American Journal of Environmental Sciences 1 (4}48, 2005
ISSN 1553-345X
© Science Publications, 2005

Field and Laboratory Suction- Soil Moisture Relaship
of Unsaturated Residual Soils

'Bujang B.K. Huat?Faisal Hj. Ali and’A. Abdullah
'Department of Civil Engineering, University Putrabdysia
43400 UPM Serdang, Selangor, Malaysia
“Department of Civil Engineering, University of Mg 50603 Kuala Lumpur, Malaysia

Abstract: Soils located above the groundwater table suctesidual soils are generally unsaturated
and possess negative pore-water pressures. A atékyWmoisture) characteristic curve (SWCC) that
relates the water content of a soil to matric sucts an important relationship for the unsaturateit!
mechanics. The SWCC essentially shows the abilityaro unsaturated soil to retain water under
various matric suctions. It has a similar role lzs ¢tonsolidation curve of a saturated soil thattesl
void ratio or water content to effective stressisT$tudy describes a study that has been carriéukin
field and in the laboratory to examine the suctisoe# moisture relationship of unsaturated residual
soils of granite and sedimentary rocks origin. Tiedd measurement shows a decreasing trend of
suction with depth for both soils. The suction—sodisture relationship shows two distinct curves, a
wetting (sorption) curve and a drying (desorptianirve. While from the laboratory study, it is
observed that there is a significant decreaseeanstil moisture with increasing suction in the lowe
suction ranges, until a de-saturation or air eptrint for both soils. Beyond this point, the magdi

of the decrease in soil moisture for the equalem@nt of applied suction is less. The de-saturation
point of a particular soil appears to be dependenthe amount of clay content. Higher amount of
fines in the soil constitute a more compact pagtiirangement and a smaller pore size. Soils with
smaller pore sizes de-saturate at higher matritiosuc
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INTRODUCTION reliable engineering design associated with residua
soils [3].

The microclimatic conditions in an area are thermmai When the degree of saturation of a soil is gretitan
factors causing a soil deposit to be unsaturatedabout 85%, saturated soil mechanics principleshmn
Therefore, unsaturated soils or soils with neggteee-  applied. However, when the degree of saturatidass
water pressures can occur in essentially any gabg than 85%, it becomes necessary to apply unsaturated
deposit. An unsaturated soil could be a residudl a0 soil mechanics principles [4]. The transfer of ttyeo
lacustrine deposit, and soils in arid and semi arehs from saturated soil mechanics to unsaturated soil
with deep ground water table. mechanics and vice versa is possible through theofis
Tropical residual soils have some unique charastiesi  stress state variables. Stress state variableseddie
related to their composition and the environmerdeun stress condition in a soil and allow the transfetheory
which they develop. Most distinctive is the between saturated and unsaturated soil mecharties. T
microstructure, which changes in a gradational reann stress state variables for unsaturated soils ate ne
with depth. Their strength and permeability areljkto  normal stresso-u,) and matric suction {tu,), where
be greater than those of temperate zone soils with is the total stress,ls the pore-air pressure anglis
comparable liquid limits. Most classical conceptsthe pore-water pressure. The stress state in an
related to soil properties and soil behavior haeerb unsaturated soil can be represented by two indeménd
developed for temperate zone soils, and there éas b stress tensors as suggested by Fredlund and
difficulty in accurately modeling procedures and Morgenstern [5] as follows:
conditions to which residual soils will be subjette

Engineers appear to be slowly recognizing thatresi (0_ —u ) c c
soils are generally soils with negative in situgsarater x Ta xy xz
pressures, and that much of the unusual behavior 7, oy~ ua) Ty, 1)

exhibited during laboratory testing is related tmatric

suction change in the soil [1, 2]. There is thedhés Tx Ty (Gz_ua)
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(ua —uw) 0 0 LABORATORY TEST APPARATUS

0 (ua-uw) O ) . . N L
0 0 (u 4 ) In _thls ;tudy, the suction - sall mq|sture relasb_rp,
a “w which is also known as the soil-water (moisture)
characteristic curve (SWCC), is studied in the

Where, oy, 6y, o, in equation 1 are the total normal |ahoratory by using the modified Rowe cell and
stresses in the x-, y-, and z-directions, respelgtihand  modified (double wall) triaxial cell. Samples usadhe
Tuys Tyxo Txr Tz Tays Tyz @€ the shear stresses. tests were taken at depth at 0.6m by mean of block
A soil-water (moisture) characteristic curve (SWCC) sampling in the field of unsaturated residual sil

which relates the water content of a soil to matriCy anite and sandstone (sedimentary) rocks origin.
suction, is an important relationship for the unsaed

soil. mechanics [3]. The SWCC essentially shows thEl\\/l odified Rowe Cell: The conventional Rowe Cell was
ability of an unsaturated soil to retain water unde '

various matric suctions. It has a similar role he t Medified and used together with the GDS pressure

consolidation curve of a saturated soil that relateid ~ controllers, using the principles of the pressuetepor
ratio or water content to effective stress. The SIE  axis translation technique [6] for the applicatiof

a soil dictates the manner by which the permegbilit suction.

shear strength and volume change of the soil willThe modification involved removal of the rubber
behave at different matric suctions upon drying andnembrane from the cell top, detachment of the side
wetting [2]. drainage porous layer, blocking of drainage ouated
This study describes a study that has been cdni#®  the fabrication of a completely new base to incltie
field and in the laboratory to examine the suctiosoil seating for high air-entry ceramic disc and spiral
moisture relathnshlp of unsatgrf_;\ted residual sofis grooved compartment for flushing the diffused aimf
granite and sedimentary rock origin. below the disc. Figure 2 shows the details of the

modified Rowe cell.
FIELD TEST APPARATUS

to air
For measurement of the field suction, a quick draw s Sply
tensiometer probe was used. This probe was design
measure soil suction in the field. It is basically
modified ‘jet filled’ tensiometer, portable, and rfo
rugged field use. Figure 1 shows detail of the kuic J—
draw tensiometer. Note that the tensiometer cay onl eny ceramic ol iop @ NN g

measure suction up to 1 bar (100 kPa). g e

sample

t

Mull Knob el cell body o-ring seal
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control valve

=10 DaVI
to GDS Controller &

N
flushing arrangement * | /L_ supporting feet \ | base clamping holts

control valve 7 cell

hase

| Dial gauge

t i‘ P Fig. 2. Modified Rowe Cell

The schematic of the test arrangement is showrign F

I | cArrvine case 3. Air pressure was applied through the top of dak
via valve E. The pore water was applied using tBSG
pressure controller with valve 1A open, and witlvea

~L | | 1B and valve 2 closed, to the desired value ofisnct

F";’;::;E;%‘,:"”‘/'Q The GDS. prgssure controller records the volume of
water flowing in or out of the sample.

The flushing of the diffused air from below the aiic

Fig.1: Details of Quick Draw Tensiometer Probedisc was done using air-water bladder, with valye 1

(Soil Moisture Equipment Corp., USA) closed, valve 1B and valve 2 open.
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Fig. 3: Schematic Arrangement of Test Setup Usinglified Rowe Cell

The flow of water containing diffused air into the specially fabricated double wall cell. One of theot
diffused air volume indicator (DAVI) was made GDS 2 MPa pressure controllers was used for applyin
possible by creating a pressure gradient between thand measuring the inner cell pressure, while tinerot

bladder and the DAVI.

was used to apply and measure the pressure in the

The soil sample, 100mm diameter, 25 mm thick wasannular volume between the outer and inner cele Th
obtained from a block sample using a split bodydesign was based on the principle of equal pressure

sampler (Fig. 4) by trimming the height.

Follower

100.0
(sample)

Header

50.0

— Sample to be used for testing
[®%]- Trimmed off portion

Fig. 4: Split Body Sampler

Modified (Double Wall) Triaxial Cell: A specially
modified triaxial cell was also used to study thet®on
— soil moisture relationship of unsaturated rediciad
in the laboratory, in particular the effect of cifig
pressure.

The typical setup for this test is as shown in BigThe

being applied to both sides of the inner and owtat,
thus producing no volume change to the cell.

<=
To Air Compressor 5
Bishop Wesley Z
ity .

Triaxial
Cell

Digital Pressure/
Yolume Controller

Pressure
Transducer

Digital
Pressure
Interface

Note: DWC - Double wall cell
O~ - Pressure transducer
DAvI - Diffused air volume indicator

Fig. 5: Schematic Layout of Specially Modified
Triaxial Test

Figure 6 shows detail of the double wall cell. Tdedl
comprises of two Perspex cells sandwiched between a
top and a bottom metal plates and sealed using
appropriate “O"-rings. The seal prevent any moveimen
of liquid from the inner to the outer cell or vigersa.

The top and the bottom plates were held in place by
four rods screwed onto the bottom plate at oneasnt

conventional Bishop-Wesley cell was modified to aa set of nut tightened at the top plate. The wholgble
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At both sites field test were done at done of gtld@f

30 cm, 45 cm and 60 cm within soil of weathering
grade VI, following the general classification afck
weathering of Little [8]. For the laboratory tesidock
samples of similar soils were taken at depth ofuabo
0.6 m. Some physical and index properties of thk so
samples from both sites are shown in Table 1.

RESULTSAND DISCUSSION

Field Test Results: In the field, the relationship of
suction and soil moisture of unsaturated residadlis
studied using the quick draw tensiometer. Data was
collected at depths of 30 cm, 45 cm and 60 cm &dh b
the sites A and B. The values of suction recorded f
the site A ranges from 5 kPa to 72 kPa, while far t
site B, suction values recorded ranges from 5 kR&it
kPa, the larger value of suction recorded at the
shallower depth (30 cm). A similar observation of

wall cell assembly is then fixed to the base of thesuction value decreasing depth was made by Sweeney

Bishop — Wesley cell by another set of four rods.
FIELD SITESAND SOIL SAMPLES

Two field sites, namely site A and site B were @ms
for this study. Site A was a cut slope at km 3nglthe
Kuala Lumpur — Karak highway, near Kuala Lumpur,
Malaysia. The cut slope basically composed of
residual soil that had developed over the mor
commonly outcropping Permo-Triassic Mesozonal
granite rock of Peninsular Malaysia [7]. Site B was
located within the university (University of Malaya
Kuala Lumpur) campus. The soil was that of weatthere
sedimentary rock of the

rocks.

Table 1: Physical and Index Properties of the Soi

Samples
Site A B
Weathering VI / Granite VI / Sandstone
Grade/Parent Rock
Description Yellowish brown Reddish brown
silty clay sandy clay
Natural moisture 22.9-26.3% -
Content
Coefficient of 2.5-4.1 x 16 m/s
permeability, k
Liquid Limit 95% 66%
Plastic Limit 45% 32%
Specific Gravity 2.68 2.70
Particle Size
Distribution: 1.7% 0.5%
Gravel 11.3% 36.8%
Sand 47.0% 27.7%
Silt 40.0% 35.0%
Clay
Clay Mineral Kaolinite Kaolinite and lllite
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middle and upper
Triassic sequences of sandstone, shale and volcar

[9] for Hong Kong soils.

Figure 7 shows the response of suction build ufh wit
time for both site A and B. As shown there is aggah
trend for both the sites, whereby the time requiied
the higher suction values to stabilize is longenpared

to time taken for lower suction values. Data was
collected to study the time taken for the suction

dﬂeasured to come to a state of equilibrium. Thislyst

ould help in judging the appropriate time to stbp
measurement, as time taken to reach 100% equitibriu
can be quite long.
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Fig. 7: Suction Build up with Time
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The faster response for lower suction could beshowing a rapid decrease in suction for higherisoct
attributed to the capillary conductivity of the Isdihe  and leveling off at suction below 20 kPa. The dgyin
suction capillary value of a soil decreases withcurve exhibits a plateau at high suction values and
increasing suction. A low capillary conductivity steeper curve below 60 kPa suction value and gdgssib
induces a lower transfer rate of water from thebprto  levels off below suction value of approximately Bak
the soil, thus increasing the time required forThe drying (desorption) curve and the wetting
stabilization of the suction reading. The graph assist  (sorption) curve appear to converge at both enigh (h
in estimating time required for measurement inared  and low) suction values.

dry condition. It is also of interest to note that the suctiongisture
Figure 8 shows the field suction — moisture curfg@s curve for site A shows a number of intermediatevesr
both site A and B. The data obtained for both sitedefore joining either the drying or wetting curdéese
showed a wide scatter with a marked hysteresigurves can be identified as the initial intermealiat
between the wetting and the drying curves. curves or scanning curves. The curve following the
drying curve initially can be deviated from the epp
bound curve due to the effect of moisture content
anl- . changes, which may explain the considerable scitter
the data. When the moisture content increases the
drying curve will no longer be followed but a new
wetting curve path would be followed.

Suction in kPa

Laboratory Test Result: Figure 9 shows plot of

N : 51 suction versus soil moisture obtained using the
= 0.3mdepth - 0.45mdepth ¥ 0.6m depth modified Rowe cell.
(a) Site A w00
" 00 L\ -@ SITE A Sample [
8ol g .\ -B SITE B Sample |[—
| N N
E 200 . \:\Ek
-§ aof ot i -
& eting R B [ &
24 25 26 21 2 2
200 SOIL MOISTURE %
, . . . . . . "R Fig. 9: Laboratory Suction— Soil Moisture using
5 17 19 21 suﬁGMDism'eZS 27 29 N MOdIerd ROWG Ce”
= 0.3m depth  — 0.45m depth 3 0.6m depth
(b) Site B A significant decrease in the soil moisture is obseé

. with increasing suction in the lower suction ranges
until a ‘de-saturation’ or air entry point. Aftehis
aof- r—. point, the magnitude of the decrease in soil moéstar

; - the equal increment of applied suction is lessthid
stage, the draining of water out of the soil pores
becomes more and more difficult. This phenomenon is
mainly due to the increasing surfadension
force at the contractile layer as thectisn

) increases.
e B | The de-saturation point for the site A sample is
Suil Moisture approximately at 250 kPa, whereas for the site B
sample the de-saturation point was slightly lowar,
(c) Combined Plot for Site A and B about 200 kPa. The lower value of site B sample is
probably mainly due to soil grading. Site A samipdes
Fig. 8: Field Suction — Moisture Curve more clay content than the site B sample (Table 1).

Higher amount of fines in the sample constituteaen
The upper bound represents the drying curve whide t compact particle arrangement and a smaller poe siz
lower bound represents the wetting curve. The mgtti Soils with smaller pore sizes will de-saturate ighhr
curves for both the sites are characteristicallycewe,  matric suction [10].
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In order to study the effect of confining pressarethe  particular moisture content are of orders of magtat
suction - soil moisture relationship of unsaturateddifferent. In any case the maximum value of suction
residual soil, a double wall triaxial cell has beenmeasured in the field is not greater than aboutkR®
specifically prefabricated for this purpose. Onlgils Both the field and laboratory curves however appéar
samples of site A were used in this at study. Aconverge at low suction values.

confining pressure of 400 kPa was applied to the so
sample. The matric suction was first raised to kP&
and then reduced to 50 kPa, i.e. the wetting platthe
characteristics curve. The drying curve was obthing
increasing back the suction until 250 kPa. The plot
suction and moisture obtained is shown in Fig. IhO.
general the shape of the curve obtained is sirtolénat

of the field study (Fig. 8).

100f

Suction in kPa

L L s L 1
15 7 19 21 73 25 27 79 31
26.4 Soil Moisture %

" = 03mdepth  + 0.45m depth

262 # 0.6m depth -5~ laboratory

Drying

m (a) Site A
~

Moisture in %
3

256
10 100 000
Suction in kPa 100

Suction in kPa

Fig. 10: Laboratory — Moisture Curve (Drying and
Wetting) under Confining Pressure of

400kPa (Site A Sample)
115 1I? 1J§ 2‘1 2‘3 2‘5 2‘7 2‘5 3‘1
Soil moisture %
The effect of confining pressure on the soil — moes " D3mdepth 4+ 0.45m depth
characteristics curve is shown in Fig. 11. It appehat % 06m dotph B~ laboratory

the confining pressure shifts the curve considgrabl (b) Site B
below the unconfined curve at lower suction lesth
curves however appear to converge at higher suctioRig.12: Combined Field and Laboratory Suction - Soi
level, i.e. at approximately the air entry (de-sation) Moisture
point for the soil.
It is of interest to note that such comparisonsveen
i L] | | | this field and laboratory measurements inevitably
‘“‘“\\ o T Coniing Pressure involve different degree of disturbances that caneha
N oo || significant influence on the soil behavior.
\ Double walled Triaxia) In the field, the soil has always been under thedlo
N%

Vi

from the soil above and confined by its surrounding
'\,\ soil. It has been shown earlier that the confining
M pressure has an effect in ‘pushing down’ the suctio
™ soil moisture curve. For example as shown in Fig.at
u moisture content of 26%, the corresponding value of
! SucTON 0 o suction at confining pressure of 400 kPa is hait tf
suction at zero confining pressure. However the de-
Fig.11: Effect of Confining Pressure on Suction—saturation or air entry points of the confined and

Moisture Curve (Site A Sample) unconfined curve are about the same.

MOISTURE CONTENT %
o 2
] =
-

Comparison of Field and Laboratory Data: It is CONCLUSION

always desirable to obtain comparison betweeniéhe f

and laboratory measurements. Figure 12 shows th&he field measurement shows a decreasing trend of
combined plot of the field (tensiometer), laborgtor suction with depth. The suction—soil moisture
(modified Rowe cell) suction and soil moisture. Wghi relationship shows two distinct curves, a wetting
the general shape of the field (wetting) curveinsilar ~ (Sorption) curve and a drying (desorption) curveeT

to that of the laboratory, but the values of sucapany Wetting curve is characteristically concave, shawa
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rapid decrease in suction for higher suction amdlieg 2.

off at low suction. While the drying curve exhibis
plateau at high suction values and levels off at lo

suction. The two curves apparently converge at both

ends (high and low) suction values.

From the laboratory study, it is observed thatehsra
significant decrease in the soil moisture with @aging
suction in the lower suction ranges, until a dexsdion

or air entry point. Beyond this point, the magnéuaf 4.

the decrease in soil moisture for the equal incraré
applied suction is less. At this stage the draindig
water out of the soil pores becomes more and more
difficult, which is believed to be due to the inasing

surface tension force at the contractile layer faes t

S 5.
suction increases.
The de-saturation point of a particular soil appaarbe
dependent on the amount of clay content. Higher

amount of fines in the soil constitute a more cochpa

particle arrangement and a smaller pore size. Sdils 6.

smaller pore sizes de-saturate at higher matritosuc
On the effect of confining pressure, it appears tha

confining pressure shifts the suction-soil moistteve 7.

considerably below the unconfined curve at lower
suction level. Both curves however appear to cawer
at high suction level, i.e. at approximately theeaitry
(de-saturation) point for the soil.

When comparing the field and laboratory suction-soi 8.

moisture relationship, it appears that the gensnape
of both wetting curves are similar, but not theueabf
suction at any particular moisture content.
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