ULUL

Bdnnsetind TeazeonlunisguAdnluwiBuuuseties witnasdsaunainlinisdnusga suction

(%
o o . o

Tuanwzilfsdatatainlulszmalne. AOLLMBHAAINAINNUIAE LAHIRD U srasANa W

a o

, N P . - - Y dd s
Tensiometer uRINNMANENABNERIANgRTduszLLRANNIaRNg  waLla BNl lua1Rdeineades

wanelmsang (Jotisankasa et al., 2007)



Connected

Ceramic ti
S to pore air

{Bar AEVD Ceramic tip

d Bar AEVY 7

Transparent tuke

(filled with Transparent tube
deaired water> filled with

deaired water

Port P2
(filled with
deafred water)

Port P1
connected to air

Absolute pressure

sensor
I

Dif ferential
pressure sensor

Dif ferential
|
pressure Coble
transducer .
Porous ceramic
(SBar AEVD

n) ) A)

gﬂﬁ 4KU-Tensiometer, N) THALINAAAT-A (Low-suction-Absolute) %) THAKTAARI-D (Low-suction-

Differential) m) ‘HﬁmLLN@mq\i (High-suction-Differential)

doutlseneuresmuiledimesndndtypa 1) Uaremum 2) neulztn uar 3) guUnsniinusasu
~ o o = ) ) ¥ % N AT . 1] |
vizanageyauInA. aeseenelugln 4 Tneluangldnunndiuaziesdiiegifntdesdnanaligunsngs
thgusamsantin luAugrnsunddume finussiuldateiiilszdnnon. e finussiunlddmiy

, P N , o da X
KU-Tensiometer Hiflwifuigasaila  Single Silicon  Piezoresistive mm@mmwﬂfﬂuqmmmﬁu

aannsetindlneldinalulatszduaania (MEMs technology) Minliduimesiaunaanuasldtyoy o

'
¥ o/

aneslutdoeguuginndne.  Tunpweduazgnsdng  (2550) o ldwamasniaunmununsasianls

fwafinedausasuin(@uuen) uarldlunuidenidanssndgivateudoaiu @1 nisneainedu
AUDN UATNNTIAIILINIIMIART8AY. 4MMFU KU-Tensiometer MIHFLINSWIMUNIBATIMNA 3 LU

o, THALTIAARAI-A way -D (31 40 uar 49) ANMNI0TALINAA LHANEADNLITENIM 90 kPa LATTHALS

a9

%

grge (g 4m) Tedvegluszudnaniaiamnuazainsndnusgaligegaislszunn 350 kPa. dmiude

a a q
1

WANFNTBITUULINAAR-A Uaz D A JUIAARAT -A azdlAnguaniaauulasilauaousuussainie

' '
a

TesiaseAunistliuu’ Tuaneifuusgamn-D avaua differential pressure WLTLAMNARLIIENA
=y 4o Y o g o X
avliafludasinsdiuuiEesnonusuusseni Al

nszuauNaENadll KU-Tensiometer tiudnilaauddyunnivalinisldauiaaiugnsies

1%
a o

Tnaddunaussdl (1) 1 Tensiometer Nagluaninuivlalunmuctantinaralfaniazgaonia laeld

e

v ¥
NqrytynA (Vacuum pump) Uiuanaw (2) nmelfianinzgyoiniaduinindnlllugesdns uaz

%

£lane Tensiometer Mnneldan1nzilngryyinissiegnatnaten 1 49lug (3) Aeer) Aanagoyynialag
Hnifuetradn elididnluununeinialudesdndiiuan. Tuuensiienasesanzgauadninzile

]
)

e liarunsnlanesainandsanAgagaanunldunn azdastlaniingiianziloenemiie ldau

oe

Tewialiudn Tensiometer azauIndnLsenAlAgI4ANLI100 kPa 138 1 bar Wil 1WesaIN
4 Y S o X ¥ o aa¥ | . o
\WHausegaiuall azsudnesananasaaunialunzizin il Tensiometer 11nANFBLEAY

asldgnunsadeanaussmeanninluAnllgduae finusenuls. Wil Ridley & Burland (1993) l#AnAw

al

'
=

Annnsuilaaniaziianas (Cavitation) % Imperial College London Insiaualif Tensiometer Ranmoiy

o

¥ 1 v 1 v
fatd (1) MRAReNATANLnNin Jaduan Air-Entry 7 15 Bar (2) anrunatesinglunzidnzrinuazld



stainless steel wrauia Wuiagdwiuniinzile (3) diuanm Tensiometer neauldulasinigdn
waasune ANl ez iusadiu 20 bar Wluszazna 2 Juneulden. faeRinnsdnasiu
Ridley & Burland (1993) @a111503nusaa 164940 1,800 kPafiasiaiunda 1 haw. aInuann1sAInans
AelFUFusn ldWauwnawile KU-Tensiometer aiinussnags deldaumnaiin Air-Entry 11 5 bar fauansli
dl o o o A o o =
917 40 UATEALINAUTIN 8 bar UATAINIINIALINAAIAGIQATIN 350 kPa
o . ! ¥ Y o ) 2 £ ¥
n9Udfuney Tensiometer naungldsnuaglduanng Hanging Water Column #72N19%1a&11N

anianesiamsinaed Tensiometer #9317 5 Tasazfadszainsedaliliinasanialugneatiniananu

a
]

siattiasrastinlunisdetnanss Ausegandnliazulsduiuaanugeinaininauliléy Tensiometer (9.81

kPa/ 1 wm3un). 37 6 uaRNANHIZNIIAARY Tensiometer INEdAKIIAANITRIFIDE WAWTLIANTINOLN

|
a A

Ainatlasiunisszmenesfuszndnanmmadn.  Taaialinnsfiass  Tensiometer  LiNadALIIgAAIN

a o 1 a ¥ 1 Ly =3

foeteAuaziduneuisll (1) nnesaguuiasnetaaulERiduligutauindndiauntesio

a

' (%
aAaa A

Tensiometer Lantae (2) LHaMBITALINAATNAUNNRIITITTLALILOMNLITUNIN AUNIY gNTIvFD
Residual soil Aasaziheduuilaqsinaziaen (@1aiduauanaanlea) Avmsninies Tensiometer
wdntlasaliinluiusetiasiuinluasda (3) il Tensiometer adlunguliiuiunaanasuas

o R A, . = = o o o A
UUNNANAEIUANN Tensiometer sﬁﬂ@zﬂﬂ@ﬂﬂ@ﬂuLL?\T@@ﬂqﬂiuizﬂgﬁLQ@f] 0.5-1 °11QI3J\7 m\?LL@m\jeLugﬂV] 6

] «— Tensiometer

U7 5 nsasuLnaL Tensiometer Tag

y - ¥ .
<«—— TaldtinAn szainszda A8nsveen Hanging Water Column

H (m) T lAnasaniAFadn s

399 A suction = H * 9.81 (kPa)

Tensiometer

o oA
Aevnauaniin

VoA A o
DYNAINDNUTESLINY

Pore water pressure, kPa

o+
0 6 12 18 24

|
V Time, hr

7171 6 fretnanmaaeuinussgAvessinatnfulng KU-Tensiometer Tutiastlfjiiznns



NNSWBIUN KU-Total Suction Probe

aInaun1sn (2) Winlddn n1edhusenmINLise Total suction M ldTaanisdnAtANTUANANS
R, uazguu)d T nelusitenediu Arnisdlimesivaesainnsansadinldlng diswsesuinsgiugald
il lueugaaivnssy  Tassnnsadeiliaenldimutesinaonaduduinsaiin  Thermoset  polymer
capacitive sensing element Tesyuunistlfudtyooiuuy on-chip waz@unsneudy oy e 14

o é’ & 1 a o . o v a i’/ I 1

wseAuaen 5 Taas idwAaniy Tensiometer M ldAuazaInluNsARRITZLLEWAN.

nsUfuieuieiesiiainnnTudningaiunsnaznseinlae 1498 Field Calibration (491197,

2546) Aanslinmuantfresnaednsouwsiaraiafwsed 1 Tngasiinisuanunuge finANTY

'
al

Auinsitlaansazanginaedsussanialusaatantindsuanslugl 7 uaveuAusasulninaan

'y =* o dﬂl v o o = v Qddsjd
wefuIzazaIauigeangaiuansIunelun demnsszdslunnsdiuinieudaeiainenas
nazin luestlfuanianiinisasuanguunniviadesdinislfuuinisasuulasesgungiesng

LRHIZAN.

' '
a o Al

-=lI o A o a oo i’ o
F13NN 1 @mmuummmmxmﬂm@@umm‘lﬂumiﬂmmauLeﬁum@mmmqmuﬁuwm

(Lu & Likos, 2004)

ANTATAENADDHE fnuunN (°C) %AINTUANANS UINAMIIN, kPa d(RH)/dT
%RH (Total suction) | (% #ia °C a1n 25°C)
NaOH.H,0 15-25 7 365,183 0
NaCl 5-60 75.1 39,323 -0.02
KCI 5-40 84.2 23,617 -0.16
BaCl,.2H,0 5-60 90.3 14,012 -0.08
H,0 (Hnau) - 0 0 ]
100
_ 90 | y=-1.09% + 36.037x - 27.899
80 | R%=0.9992
£ 70 1
£ 60 -
2 50 1
© 40
T 30
& 20
10 -
0 T T T T
0 1 2 3 4 5
Voltage, V

917 7 nsaeuinsuwme A NTuANTIN S Iag 1daNsazaenae

ANAIAZAIDEHANTEDLLNEIL




25000

§ 20000 1 Total suction = 7060 + 1440 kPa
<
£ 15000 |
o >
>
» »
5 10000 {
©° o e’ +
5000
0 -
0 12 24 36 48 60 72 8 96 108 120
v, dTue
77 8 firetinanansinuIagAsIn (Total suction)
o o co ay ¥ A Y a . A = X ' |
Avduenigefinguuni iiaenldaiia Thermistor Wasanfszuu Iiaeauazauan

\iuReniy Tensiometer asdipanazadnTuNIAnG N19Ufuiiay Thermistor Mndnatnadngungaes
5 A4 Ao o I - 9y A A o D 2 om o v o
unasinauiumesluiines. stuuunislfiezeciednusagasnluiesdjiRn sian sz Ad e iy

Tensiometer tA8YINNNIYANGNIWIAANTNRILUIBIAIDENAUAUR ALTNANUszi0s 6 wn.Antlszan

4 v a

g’/ =< 1 -5 t-éj dJ 1 % v % o
3 Wu. ANtARMEHauEmIEeFIAANTY (Rh) Beindaanszauiagasluquuazgngiinudnadaedag

q

' 1
o

seal UsvAn UHU tack wvatlasiunngszwe Iaevinlilazldszasinanlainiu 12 daluaiianasliaian

wruiaf Rh Dvanganuan naudulufietnmusuansugli 8

% . P> 1% [ v 3 a
n15iszgneld Suction probe tvawAUTAIAMNANUNIRIAY

dll a a a ¥ dl o =2 ¥ ¥ dl A :I/ a

Waagatlszdnininnisldanuresasesdn alduansuanisldinsesiiensassaiinlunimaae
WAulAIAINENTN (Soil Water Retention Curve, SWRC) 2895088 NABAYANINAIN 8.ALLA .
greind Fadudeunilreddasanisidafunginssufunan 109auiRdeaAINsTNL gy, AnyniztedAl
3| a = a v o a a a o -:ll a o & 1 & @ & Ai’
duauwmilentunseisuiidaaniiviuaiy sandlugdn 9 Anuduiudsesndratlefifiuinaumu
uazusagannagaulAinnNasnAdesiuANHUEIes SWRC Nannsndszanasldainauinnazaadau
IneR184 Arya and Paris (1981) Tne/ld alpha correction factor, OL lutag 1.7-1.3 %q@fg’tm@'qﬁuu:ﬁﬂ

Ingl Arya and Paris

50.0 |

45.0 4 1810 — 1 0.1 0.01 ooo1§
X 16 s s 5
N 400 t—=—p | I 3
& 350 e U 12 g
é 30.0 \ Partcle diameter, mm < |
a ' A N
& 250
= A
b 1] - : \A‘u
=z 20.0 + Wetting- Tensiometer XQA
2
E 15.0 +— u Drying-Psychrometer
€ . a
% 10.0 +— A Arya & Paris, 1981 <
A 50 -

0.0 . .
0.1 1 10 100 1000 10000 100000 1000000

ws9nnm suction, kPa

o

dl ¥ % %; o/ 1 a a &
gﬂ‘l’l 9 ﬂwmzmmLéfu‘llmm'm‘qummmm@mmumn A.9MTAMT



asUnauazdaiauanus

unANtiauan s WAt ANt TuALNUNINeNdIN R AN AR Tne
dsznavlidaaipsasiiednaasniindoaiu Aa 1) Tensiometer AUFUIALINAALNYIZN (0-90kPa) UAT 2)
Total suction probe 38 Psychrometer Fuiinnzand miLinusagasanlugaesn 1000-1,000,000 kPa.
= A i’/ o é{ 14 o ° o o o ° [ Ail’ o o rzil ¥
wirasilanivassimunaulnetsrendlfiuae fuimsgud miudnusaiuuardmiuannuauduingaald
mlflugmavnssn waziinnsfuiauiesgnaialuiesdfimnaneadnsiulalunisldeu.diesann
A A o~ G o g Y a v oy 3
wisasadawnadninliaunsadszgndldlunimasevldvainuate 817 niamaaesmdulfguun
(Soil-Water Retention Curve) 1e3siati9a n1edaussgammanluawia sanhiiennsinusasunnguay

YAIAUIENARDLNIAISULIIRDUIDIA L

AUeI
MAdeRlFFuRuuatuayuan NARANEN W lNNINAdE resenanst il
(MRG4980086) ANINUANIENITNNNINIgANANEILAANTINUN B UATLIALUNNIAY WAE

NUYANYUNIIABAAINTINAARS WN. UszanT] 2549

LANAITANNAY
nBquns Wunia. 2532. mﬂ%ﬁmQﬁmmmfﬂuﬂizmmﬁ"@ﬂizﬂ@uLﬂ??lmﬁfaf?mmw%u‘l,uﬁul,l,uu
Tensiometer. $1ENMUHNANTTIALANUTNT mi'ﬂa:ﬁ;mmﬁmmﬂmmﬁwmﬁﬂmwmmmérm%q
7l 28 uAnenReinumANaRs NN http://www.kmitl.ac.th/soilkmitl/SoilRes/Tesiometer.htm

s a = A A o X o o & A = A A o
m‘ﬁiﬁgi @“V]ﬁl,uﬁlﬁ‘. 2546. NTA2UNLUULATANNRIAAINNTIUANNNAD. @N@ﬂq?@@ULWHULﬂ?@QN@QW

q

'
o = =

anaunesy. guddenifiaueiaciledngnaunem aunangasiumatulad (ne-diu)

Funmad WaRay uaz gBANA Asdu. 2550, NsAnmuALiAILN KU Piezometer Taeinnstlazensfld
MEMs Pressure sensor. miﬂ?xﬂ;uammﬁmmm‘ﬂﬂﬁmmmﬁﬂ%ﬁ 12, Wernylan, Uszmalne
, 2-4 WOHATAN 2550

Arya, L. M., and J. F. Paris. 1981. A physicoempirical model to predict the soil moisture characteristic
from particle-size distribution and bulk density data. Soil Sci. Soc. Am. J. 45:1023-1030.

Fredlund, D. G. & Rahardjo, H. 1993. Soil mechanics for unsaturated soils. New York: Wiley.

Lu, N. & Likos, W.J. 2004. Unsaturated soil mechanics. Wiley.

Jotisankasa, A., Porlila, W., Soralump, S., Mairiang W. 2007. Development of a low cost miniature
tensiometer and its applications. 3rd Asian Conference on Unsaturated Soils (Unsat-Asia
2007), Nanjing, China.

Ridley, A. M. & Burland, J. B. 1993. A new instrument for the measurement of soil moisture suction.

Geotechnique 43, No. 2, 321-324.



Editorial Manager(tm) for Journal of Geotechnical and Geoenvironmental
Engineering

Manuscript Draft

Manuscript Number:

Title: Shear behavior of residual soils from landslide-prone areas in suction-monitored direct shear

test

Article Type: Technical Note

Corresponding Author: Dr apiniti jotisankasa, Ph.D

Corresponding Author's Institution: Kasetsart University

First Author: Apiniti Jotisankasa, PhD, DIC

Order of Authors: Apiniti Jotisankasa, PhD, DIC; Warakorn Mairaing, PhD

Abstract: The relationships of shear strength for unsaturated soils are frequently used in stability
analysis for slope subjected to rain infiltration. In this paper, a modified direct shear box is used to
determine such relationships. The apparatus incorporates the relatively low-cost miniature
tensiometer for simpler, direct suction measurement during shearing. The soil-water retention
curves and shearing behavior has been investigated for intact residual soils from four landslide-
prone areas in Thailand. The air-entry suctions vary from zero to one kPa for the low-to-medium
plasticity clayey silt, sandy clay, and silty sand, reflecting the presence of large pore within these
materials. The shear strength increases non-linearly with suction, though linearization can be
reasonably assumed. The residual soil samples with higher suction tend to have stronger bonds
around particle contacts and thus the more brittle they are at higher suctions. During constant water
content shearing, the soil suction appeared to change slightly according to change in soil volume.
The strengths determined from multistage tests appear to be bounded within the envelopes of peak
and ultimate strength. A simple equation can be used conservatively to predict the ultimate strength
of unsaturated residual soils for suctions lower than about 33kPa, based on the volumetric water

contents at 33kPa and zero suction.



Suggested Reviewers: Sarah Springman PhD

Professor, Institute of Geotechnical Engineering, Swiss Federal Institute of Technology
springman@igt.baug.ethz.ch

The paper has referred to and was built upon one of her papers "Instabilities on moraine slopes

induced by loss of suction: a case history" published in Geotechnique 2003

David G Toll PhD

Senior lecturer, School of Engineering , Durham University

d.g.toll@durham.ac.uk

His research interests lie in experimental research into the behaviour of tropical and other weakly

bonded soils, including their behaviour in unsaturated conditions.

Opposed Reviewers:



Cover Letter
Click here to download Cover Letter: cover_letter.doc

Dr. Apiniti Jotisankasa
Kasetsart University

Dept. of Civil Engineering
50 Phaholyothin Rd., Jatujak
Bangkok 10900
THAILAND

August 19, 2008

ASCE

Journals Department
1801 Alexander Bell Dr.
Reston, VA 20191-4400

Manuscript:
Shear behavior of residual soils from landslide-prone areas in suction-monitored
direct shear test

Dear Sir or Madam,

Please find enclosed the manuscript of “Shear behavior of residual soils from
landslide-prone areas in suction-monitored direct shear test” by Apiniti
Jotisankasa, and Warakorn Mairaing.

Should you need to contact me, please use the above address or call me at (66)81 904-
3060. You may also contact me by fax at (66)2 579-2265 or via e-mail at
fengatj@ku.ac.th.

Sincerely yours,

Apiniti Jotisankasa



* Manuscript

Click here to download Manuscript: jotisankasa_Mairaing.doc

O J oy Ul WDN P

OO O O OO Ul U OO OO OO OO DR DR DR DS DA DD WWWWWWWWWWDNDDNDNDNDNDNdDNdDNdNRERErRErRERERRRRRE
G WN P OWOWOJdJOUd WNEFP OWO-JOU P WNhEF OOV JOU P WNEF OWOWJOUd WNEFE OWOowJoyUd WDNEFE O

Shear behavior of residual soils from landslide-prone areas in suction-monitored
direct shear test

A. Jotisankasa and W. Mairaing

Abstract

The relationships of shear strength for unsaturated soils are frequently used in stability
analysis for slope subjected to rain infiltration. In this paper, a modified direct shear
box is used to determine such relationships. The apparatus incorporates the relatively
low-cost miniature tensiometer for simpler, direct suction measurement during
shearing. The soil-water retention curves and shearing behavior has been investigated
for intact residual soils from four landslide-prone areas in Thailand. The air-entry
suctions vary from zero to one kPa for the low-to-medium plasticity clayey silt, sandy
clay, and silty sand, reflecting the presence of large pore within these materials. The
shear strength increases non-linearly with suction, though linearization can be
reasonably assumed. The residual soil samples with higher suction tend to have
stronger bonds around particle contacts and thus the more brittle they are at higher
suctions. During constant water content shearing, the soil suction appeared to change
slightly according to change in soil volume. The strengths determined from multistage
tests appear to be bounded within the envelopes of peak and ultimate strength. A
simple equation can be used conservatively to predict the ultimate strength of
unsaturated residual soils for suctions lower than about 33kPa, based on the
volumetric water contents at 33kPa and zero suction.

Introduction

Shear strength behavior of unsaturated soils has long been investigated by a number
of researchers (e.g. Bishop et al,, 1960 and Fredlund, & Rahardjo, 1993). The
relationships between shear strength, suction and net stress are frequently used in the
analysis of rainfall-induced landslides (e.g. Cho & Lee, 2002, Collins & Znidarcic,
2004, and Rahardjo et al., 2007). The additional shear strength provided by suction is
important in maintaining stability of steep slopes with deep ground water table where
pore water pressure is negative.

In order to obtain the shear strength-suction-net stress relationships of an unsaturated
soil, some special equipment is usually needed to control and monitor suction, such as
triaxial apparatus or direct shear box with axis-translation or osmostic system (see for
example, Gan & Fredlund, 1996 and Delage et al., 2008). These equipments are not
always available in commercial laboratories and are considered relatively expensive
in many developing countries where rainfall-induced landslides are serious problems.
In addition, the majority of shearing behavior of unsaturated soils reported in the
literature is that of compacted materials and rarely reported are behavior of intact
natural soils. These problems consequently result in a large gap between practice and
research in unsaturated soil mechanics.

This paper will address these problems by first introducing an alternative testing
technique for determination of the relationship of shear strength for unsaturated soils.
A low-cost miniature tensiometer (Jotisankasa et al., 2007a) has been incorporated
into a standard direct shear box for simpler direct suction measurement at atmospheric
air pressure during shearing. The shearing behavior in the developed shear box of
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some intact residual soils from four landslide-prone areas in Thailand will then be
presented. A simple mathematical expression is finally proposed which can be used to
predict shear strength of unsaturated soil for slope stability application.

Materials and background

This study is part of a research project on rainfall-induced landslides in Thailand
(Jotisankasa et al., 2008 and Jotisankasa & Vathananukij, 2008), which aimed at
characterizing mechanical properties of soils from landslide-prone areas.
“Undisturbed” samples of residual and colluvial soils were taken at the depths of
about 0.5 to 1 meter from four landslide-prone areas of Thailand, namely, Site C
(Chantaburi), Site N (Nakornnayok), Site O (Omkoi) and Site U (Uttaradit) as
indicated in Figure 1. These areas have experienced shallow landslides in the past,
which are typical of destructive debris flow in Thailand. The geology of Site C is that
of coarse-grained Triassic granite while that of Site O is mainly medium-grained
granite from the lower Carboniferous. The geology of Site U is that of
Carboniferous/Permian sedimentary rocks including siltstone, mudstone, and shale,
which shows distinct fold structure due to tectonic activities. In the vicinity of Site N,
the geology consists of undifferentiated Permo-triassic volcanics rocks, including
rhyolite, andesite, tuffs, and agglomerate. The volcanic activities resulted in highly
heterogeneous materials in the area.

The studied materials are typically low-to-medium plasticity clayey silt, sandy clay,
and silty sand. Their basic properties are summarized in Table 1. All specimens were
obtained using a thin-walled tube sampler with PVC liner having a diameter of 63 mm
and length of about 60 mm. Samples were taken in test pits in the vicinity of the
debris flow (outside the failed mass). Only the Site-N samples were taken from the
slope of failed soil mass that had been re-graded in 2004.

Figure 1 Locations of the four studied sites and photos of landslides in Uttaradit
(Site-U), from Asian Disaster Preparedness Center (2006)



O J oy Ul WDN P

OO O O OO Ul U OO OO OO OO DR DR DR DS DA DD WWWWWWWWWWDNDDNDNDNDNDNdDNdDNdNRERErRErRERERRRRRE
G WN P OWOWOJdJOUd WNEFP OWO-JOU P WNhEF OOV JOU P WNEF OWOWJOUd WNEFE OWOowJoyUd WDNEFE O

. . Parent Liquid | Plasticity % % % % .
Site Location Rock Limit Index gravel | sand | silt | clay Soil Type
C . 53.2-| 22.9- | 16.0- | Silty sand
Chantaburi | OTamte | 41-48 | 5-12 2 | 554 265 | 227 M
N Volcanic 46-51 6-18 0.5-5.5 13.7-| 38.9-1 31.9- Silts
Nakornnayok 18.9 | 539 | 36.7 MH/ ML
o Granite | 47.3 15.4 10 | 451 | 16.1 | 37.8 | Sandyclay
Omkoi CL
U Siltstone/ Sandy silt
Uttaradit mudstone 41.6 20.2 14.2 26.5 | 369 | 22.3 ML

Table 1 Basic properties of the studied materials

The volumetric water content-suction relationships have also been determined for the
samples of four studied sites, as shown in Figure 2. Suction measurements were made
using the miniature tensiometers (Jotisankasas et al., 2007a). The test procedure
involved initial suction measurement of the soil samples in the condition as-collected
from the site, and then gradually wetting the sample by means of fog generator with
the samples’ suction, weight and dimensions being measured at each stage of wetting.
After the soil suction fall below 1kPa, the specimen was then submerged under water
with a nominal vertical overburden stress of 1 kPa on top of soil specimen (in order to
prevent soil dispersion) for a period of at least 5 days. The values of water content at
suction of 0.1kPa, shown in Figure 2, was in fact arbitrarily chosen to indicate the
water content of soaked samples in the logarithmic suction plot. After soaking, the
samples were gradually air-dried and their suctions, weight, and dimensions during
each stage were monitored incrementally. The air-entry suctions for all soils are
relatively low, being from zero to one kPa, which reflect the presence of large pore
within all specimens.
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Figure 2 Soil-Water Retention curves for samples from a) Chantaburi and Uttaradit
and b) Nakornayok and Omkoi

Suction-monitored direct shear box

Figures 3 and 4 show the suction-monitored direct shear apparatus. Only minor
modification was made to the top cap whereby the tensiometer is inserted through a
hole and a clamping set was used to secure the tensiometer in place during shearing.
This testing technique was in fact similar to those presented by Tarantino &
Tombolato (2005) and Jotisankasa et al. (2007b). The main difference is that the
miniature tensiometer used in this study was of a lower capacity, capable of
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measuring suction from value of zero to 80 kPa. The tensiometer consists of a
commercially available MEMs pressure sensor, a transparent acrylic tube and a mini
one-bar air-entry-value porous ceramic disc at the front. The device was assembled in
the Geotechnical laboratory of Kasetsart University and calibrated using hanging
water column. Careful de-airing of water inside the reservoir of each tensiometer was
carried out inside a vacuum chamber.

Clamping set

Top = =

Tensiometer
Direct cap
shear ' /—MEMs
box\ = pressure sensor
% ,7,7;7,7,;,7,’ \ACY‘yUC Tube
| Soll sample ]
,,,,,,,,,,,,,, 1Bar alr—entry
|: 777777 4’ porous disc

Figure 3 Experimental set up of suction-monitored direct shear tests and the
tensiometer

Clamping plate

Figure 4 Photo showing the experimental setup

The direct shear box used in this study is otherwise a standard version available in
most practicing geotechnical laboratories. In order to maintain a constant water
content condition of the soil specimen during testing, plastic wrap and pieces of wet
clothes were used to cover the whole shear box. With this technique, the water
contents before and after testing were found to differ only by 0-0.25% for a test period
of about 8-10 hours. Blu Tac was also applied around the gap between the
tensiometer and the top cap to prevent local evaporation, thus avoiding erroneous
suction readings.
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Table 2. Testing program for Site O

Test no. | Initial suction | Initial S,, w % * | Initial Vertical stress during
kPa % during | void shearing (kPa)
shearing | ratio
0-2 Soaked ~100% - 0.700 31
O-14 Soaked ~100% - 0.801 | 15.5/31/62 (multistage)
O-1 2 89.1 26.9 0.802 31
0-7 11 90.0 28.4 0.837 31
O-11 18 83.4 25.2 0.801 31
0-9 50 81.7 26.2 0.843 31
0-0 77 81.7 22.9 0.742 31
0-13 62 66.8 21.7 0.874 | 15.5/31/62 (multistage)
0-16 32 82.8 23.6 0.754 | 15.5/31/62 (multistage)

* w = gravimetric water content

Testing program

Table 2 shows the testing program for samples from Site O. A similar testing program
was followed for samples from other sites. The first group consists of slow
(Consolidated-Drained) shearing tests on saturated samples (O-2, O-14), carried out in
single-stage and multi-stages at three vertical stresses. Standard direct shear device
was used for this first group. All shearing tests on unsaturated samples were carried
out using the modified apparatus in a constant water content condition with direct
suction measurement as previously shown. The samples’ moisture content were
modified to the required values prior to testing by either gradual water spraying or air-
drying. Since the vertical displacement is monitored, the void ratios and the degree of
saturation during shearing can also be estimated.

For unsaturated soil testing, both single and multistage shearing stages were also
followed in the program. This was done in an attempt to determine the difference in
soil behavior between the two testing approaches. Multistage shearing technique has
been used frequently in testing residual soil (e.g. Ho & Fredlund, 1982) so as to obtain
maximum information from a limited number of tests and so that the effect of soil
variability is eliminated. The technique may nevertheless cause structural disturbance,
resulting in lower peak strength than if obtained using a single stage test.

The shearing rate of the unsaturated samples was 0.1 mm/min and it was made sure
that the pore water pressure measured at the top of sample represents the average
suction of the sample. To verify the appropriateness of this rate, the shearing process
in several tests was periodically stopped for about 30-45 minutes and no significant
change (less than 10%) was observed in pore water pressure, which was considered a
practical equilibration of suction throughout the sample. The cylindrical samples
tested were of a diameter of 63 mm and a height of about 31 mm. The maximum grain
size of the samples from Sites C, N and O are about one-sixth of the sample thickness,
while those for Site U samples are about one-fourth.
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Figure 5 Typical results of single stage shearing tests (samples from Site O)
Shearing behavior

In order to demonstrate the typical shearing behavior of the unsaturated residual soils,
results of single stage tests for Site O samples will be described as shown in Figure 5.
All the samples were sheared at a constant vertical stress of about 31kPa. It can be
seen that the samples with higher suctions (O-0, O-9) exhibit very clearly the strain-
softening behavior, whereby after the peak, the shear stress dropped by about a half
towards the ultimate state. Before reaching the peak strength, the volume of these
samples only slightly decreased, and the suction tended to decrease correspondingly.
As the samples started to dilate and reaching the peak strength, the suction also
appeared to increase slightly. The degrees of saturation in general tend to decrease
slightly by 5% due to sample’s dilation. The samples with suction of zero and two kPa
(O-1, O-2) appear to be more contractant, without drop in shear stress after the peak.

A possible explanation for this behavior is that samples with higher suction tend to
have stronger bonds around soil particles due to water menisci. These suction-induced
bonds were overcome by sample’s dilation during shearing. Interestingly, the suction
was not destroyed, but slightly increased by this dilation process. The influence of
suction on shearing behavior thus appears similar to over-consolidation and
cementation. This pattern of behavior has also been observed by several researchers
(e.g. Cunningham et al., 2003, Jotisankasa, 2005). Typical result of a multistage test is
shown in Figure 6 for samples O-13. During the first and second shearing stages (i.e.
normal stresses of 16 and 31kPa), the samples were not allowed to shear much further
after reaching the peak and only a slight drop in shear stress was allowed. This
practice appeared to prohibit the sample from further dilation during shearing and the
suction and degree of saturation remained relatively constant during test.
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Figure 6 Results of multistage shearing test O-13

Direct shear tests on saturated samples

A series of consolidated drained direct shear tests on saturated samples were also
performed for all four sites. The failure envelopes of four soils are shown in Figure 8
in a plot of shear stress versus normal effective stress. Table 3 summarizes the
effective shear strength parameters of the soils. The failure envelopes for Groups C,
O, and N appear to be within the same range. The results of Site N samples in
particular appear to be quite scattered, indicating heterogeneity of the volcanic soil
slope at Nakornayok. The stress-strain relationships for Sites C, O, and N appeared to
be strain-hardening. However, the failure envelope for Site U samples lies evidently
above the others, indicating the material’s greater degree of cementation. The stress-
strain behavior of Site U samples also showed slight drop after the peak, and thus both
envelopes for peak and ultimate states are shown in Figure 7.
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Figure 7 Failure envelopes from consolidated drained direct shear tests for the fully
saturated soils of four sites

Table 3. Summary of effective shear strength parameters of the studied materials

Site Chantaburi Nakornayok Omkoi Uttaradit
Peak Ultimate
c' kPa 8.7 12.8 17.6 42.8 48.4
@', degree 38.6 33.1 28.7 25.6 6.2

Shear strength-suction-normal stress relationship

A general formulation of shear strength for unsaturated soils, 7, can be expressed by
Equation 1 (Fredlund & Rahardjo, 1993)

t=c+(oc—u,) tang’ +(u, —u,)-tang’ )]

where c¢'= effective cohesion intercept, o = normal total stress,u = pore air pressure
(for the direct shear tests carried out at atmospheric pressure, u  equals zero) ,u =
pore water pressure ,¢“ is the angle of shearing resistance with respect to net normal
stress, and¢” the angle of shearing resistance with respect to suction. In general, the
value of ¢“ is assumed to be equal to the effective angle of shearing resistance, @',
determined by conventional saturated soil testing. Despite some evidence that the
value of ¢“ for cemented soils may in fact differ significantly from the effective
angle of shearing resistance, ¢' (Toll et al., 2008), the interpretation in this study will
assume a constant value of ¢“ equal to ¢' for simplicity before any more concrete
evidence is available.
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The shear strength of unsaturated soils can be alternatively expressed by Equation 2.
The additional shear strength due to suction is called here as “capillary cohesion”, ¢*.

Figure 8 shows the values of ¢*, calculated for peak and ultimate strength at different
suctions. Also indicated are the values from the multistage shearing tests. The values
of ¢' and ¢' used are the ultimate values as summarized in Table 3.
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Figure 8 Capillary cohesions of soils from a) Chantaburi b) Omkoi, c¢)Uttaradit and d)
Nakornnayok

The two solid curves in Figure 8 for Site O, U and C are the envelopes for capillary
cohesion in the peak and ultimate states. The differences between the peak and
ultimate strength (i.e. the material’s brittleness) appear to be greater at higher suction,
due to greater bonding effects of suction and to greater dilatancy. The cohesions from
the multistage tests fall within these two boundaries. Nevertheless, the silt from Site N
(Figure 8d) does not exhibit as much brittleness and most tests show only strain-
hardening behavior with lesser dilatancy. It is reminded that the silty soil from Site N
is actually remolded material from a failed slope that had been re-graded while other
soils were from unfailed slopes. Thus a lesser degree of cementation is expected for
the Nakornayok soil.

Various mathematical expressions have been proposed in the literature for the failure
envelopes of unsaturated soils (see for example, Vanapilli et al., 1996, and Oberg &
Salfors, 1997). Only predictions from two simple empirical equations based on the
soil-water retention curve are shown here. Equation 3 shows the expression of
capillary cohesion,c’, based on the product of suction, degree of saturation, and
effective angle of shearing resistance.

¢’ = (6’%) -5-tang' 3)

where s is the matric suction (s = —uw), and 6 is the volumetric water content when
suction is zero or the sample is soaked. It is noted that the value of 6, is not

necessarily the same as the porosity, #, since usually there are still some occluded air
within a soaked soil sample. This approach in fact assumes the Bishop effective

stress’s y factor equal to effective degree of saturation, S, = (g _% J, and that the

volumetric water content at residual state, 8., is zero.

Equation 4 shows a simpler form of the relationship:
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¢ = [%j -5-tang' 4)

5

where 6, is the volumetric water content at 33 kPa suction or at the field capacity. It

can also be inferred from this equation that ¢" = tan'l(%-tanqﬂ'j. This linearized

¢" is particularly useful when only available information of the water content-suction

relationship is the field capacity. Both equation 3 and 4 are used to predict the
capillary cohesions based on the SWRC from Figure 2. The predictions are shown in
Figure 9 as thin and thick dashed lines. Interestingly, the predicted failure envelopes
from Equation 3 and 4 are practically the same for this range of suction, perhaps as a
result of the low value of air entry suction for all soils. A good agreement between the
prediction and the ultimate strength is observed for all sites for suctions below about
20 kPa. At higher suctions, the prediction tends towards the peak strength for the
sandy clay and silty sand from Site O and C (Figures 8a and 8b). For the more
cemented silt from Site U and the colluvial silt from Site N, the prediction agrees with
the measured ultimate strength (Figures 8 ¢ and 8d) for most tests.

For rainfall-induced landslide problems, field monitoring experience (e.g. Johnson &
Sitar, 1990, Springman et al., 2003, and Jotisanaksa et al., 2008) suggests that the
suction range of interest is relatively small, perhaps within the range of a nominal
field capacity or about 33kPa. The ultimate strength parameters are also generally
used for the stability analyses of slopes since ground movements involved are
relatively large and exceed the strains required for mobilizing peak state (e.g
Atkinson, 1993: p. 262). For these reasons, it should be very convenient to use
Equation 4 to estimate the contribution of suction to shear strength in a large hilly
terrain such as shown in Figure 1, especially when conducting detailed laboratory
tests for the whole area is not always possible. Coupled with field tensiometer
measurement, this approach is being used to calculate real-time factor of safety, based
on an infinite slope stability calculation, for a landslide early warning system in
Thailand.

Conclusions

The suction-monitored direct shear box, which incorporates the relatively low-cost
miniature tensiometer, would be an alternative testing technique for characterizing the
shear strength of unsaturated soils. Even though the device is only capable of
measuring suction lower than 80 kPa, this low suction range is more critical than the
higher, especially in such engineering applications as rainfall-induced landslide.

The residual soil with higher suction tend to have stronger bonding around soil
particle contacts and thus the difference between the peak and ultimate shear strength
appear to be greater for higher suction. Upon constant-water content shearing, the
unsaturated soil tended first to slightly contract and then dilate. The soil suction
appeared to vary slightly in accordance with the volume change, which is decreasing
followed by increasing. The bonding effect of suction appears to be similar to over-
consolidation and cementation. The strengths determined from multistage tests appear
to be bounded within the envelopes of peak and ultimate strength.

Despite the material’s heterogeneity, a simple equation can be used satisfactorily
to predict the ultimate strength of unsaturated residual soils, based on the volumetric
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water contents at 33kPa and zero suction. The prediction is on the safe-side for lower
values of suction.

Acknowledgements

The authors gratefully acknowledges the research grant no. MRG4980086 of the
Thailand Research Fund and Commissions of Higher Education, Thailand, and Mr.
Narin Hansachainun for his assistance in performing the direct shear tests in this
research project.

References

Asian Disaster Preparedness Center (2006). Rapid assessment, Flashflood and
landslide disaster in the provinces of uttaradit and sukhothai, northern Thailand, May
2006. (www.adpc.net/enewsjuly/Uttaradit _rapidassessment.pdf)

Atkinson, J.H. (1993). The mechanics of soils and foundations, London: McGraw
Hill.

Bishop, A. W., Alpan, 1., Blight, G. E. & Donald, 1. B. (1960). Factors controlling the
strength of partly saturated cohesive soils. Res. Conf. on Shear Strength of Cohesive
Soils, Boulder, 503-532.

Cho, S. E. and Lee, S. R. (2002). Evaluation of Surficial Stability for Homogeneous
Slopes Considering Rainfall Characteristics. Journal of Geotechnical and
Geoenvironmental Engineering. ASCE. Vol. 128, No. 9, September 1, pp. 756-763

Collins, B. D, and Znidarcic, D. (2004). Stability analyses of rainfall-induced
landslides. Journal of Geotechnical and Geoenvironmental Engineering. ASCE. April
2004, Vol. 130, No. 4, pp. 362-372.

Cunningham, M. R., Ridley, A. M., Dineen, K. & Burland, J. J. (2003). The
mechanical behaviour of a reconstituted unsaturated silty clay. Geotechnique 53, No.
2, 183-194

Delage, P., Romero, E., and Tarantino, A. (2008). Recent developments in the
techniques of controlling and measuring suction in unsaturated soils. Proceedings of
the first European conference on unsaturated soils, E-UNSAT 2008, Durham, United
Kingdom, July 2-4

Fredlund, D. G. & Rahardjo, H. (1993). Soil mechanics for unsaturated soils. New
York: Wiley.

Gan J. K. M. & Fredlund, D. G. (1996). Shear strength characteristics of two
saprolitic soils. Can. Geot. J. 33, 595-609.

Ho. D.Y.F. and Fredlund, D.G. (1982). A multistage triaxial tests for unsaturated
soils. ASTM, Geotechnical Testing Journal, 5(1/2): 18-25

Johnson, K.A., and Sitar, N. (1990) Hydrological conditions leading to debris-flow
initiation. Canadian Geotechnical Journal, 27: 789-801



O J oy Ul WDN P

OO O O OO Ul U OO OO OO OO DR DR DR DS DA DD WWWWWWWWWWDNDDNDNDNDNDNdDNdDNdNRERErRErRERERRRRRE
G WN P OWOWOJdJOUd WNEFP OWO-JOU P WNhEF OOV JOU P WNEF OWOWJOUd WNEFE OWOowJoyUd WDNEFE O

Jotisankasa, A. (2005). Collapse behaviour of a compacted silty clay.. Ph.D. thesis,
Imperial College London.

Jotisankasa, A., Porlila, W., Soralump, S., and Mairiang W. (2007a), Development of
a low cost miniature tensiometer and its applications, The 3rd Asian Conference on
Unsaturated Soils (Unsat-Asia 2007), Nanjing, China

Jotisankasa, A., Ridley, A., Coop, A. (2007b). Collapse behavior of a compacted silty
clay in the suction-monitored oedometer apparatus, Journal of Geotechnical and
Geoenvironmental Engineering, ASCE, July

Jotisankasa, A., Kulsuwan, B., Toll, D. G. and Rahardjo, H. (2008). Studies of
Rainfall-induced Landslides in Thailand and Singapore. Proceedings of the first
European conference on unsaturated soils, E-UNSAT 2008, Durham, United
Kingdom, July 2-4

Jotisankasa, A. and Vathananukij, H. (2008). Investigation of soil moisture
characteristics of landslide-prone slopes in Thailand. Proceedings of the International
Conference on Management of Landslide Hazard in the Asia-Pacific Region. Sendai,
Japan, November 11-15

Oberg, A.L. & Salfors, G. (1997). Determination of shear strength parameters of
unsaturated silts and sands based on the water retention curves. Geotechnical Testing
Journal, Vol. 20, No. 1, pp. 40-48.

Rahardjo, H., Ong, T.H., Rezaur, R.B., and Leong, E. C. (2007). Factors controlling
instability of homogeneous soil slopes under rainfall. Journal of Geotechnical and
Geoenvironmental Engineering. ASCE. Vol. 133, No. 12, December 1, pp. 1532-
1543.

Springman, S.M., Jommi, C. & Teysseire, P. (2003). Instabilities on moraine slopes
induced by loss of suction: a case history. Geotechnique 53, No. 1, 3-10

Tarantino, A. & Tombolato, S. (2005). Coupling of hydraulic and mechanical
behaviour in unsaturated compacted clay. Geotechnique 55, No. 4, 307-317

Toll, D.G., Ali Rahman, Z. & Gallipoli, D. (2008). Critical state conditions for an
unsaturated artificially bonded soil. Proceedings of the first European conference on
unsaturated soils, E-UNSAT 2008, Durham, United Kingdom, July 2-4

Vanapalli, S.K., Fredlund, D.G., Puthal D.E. & Clifton, A. W. (1996). Model for the
prediction of shear strength with respect to soil suction. Can. Geot. J. 33, 379-392.



DEVELOPMENT OF A LOW-COST MINIATURE TENSIOMETER AND ITS
APPLICATIONS
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Department of Civil Engineering, Faculty of Engineering
Kasetsart University, Bangkok, Thailand

Abstract: The paper presents a development of the new miniature tensiometers. Two types of tensiometers
are being developed, one of which is designed to measure matrix suction upto 80 kPa, another for suctions in
excess of 100 kPa. The device makes use of miniature commercial piezoresistive pressure sensor which are
available at relatively low cost. Examples of applications of these devices are given for in-situ suction
measurement, and soil-water retention curves determination. A particular attention is drawn to the
determination of the effective strength parameter of soft Bangkok clay using the suction-monitored

unconfined compression test.

1. INTRODUCTION

Tensiometers have been used extensively to
measure the matrix suction of unsaturated soils.
Their geotechnical applications include assessing
the stability of unsaturated soil slope, the volume
change behaviour, and the flow phenomena in
vadose zone. The device directly measures the
tensile stress or negative pressure of the water
within soil pores (-u,), which is equivalent to the
matrix suction (s = u,-u,,) of the soil when the pore
air pressure equals atmospheric value (u#, = 0). The
device essentially consists of a high air-entry
porous ceramic filter, a reservoir of de-aired water,
and a pressure-measuring device of some types,
which can be either a vaccum gauge, a manometer
or an electronic pressure sensor. Conventional
forms of tensiometers constantly suffer from air-
bubble formation within the water reservoir when
the tensile stress of water exceeds about 90kPa.

A breakthrough in the development of
tensiometer started with Ridley & Burland (1993)
who first developed the high-capacity tensiometers.
These tensiometers are capable of measuring
negative pore water pressure up to about 1500kPa
for relatively long periods (e.g. > 1 months)
without problems of bubble formation. Special
saturation and preconditioning procedures for the
tensiometers however have to be strictly followed
if the devices are to function appropriately. Similar
developments of the high-capacity tensiometers
have since been made by various subsequent
researchers (e.g.  Fredlund et al.,, 1997, and
Lourengo et al., 2006). This paper presents another
development of the tensiometers which make use
of a silicon pressure sensor, manufactured
commercially using the micromachined-fabrication

technology. Some examples of the geotechnical
applications of the developed tensiometers are
presented.

2. THE LOW-COST MINIATURE
TENSIOMETERS

As discussed earlier, the three main components
of tensiometers are: ceramic filter, reservoir of de-
aired water, and a pressure measuring device.
Normally, the size of water reservoir is designed to
be relatively small so that the response time of the
tensiometer is reasonably fast. A smaller size of the
reservoir also reduces the likelihood of bubble
formation within the device (Ridley & Burland,
1993). The pressure sensor is to be placed as close
as possible to the porous ceramic tip in order to
avoid head loss between different elevations of the
tip and the sensor. The proximity of the sensor to
the porous tip increases the working range of the
tensiometer (a distance of Im ~ 9.81 kPa).
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Figure 1. Example of calibration relationship of
the pressure sensor for different temperatures.



The advent of the Micro-Electro-Mechanical
Systems (MEMSs) technology has brought about
commercially available single-silicon
piezoresistive pressure sensor with high reliability
and accuracy at competitively low cost. The
pressure sensors of this type are normally available
in temperature compensated, calibrated, and signal
conditioned (or amplified) configurations. Hence
the thermal stability of this type of sensor is
excellent without any complicated external signal
conditioning system. Figure 1 demonstrates the
repeatability of the calibration relationships of the
sensor used with the tensiometer carried out at
different temperatures in the laboratory at Kasetsart
Univeristy. This type of pressure sensor also has
high output sensitivity (in the range of 6-40mV/kPa
for different types of sensor), and thus ideally
suited for using with the proposed miniature
tensiometer. Two types of tensiometers, used for
measuring different ranges of suction, are being
developed as explained in the following.

Ceramic tip
(1Bar AEV)

Transparent tube
(Filled with
deaired water)

Absolute pressure

sensor
1 cm
|

a)
Connected
Ceramic tip to pore air
{ Bar AEVY 7
Tronsparent tube
filled with 1 cm
deaired water —
Dif ferential
pressure
transducer
b)

Figure 2. Configuration of the low-suction KU
tensiometers, a) with absolute pressure sensor, b)
with differential pressure sensor.

2.1 Low-suction KU tensiometer

This type of Kasetsart University (KU)
tensiometer employs porous ceramic of 1Bar air
entry value, and its maximum working range is
limited to a suction of about 0.8Bar. There are 2
configurations of the low-suction tensiometer,
depending on the type of pressure sensor used.
Figure 2a show the tensiometer which uses the
absolute pressure sensor, sensing the pressure
referenced to vacuumed chamber within the sensor.
The tensiometer in Figure 2b uses the differential
pressure, whose one of the two ports is connected
to porous tip contacted with soil pore water, and
another port to either atmosphere or the air within
soil pore. When connecting this port to soil pore air,
the tensiometer automatically measures the
difference between pore air pressure and pore water
pressure, (s = u,-u,), thus the matrix suction. This
will be of advantage when using this type of
tensiometer to measure matric suction in
compacted clay fill where air pressure can be
greater than atmospheric value.

The tensiometer is calibrated using hanging
water column, where the ratio between the distance
of the water column open end below the sensor is
about 1m per 9.8kPa of suction. The method used
to saturate the low-suction tensiometer with de-air
water is similar to the approach suggested by
Ridley & Burland (1993), however, without
pressurisation the tensiometer at high pressure. The
low-suction KU tensiometers have been used in
various research works at Kasetsart University and
examples of their application are given in Sections
3,4 and 5.

Port P2
Port Pl : ‘
connected ig alr (filled with
deaired water)
\ Dif ferential

pressure sensor

1cm
|

Cable

Figure 3. Configuration of the high-suction KU
tensiometers.
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2.2 High-suction KU tensiometer

Shown in Figure 3 is another form of
tensiometer designed to measure suction higher
than 1Bar. The size of water reservoir of the
tensiometer (in port P2) is designed to be relatively
small (~0.06cm®) and the device needs to be
preconditioned before use. The method used to
saturate the tensiometer with de-air water is similar
to the approach by Ridley & Burland (1993). The
tensiometer is first evacuated under dry condition
before submerging the device with de-aired water
under vacuum. Afterwards, the tensiometer is
pressurised under water at 1500 kPa. A preliminary
testing of the high-suction tensiometer shows that
suction upto 350 kPa can be measured with this
device. Figure 4 shows result of suction
measurement on a gradually drying clay sample
over a period of 12days, before bubble forming in
the tensiometer. However, the success rate of
manufacturing the well-performing high-suction
tensiometer is still unsatisfactory and need further
research. It is believed that the Epoxy-based
material used to manufacture the pressure sensor
body might have some imperfections on the surface
which provides nuclei of air bubble formation
when under high tensile stress. More research
needs to be carried out to improve further the
performance of the high-suction KU tensiometer.
The high-suction KU tensiometer also employs
differential pressure sensor, thus automatically
measuring the difference between pore air pressure
and pore water pressure, (s = u,-u,), i.e. the matrix
suction.

3. IN-SITU SUCTION MEASUREMENTS

Figure 5 shows schematically the method used
for installing the KU tensiometer in-situ. Firstly, a
borehole is formed, and a plastic casing is inserted
(stage 1). A guide rod with a drill bit is then used to
drill a small hole, where the tensiometer tip is
gently pushed in afterwards with the guide rod
(stages 2-3-4). Some results of the suction
measurement during rain infiltration simulation
on ,a landslide prone area of weathered granite, are
shown in Figure 6. The weathered granitic soils are
of silty and loamy type. Movement of the wetting
front can be seen in the figure. The data of suction
variation with depth and time from the simulation
can also be used to back calculate the permeability
variation with suction of the ground profile in the
tested area, provided that the soil-water retention
curves of the soils are known.

4. DETERMINATION OF SOIL-WATER
RETENTION CURVE

In general the soil-water retention curve (SWRC)
is determined using the pressure plate apparatus.
Recently, some researchers make use of the
tensiometer to determine the retention curves
continuously (Cunningham, 2000, Toker et al,
2004). This novel use of the tensiometer simplifies
the process and apparatus used to determine the
soil-water retention curve.
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Figure 4. Results of suction measurement of a

gradually drying clay sample.
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Figure 5. Installation of the tensiometer for in-situ
suction measurement.
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Figure 7. Experimental set-up for determining the
soil-water retention curve using the tensiometer.
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Figure 8. Soil-water retention curves of a granitic
residual soil determined using the tensiometer.

The KU tensiometers have been used to
investigate the SWRC of the same granitic soil
from the landslide area. Suction measurement is
made on a carefully wrapped sample, inside a
sealed container. Figure 7 shows the experimental
set up used for the measurement. In this
preliminary study, after each suction measurement,
the sample is either dried or wetted by about 1%
water content in order to obtain the soil-water
retention curve. Drying is realised by exposing the
sample in the air, while wetting is achieved by
directly adding water into the sample using syringe
and/or fog generator. Some results of these
preliminary tests are shown in Figure 8. This
method has the advantage in that the equipment
used is much simpler than the conventional
pressure plate or suction plate.

5. SUCTION-MONITORED UNCON-
FINED COMPRESSION TESTS
In Asian countries, the unconfined compression
tests are normally carried out to determine the
design parameters for structures founded on both
fully saturated soils and unsaturated soil. Thus the
total stress analysis, and undrained shear strength,

(sy = q./2) are normally employed in the routine
designs.

Cunningham et al. (2003) demonstrate that the
effective stress failure envelope of a silty clay
determined using unconfined compression tests
with suction measurement coincides with that from
conventional effective-stress triaxial testing, when
the samples are close to full saturation. Similarly,
in this study, three preliminary unconfined
compression tests were carried out on the Bangkok
clay from various depths of 1-4 m. The soil
samples were obtained from a test site at Asian
Institute of Technology, AIT, and were fully
saturated. Figure 9 shows the experimental set up.
Note that the tensiometer was inserted 7-8mm into
the wrapped soil samples with diameter of 65mm.
It is believed that the insertion of the tensiometer
into the soil did not cause excessive interference
with the shearing process and the measured soil
strength, although more research needs to be
carried out to verify this assumption. The effective
stress paths of the samples during unconfined
shearing are shown in Figure 10, using the MIT
notations, where

% h %
= = 1
q 5 5 (1)

o"v+0'h O'v
L. 2
p 5 5t (2

and s is the matrix suction monitored during the
tests, using the tensiometer. This soft clay has
value of air entry suction greater than the suction
values shown in the figure and thus fully saturated
throughout the tests. The value of the effective
angle of shearing resistance, @', obtained from

these tests is 29°, with effective cohesion equal to
zero. This parameter is close to the previously
reported angle of shearing resistance, @', of about

30° of the Bangkok clay (e.g. Balasubramaniam et
al.,, 1992, and Shibuya & Tamrakar, 2003; ). In
addition, the sample from a shallower depth of
crust zone (1-2m) tends to behave like a more
overly-consolidated clay with dilatant behaviour
and higher suction. It thus can be seen that very
useful additional information can be obtained from
the routinely performed unconfined compression
tests, when the tensiometers are incorporated.
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Figure 9. Experimental set up of the suction-
monitored unconfined compression tests on soft
Bangkok clay.
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Figure 10. Effective stress paths of the Bangkok

clay  during  suction-monitored  unconfined
compression tests.

6. OTHER POSSIBLE APPLICATIONS

With the relatively low cost of the tensiometers,
it is very feasible that the devices are incorporated
into other standard apparatus, such as the
oedometer, direct shear box, and triaxial appartus.
Collapse-on-wetting behaviour of a silty clay have
been thoroughly investigated by Jotisankasa (2005)
using the suction-monitored oedometer. Tarantino,
& Tombolato (2005) incorporate the Imperial
College type tensiometer into their direct shear
apparatus, obtaining coupling hydraulic and
mechanical constitutive equations of a compacted
kaolin. Many useful informations thus can be
obtained when incorporating the miniature
tensiometers into conventional apparatus.

7. CONCLUSIONS

An ongoing development of the miniature
tensiometers at Kasetsart University is reported.
Two types of the tensiometers are being developed,
those measuring suction below 1Bar and those
measuring suction up to 3 Bar. The devices have
been used for in-situ suction measurement, and
soil-water retention curve determination. In
particular, the suction-monitored unconfined
compression tests were carried out, enabling
determination of the effective strength parameters
of the soft Bangkok clay. The miniature
tensiometer appears a promising tool for
investigating the behaviour of both fully saturated
and unsaturated soils.
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