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Application of a Tensiometer for Estimating Soil
Water Characteristic Curve and Hydraulic 

Conductivity 

Devendra N. Singh*, Sneha J. Kuriyant and S. Sreedeep: 

Introduction 

M easurement of soil suction, \11, is essential for various projects such 
as road and railway embankments (Gourley and Schreiner, 1995), 
waste containment in landfill sites where the soil permeability is a 

~ function of lJI (Rahardjo et al., 1995; Fredlund, 1995), for creating detailed 
guidelines for vegetation management and for regulating irrigation deficit for 
enhancing and improving the crop yield (Samjstrla and Harrison, 1998). 
These studies indicate fundamental properties of the soil are dependent on lJI 
(Gourley and Schreiner, 1995). Although many suction measurement devices 
(Lee and Wray, 1995), which avoid the need for constant measurements 
(Woodburn and Lucas, 1995) are available these days, a field tensiometer has 
been found to be quite efficient for measuring the soil suction within a range 
of 0-100 kPa (Stannard, 1992; Sneha, 2001 ). \II when plotted against the 
gravimetric moisture content yields a soil-water characteristic curve (SWCC) 
(Fredlund and Xing, 1994). Integration along the SWCC provides the quantity 
of water in the soil, which in turn can be used to estimate the unsaturated 
soil hydraulic conductivity, indirectly (Fredlund et al., 1994). 

An attempt is made in the present study to develop the SWCC for 
locally available si lty soil with the help of a field tensiometer. The obtained 
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FIGURE 1 Schematic Diagram of the Tensiometer Used in the Study 

SWCC has been compared with the trends obtained from various p~do
transfer functions, PTFs, available in SoilVision 2.4. The paper al so 
demonstrates estimation of the unsaturated soi l hydraulic conductivity using 
the obtained SWCC, over a wide range of suction. 

Experimental Investigations 

A field tensiometer, as detailed in Fig. I, and with its properties listed 
111 Table 1, was used to measure 'II in the soil. When the tensiometer is 
inserted in the soil, the ceramic cone transports water via capillary action 

TABLE 1 Details of the Tensiometer Used 
in the Study 

Tensiometer tube: 

Cone: 

Material 

Length (111111) 

Diameter (nun) 

Material 

Length of the cone (mm) 

lnset1ion depth (mm) 

Suction measurement range 

PVC 

820 

10 

Ceramic 

80 

100 

0-100 kJ>a 
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from its interior to the exterior, creating a pa1tial vacuum in the tensiometer 
tube. This partial vacuum is composed of the soil suction, 'I', and the height 
of water in the tensiometer tube, hw, and is a measure of moisture in the soil 
(i.e. saturation of the soi l mass). The flow of water from the tensiometer 
tube into the soil through the ceramic cup continues unt il an equilibrium is 
reached between the energy of water in the tensiometer and that in the soil 
mass. The tensiometer is equipped with a vacuum gauge, as shown in Fig. I, 
which measures the soil suction, I 'I', directly. Proper contaCt between the soil 
mass and the tensiometer cone !was ensured ·fo r lprop'er 'functi oni ng of the 
tensiometer. As the . column o.i watc11 inside . the·· tensiometer affects the 
tensiometer measurements, suitalle correction (as per Eqn"n i\> ,applied to its 
readings, 'I': . . r; I ,,. 9 • ; :•\, • t ~ 

I I' I H ~'Hi{, ' ". ' -" ·~r..J ' 

lJfT=('l'-hw) 1 1 • r:·,n:: 1 J·.·~ <~ ,. t' i (1) 

,.,., f I. I!.; .i 

Jn Eqn.l, hw ~an be deter~1ined by measurAilg Um)pcight of the water 
column and converJ~ng it to an.lequivalent pr~&sy;re, . (ij ,,U~ em water column 
would exe11 a preJ~~.ure of 1 ~Pa). Thi s.~ ~i~F~~ti?p,.,~ .. ~-~ ) ap,p)ied prior to 
analys ing the tensiometer read i~s. 

'~q''/_, ,"10 ''f . ·'i" ' 

Test Set-up"' r- · 1 M.·' j' 
1
': J(• ' ) t/ 0 J: / 

A·-safiipleoTTocan-yavailaBle s iTty sOir·was·use·crmflie p resent study. 
The soil sample was characterized as per ASTM D 422-63 (1994), ASTM D 
698-91 (1 994) and ASTM D 854-92 (1994) and its propert ies are listed in 
Table 2. 

,---------- --· -·- .. _. ---··· __ .. ·- ---· -- ·-----. - - - .,- "0. 
The:·sui1-·was ·compacted in a stainless steel mould 11in'ternal diameter 

1~? mn{ ~kg~<tl'~i-~~-~ 17: mm) to a dry unit weight, y d, of~ll4~6 kNh~13 with 
d1_tfcren 'WL~I.!.f~.~.9ptenis, W~Th._~;:_J]s~re a prop~r contact )he tens1_ometer 
wtth th~ qJl.!:&-COnll$ tube (d1ameter 3J~nm) shghJ.ly l~ss ,.h~,n the dtameter 
of the ~dn§: Bef the---tensiometer, was used to create a 'tl,ol~ , which is long 
enough lt4 ~§§9n!~I~ate the tensiometer cone. To ensure \r,rd'~er.rfunctioning 
of the ~ensiometer, the tensiometer tube was filled wit~ rdeJ-aetated water 
(prepar~d by boiling water and then cooling it) and soaki~g .,gle-~ensiometer 
cone in; this water for p_~ _ leis! __ 2~=~h~ __ .P~.or:: ~o.-!t_a':.ing the l e~reriment. 

l v-·· ... -· .... ·- - -· --- - -~· - ·--.::.:..:_ ·~ · \ 

Resultjs and Discussion -- - . >" :\· (lS 
I • \' 
' '\ l. ')' i \ 

The variation of m·eastTred ·-stiction; 'P, wit~1 -t ime fo the soil with y « .. ,.-·--""<- ....... M.r ........... -··y··---·· ...... , .. _.___, --,--··-·f""'~·-'"r"· T"~--.-... t 
equal tA, 14.60 -kN/ m;.u and w.ith different ,satur(\tion, S;. is deptcted in Fig. 2. 
The trends depicted in the figl.f~ ,j~jcate that for the soil sample with lesser 
S,., the initial portion of the measured suction vs. time response is very steep. 
However, in -gene ra l! thc:suation'i values.klbilliOt 'cxhibi.ll 'r.ui)i) tapid change over 
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TABLE 2 : Properties of the Silty Soil Used in the Study 

....... 

"' ll. 
~ 
~ 

Soil Property 

Specific gravity 

Particle size characteristics: 

Sand (%): 

Coarse (4.75-2.0 mm) 

Medium (~.0-0.420 mm) 

Fine (0.420-0.074 mm) 

Fines (%): 

S ilt size (0.074-0.002 mm) 

Clay size (< 0.002 mm) 

Consistency limits (%): 

Liquid limit 

Plastic limit 

Plasticity index 

Soil Classi fication (USCS) 

Standard Proctor compaction 

100 

90 

80 

70 

60 

50 

40 

30 

20 

10 

0 
0 10 20 30 ~0 

Time lh\ 

Silty soil 

2.79 

3.7 

17.7 

27.8 

35.9 

14.9 

41 

28 

13 

ML 

Ydmax = 17.05 kN/m3 

O.M.C. = 20.5% 

S, at O .M.C. = 91.2% 

50 60 

S, (%) 
33.0 
50.5 
62.0 
68.0 
93.0 

70 

FIGURE 2 Variation of Soil Suction with Time 

80 
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• Experimental data (preaent study) 
• Fredlund and XIng (1994) 
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FIGURE 3 Experimentally Determined SWCC for the Soil Sample 
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a long duration of time and by 55 to 60 h, an equilibrium value of 'II 
is achieved. However, due to the limitations· of the tensiometer, only 
'II < 100 kPa could only be measured. Based on extensive studies and 
experimentation, researchers have proposed various equations to describe the 
soil-water characteristic curves for soils. O ne of the most popular and 
commonly used equations is the equation proposed by Fredlund and Xing 
(1994). This equation has the fl exibility to fi t a wide range of soils and 
provides very high accuracy especially in the high suction range. As 
experimentally obtained SWCC lacked data in the high suction range, 
Fredlund and Xing equation was fitted to the experimental data, using 
SoiiVision 2.4, as depicted in Fig. 3. This enabled estimation of the SWCC 
for the soil over a wider range of 'I'. The Fredlund and Xing equation can 
be written in the following form: 

(2) 



400 INDIAN GEOTECHNICAL JOURNAL 

where w water content at any suction, W, 

. w
5 

water content at saturation, 

ar = soil parameter which is a function of air entry value, 

nr soil parameter which is a function of rate of 
extraction of water from the soi l beyond the air entry 
value, AEV, 

Jon 

soil parar;neter which is a functi~n of t~e 
moisture -content, RMC, ; 

'1 c: !.~ 

h, = suction . corresponding to RMC. 

residual 

Based on the SWCC oo\'ilined from the experimental data (Fig.3) and 
by fittin~ Fred!und a. n_d Xjng.· ~:qu. a_tio·n. to it~ a.t~empts. were 1nc~d'e to dete~n~ine 
AEY, the_ ~u~tion~ :v~lue -~L~P!£}:..~.':ut l a~g.~_~_L~or.z~- ~~ H~~jc;n,l " start drammg, 
and RMt, tflV lloist)Jre c_ontent .at wJlich the w<~;t,er Pl!~se i-ij;t'he soil becomes 
largely discontinuous, by ad~p~i .~~ ~he following geometrical construction 
(Fredl und and Xing, 1994): · ·· ·· 

I ) ·' 'tHe·· p'o'iJ1t '6f ma~rni L~in. § J{j~f!' on ' lh&t! be!;i~fi;{'tl:r~e· i~ 1J~'JiJd ·I and a 
tangent (AB) to the curve at this point is drawn. 

',:~J:·, . ~\~fp,?,l){?jt:.!~r.e~J6',) : jls~ ~:9:ii~· · tl;e . r6!ni ·9.~ i l~~~~l%~J~/~~~~~r:~¥:sr~J~~~~) 
;;,, ;·_.~7.~~ee_n 1 ~h~ , P?'nt., o~ .. '!l'l~tlll}!J'P ,.s l.~p,e and )rq~ ~~~, . ~s ~Cf~'?~¥re9 . qt 

j) _: 'I tvf6-'vi n'~J ag~~t 'Jn~ •'logarith',;{f~J bxcleJ P~l ;t:' tl1~ r~~i-~1t ~ t!r': J~l~l·;r~~ : .i~~~?)f.it 
,,!,, 1 ' cu~:~~; il'''·3int : 6 i ~ I~c~iel'A' ti i~~ ~ { - "i; ~ ' · 1 '"'1l; ·~n~ 1Jn,_'1-n ··6 
._.,,;; 1. ti<Tia_'• ',1), B, 1 • ' 1.•.•· • ern , I!'Ji':.u 1.·, (.)?)(., ,,?l~i'!'P.1 : ~ ~?:-wf ·iiL\Wt?ru!9 
!.. .. :H (. ,. ,,., •. : • ,. .. •• :· : 1 ,!; .. 1. . :i il•>jji;~:,~:J .... tf 1 .,_.~-o,,~· r) 

-: ~· · ·, ·- -r~·~ ih.te'rs~~ti6~ ' 6f \~e to ·t~ ~<:r' ;\
1
8 ·. y:i.e 1a wt )l; ~1 ~ ~ ~{r-' ~~~>A: u: q .. )1! .. 1 IWI'.• ,, ~~ I ~~~; , 1 f,l", ~u·-: ' , 1 •· ~ B~ ;;H;trJ,, (•! ,\W:.J !RJ:;tpc:, 

~5)''' A11 ·il'oitzciiit~i1 li1tf~ dJ-I ·" isL ~~~wnL ihr'o~'!lt;i~e 'Jfl ~fntl.:nrf 11r~~l '\~\1 
j ' '/. .id ! f(J w. :•,,(;ll •:· J .J.,,,.l., ''"'' I !J I I • I ~ .. ·; l:>p::.! .P~ n - ~-. ~ nl):-.; ·1 n( l~ 

lllOISture .content. ... , . . , f' 1 •• 
f: · .. f!tJIL 1-'r•J ;:•:/~ (,;, ! :q'', ·~ . Jl, i r' !f 'J .. :1 ' ~ .. :'t N J; ·:~'/\) 10~ :..r, J· 't'h 

.. 1• · ''i ,,,, i1 n ! ~··f; fl l n:.o11 i·1 : 1 ·xi 
6) The intersection of GH and AB (i.e., Point I) yields the AEV 

Based on this construction, the RMG and AEV are found to be 4% and 
I , 

8.0 kPa, respectively. 
1 
However, to getpefa!i~ th{l results obtained, the 

knowledge-base9 databa se SoilYision 2.4 i h~s·,beeJl "emptyyed , to .,develop 
SWCC curves ~or the. .. soil, ~s depicted . i ~ Fj'g:4', -an~ to . .{r.;.f_imaie_:RlytC and 

1 :f,EV values, using ;~iffenrnt ~t , equa~o~1~,: a;sj sh<Jwp
1 
h1~ablf 3 . .,E& }the soil 

sample, the val~e of saturat't om)·~lOJ~~t!l~e' d9nt!-lflt, v:s, 1s ~aken as 32.65% 
(Singh and Gupta, l 2000). Soi l Vision 1.4 employs the co'ncept that for a 
particular soil, its SWCC depends on its particle size di stribution (Fredlund 
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") . J "JV.f?. ·,fi,, '"· ~ i:.b . , ·,b J:H• w/.~d ~ < .ll lq: !!'J!Jt; 111> .1' ·, ;;~ "- ' ' .( t-1>\J I ,gni X ilflf; 

.,,. ,.. ~b;!';:,q ~~~ 11o b~,:<,,d .{lwl<-: tu :;;. :)H! ~:! t 11i i,::Jm ,:im• ·olt:- 'Jdl Hil 
t.ff0 !l ::wu't ·ic."kn t·,;-<,;,.>q Ji"JI:,T!dJ ~r;,r, ll I.::Jfl lf, ldt• <: l il l'~ ::n :iriT ,;'tCiiJudi·J!:.:if; 
:>r! J r!ti , , hT~~J.~-} {,~;n~ri:;.On bfSWCks / ObHlineGI IJ¥<iHingr. (?.T I'' i 1 

c.gJ"I 111 b biu:;b 0:1; '(lmlr. ~ii!: ~f?j 1 Yi~.\~J2·4- J lu~:/i b:lfl iWfi, { l lr. lwJrni·J:H!X'J 

:>r[J 1:,1!1 [ ~d rlJ;TE fli k>lll':l rd·,:_·~cLJ; ll;i) ::.r!J J Jll.! L'J'Ji ! CH I :J,9, fll.i ') J, .(. !.Jl\I ,;T bfll; 
F1, qu\II[Qll an 'Tt AEV . . . . RMC. 

1FJ/ ... :>rll h•brnrl ?.·ll <f r. •: ,bv; r.1; ~'' (kPhf" : Jid1 mml i>'Jflio;Jdo ~:; u l 1;v V'3A 
.1:Jl:Jruo i;.n~d bi::J ii 'lo fl !'Ji! :;d l rl l vt 'ii(!iOI ;r. l i~~iteWJh ·1o1 b·J{ol,.i,1Jdo ~uJii>V 
.,_ .. ,·r,'<

1
<)· .• •c)l• · .. · • .. .. ··• • · n :.• '/ '1 ,·/ul'l 

' ·- >1>\ J I ,J>J IJ ~ > 1 " , 1 • " " " .. .!' , - -
::11!1 ; .. rll c.~ ffC<\IH?8't1"fl ·fS'P~do :,;d ,d.OA . :1:Jr ii3Tfl!l1J~i#J. ~Ju i1 v 4-x® b 'J?()(fo tq 

?:.o il !ICs! J:;u p::; 13~1\lQ~ aJld •.Cbrrc:~ fyJ·t '1 ~, rf •JGJ:l9JH ')'o)l(j¥,. bf> ~\lpt: d 'i)}flOii'Jfrl 11:.:qY.'J 

:;ld,;for;·,r; .,~nvlu?-Ge'lillclfteHrl ; _gfl ir.;. t, · ni~4~q ''J'~'~If~ 1 ~).');fi~ 1() briJ!o~fr iJ fli rhi·n 
1u'l l' > l'JffH.m: r<~· ; 

1
b::; it r; ·l'l ~?'Jnl t ib~IJ 

1
-,·>lw;il ni ; IJ:Jl2 i' irl f' ./.:.!: or,i:.: iVIifl2 ii i 

NILia em .88 0.0% of w . - . 
"~ ' ffl l;o;;: :;lfl rt1 w rJ:J IJ r. !.Hll11Jd;:mr 

13Uitline - 0.33% of w, 0.11 

Ga1tlner ·oi•t ibuhn J::>J.n ih 1nm~ oii~ l 1 OH~llafiHl:•J 

Arya and Paris 0.29 - -
I!:Jh;·llll~o >fl iJ :,~,:J(• Jl ll,l(; . , o t b:.;:u UT1) t Gt! f ir~ :IIi~ vi!! 101 , . )VI(!. 'Jd . 

::.C lelliOS) . . . , 4.66 ~ (}OR 
::d: 01 JI !.!rtr:.-wii urr r: 1- <: W>k< I I Ji". \111 1% : J :-tlr•d:>Phno 'JITITinl,(ll ii(•2 

~PI m)llo1 :rr?~~~i ,~u ·~d !J::;r'i l:ldi) , ;,J.f~Jiv I')JJfHrt;T 'J :!wnf;•, I lrrJ.~ b::Jii; Ju l;;l. 

Vereecken 6.43 

( I 
Tyler 0.18 -

iJ~"''nqz~ ~dff< ,.ii. {<: 1,o\ .~r;i:l ;.l :;;r!! ! i·l,{' II ii:> i •,:;;ht:ifl l,w; t.ht ;}I -;:,q d 
re01un<l and vv 1 son 1.82 - -

--------------------~------~-------------L------1) 
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FIGURE S Comparison of Estimated SWCC Curves for the 
Soil Sample 

and Xing, 1994). As such, an attempt has been made to determine SWCC 
for the silty soil, used in the present study, based on its particle size 
distribution. The results obtained using different pedo-transfer functions 
(PTFs) available in SoiiVision 2.4 have been compared with the 
experimentally obtained results. Details of this study are depicted in Fig.5 
and Table 3. It can be noticed from the data presented in Table 3 that the 
AEV values obtained from different fits as well as PTFs bracket the AEV 
value obtained for the soil sample with the help of field tensiometer. 
However, RMC values cannot be compared due to difference in philosophies 
proposed by various researchers. It can be observed form Fig.5 that the 
experimentally observed SWCC fitted to the Fredlund and Xing equation lies 
within the band of SWCC curves predicted using the various PTFs available 
in SoiiVision 2.4. This study indicates usefulness of a field tensiometer for 
measuring suction in the soil mass. 

Estimation of Soil Hydraulic Conductivity 

The SWCC for the silty soil has been· used to obtain the unsaturated 
soil hydraulic conductivity, k, using SoiiVision 2.4 and linking it to the 
saturated soil hydraulic conductivity, k

531
, obtained by using the following 

equations: 

I) As per Rawls and Brackensiek (1985), the ksat (m/s) can be expressed 
as: 
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19.52348• n -8.96847-0.028212 • C 

+ o.ooo 18107 • s2 
- o.0094125 * c2 

-8.395215•n2 +0.077718•S• n 

+0.0000173•S2•C +0.02733•C2•n 

+0.001434•S2•n -0.000035•C2
• S 

for the soils satisfying the following constraints: 

5 < S < 70 and 5 < C < 60 
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......... . (3) 

where S and C are the sand and clay fractions arc as per the USDA 
classification and n is the soil porosity. 

2) As per Rawls et al. (1992), the ksat (m/s) can be expressed as: 

(4) 

where n = soil porosity, 

x = soil dependent constant, 

N total pore size classes and 

R1 average pore radius (em). 

For the soil under consideration, Eqns.3 and 4 yield k,01 equal to 
5.80E-07 m/s and 3.50E-07 m/s, respectively. Using an average k,., equal 
to 4.65E-07 m/s and Fredlund and Xing PTF, the variation of k,. the relative 
hydraulic conductivity, which is defined as the ratio of unsaturated soil 
hydraulic conductivity to the k,,., with soil suction, 'P, is plotted as shown 
m Fig.6. 

The study demonstrates application of a field tensiometer in establishing 
the SWCC for a particular soil and estimating its unsaturated hydraulic 
conductivity. 



404 INDIAN GEOTECHNICAL JOURNAL 

1.0 

0.8 

0.6 

.:.:.· 
0.4' 

' '.j 0.2 

0.0 
I, > ') :> ( 

10.. 10'' 10'' 10' ' 10° 101 102 101 10' 10° 10° 

.'JJ~ J ·.1dT 'tJ'I :.!b 'J1!; ;Jn · .. U'.)Ld 't ,:1·l b\J'h(i(f?a¥ :J,~'; .il C ... ) li!: ,; { ')T . .:d :.' 

. ·.' i'·''""'1 ;,,J? A ; ~i ., bm. rtl illt, ·.~ili~t.d·.J 
FIGURE 6 : Variation of Relative Hyd ra ulic Conductivity of the 

· ~~;; b)%i-';'!'ll', :Jd ,, .. J 1,.;·! !~0~L .. ~yit.~~ ! ,St,C!t0:0t j .l.J 1-:. ~d , ,:J;}I r)q ri\. 1 ,. 

. r I.(! ll , . 

.. 51 I - () I ;( ' ' L = I 
I [ '!;! i ' r . " 

. _I 
(~oncluding Remarks 

Utility of a field tensiometer in measuring soil suction (< 100 kPa) has 
been demonstrated in the present ;~I~)((•~S\ng t·he 1soil suction, thtt)&orl-watcr 
characteristic curve, SWCC, for a soil has been developed. Comparison of 

)l "f'f 'll{ '? jp:;);W;{I:J f Tjq« = 'I the obtained SWCC 'Wit I' hose vreo c(ed oy USlhg different pedo-transfer 
functions, PTFs, av.11ilab~~ i.lb tb.ei;-JitP.J.:a~ute !,indicalts an excellent matching. 
The study also dem?~str~f1f,, .. a~R1i~a~?.~ -:..?;f. t,he ~WCC in estimating the 
unsaturated soil hy&gu11c .goni:luett<.-hy. "'frow'ever, 'for accurate estimation of 
the SWCC and. hence the, unsaturated hydraulic conducti_vitv , of t\1e soil, 

nt lfH"';J .}. hi t·; .t:. bnr; ' ~ ·1tp::l n •Hl'i'l':- )•du •:> ~- ~r~m.' 110~ :)riJ W . sop 1S'ncate_1:1 lti5rrut11en~s. (sti¢ 1 ·:as 'a pre.~s.lir<t-L~Ia e _appttra,tus, a .. ew.11o9.~1t 1 1~HtcntiJni~~jL::'·p~yth(Sfii(~(er -~~:·<-}hftf(_:;~ . r. ~~pabi~ olf.C. ·e~~\tri~ m ~c iOri''over 
·..-Li l" f!.!) ~rl t .A lrl {FiJll'b''il!'l 'H~I -; ! <J !!Il l ~11f;l: ur:Id iJ:rd ~:,;; ~1ffi ~ t~ .... j co .J:. 01 " w.ue •a•1ge, 1 ,t, r . e emp oyea. _ . , .

1 1 1 lir,;.,: fJ::J r!:mll;:..:rJIJ ·1.-, () Ill.'! :>ll i '.!i L;rii:.>!J ; l ri·JI :•" .'{•• tlbll!Jw , ::J :it ,Jf:'t J'(i 

''Rtcfe(~nlc't!~' t q %1 1f! .nOit l:.OI;r. lio2 rlli 11 •• ,) ·xi1 01 'Ill rtb lllmrn :,ill;r.:tll'{rl 
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Notations 

Ydmax 

AEV 

dry unit weight; 

maximum dry unit weight; 

air entry value; 
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soil parameter, which IS a function of air entry 
value; 

clay fraction as per USDA classification; 

= suction corresponding to RMC; 

unsaturated soil hydraulic conductivity; 

relative hydraulic conductivity; 

saturated soil hydraulic conductivity; 

= soil parameter, wh1ch is a function of RMC; 

= soil porosity; 

total pore size classes; 

= soil parameter, which is a function of rate of 
extraction of water from the soil beyond the AEY; 

= 

optimum moisture content; 

pedo-transfer function; 

average pore radius; 

residual moisture content; 

sand fraction as per USDA classification; 

degree of saturation; 

soil suction; 

g ravimetric moisture content; 

saturation moisture content; 

height of water in tensiometer tube; 

a soil dependent constant. 




