Geotechnical Engineering Journal of the SEAGS & AGSSEA Vol. 51 No. 4 December 2020 ISSN 0046-5828

Properties of an Unsaturated Residual Soil behind a Failed Slope in Sri Lanka
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ABSTRACT: Rain-induced slope failures are common in Sri Lanka. With the infiltration of rainfall, the matric suction at upper levels of the
slopes reduces, perched water table develops, ground water table rises and the shear strength diminishes making the slopes vulnerable. Basic
characteristics such as; Soil Water Characteristic Curves (SWCC), permeability function and unsaturated shear strength parameters have not
been established for typical residual soil slopes in Sri Lanka. Undisturbed samples of soil obtained behind the scar at the location of a failed
slope at Welipenna in the Southern Expressway were used in this study. Direct shear tests and permeability tests were done and matric suctions
were measured with a miniature tensiometer. Pressure plate apparatus was used to obtain the SWCC. The SWCC obtained by alternate tech-
niques and empirical procedures were in reasonably good agreement. Contribution of matric suction to the shear strength found to be in agree-

ment with finding of other researchers.
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1 INTRODUCTON

Rain-induced failures in slopes made of residual soils are a major ge-
otechnical hazard in Sri Lanka (Figure 1). Residual soils that are
formed by the in-situ weathering of the metamorphic parent rock are
characterized by the heterogeneous nature inherited from the differ-
ence in its mineralogy and the process of variable weathering under
tropical conditions. Ground water table is generally low in these con-
ditions. The soils are therefore generally unsaturated and possess neg-
ative pore water pressures. Climatic changes greatly affect the soil
properties, negative pore water pressure and shear strength of unsatu-
rated soils.

Safety margins of these slopes are high during the periods of dry
weather due to the prevailing matric suctions. Rainwater infiltration
causes loss of matric suction. It may lead to development of perched
water table conditions and also rise of ground water table.

Figure 1 Failed slope of Southern Transport Development Project
(STDP) at Welipenna

Many researchers in the region have studied the effects of rainfall
on the pore pressure regime by both analytical and experimental ap-
proaches. Rahardjo et al. (2000), studied the process through an in-
strumented slope at the Nanyang Technological University in Singa-
pore. Similar studies were done by Jotisankasa et al. (2008),
University of Kasetsart in Thailand and by Standing (2012), Imperial
College in London. Jotisankasa and Mairang (2010) conducted suc-
tion-monitored direct shear testing on some residual soils obtained
from landslide-prone areas in Thailand to determine the relationship
between apparent cohesion and suction. Estimation of soil suction
from the soil-water characteristic curve was studied by Fredlund et al.
(2011). Fredlund (2015) studied the relationship between the labora-
tory determined SWCC and the field stress state. Jotisankasa et al.
(2015) studied the response of the pore water pressure regime and
stability to rainfall in a granitic fill slope in Northern Thailand. The
effect of hysteresis of soil-water characteristic curve on infiltration
under different climatic conditions was studied by Bashir et al. (2016).
The role of the Soil-Water Characteristic Curve in Unsaturated Soil
Mechanics was highlighted by Fredlund (2017).

Numerical studies were done simulating the process of infiltration
through a typical cut slope (of 1:1 gradient) in an unsaturated residual
soil formation (Sujeevan and Kulathilaka, 2011) illustrated the loss of
matric suction, development of perched water table and reduction of
safety margin as the rainfall progresses. These studies on typical cut
slopes in Southern Expressway have used the characteristics of un-
saturated soils available in literature in the absence of actual local data.
The need to conduct experiments to evaluate data for soils encoun-
tered in Sri Lankan slopes is the focus in the current research project.

This paper presents results of the study on unsaturated residual
soil obtained from the site of a failed slope in Welipenna, Sri Lanka.
Research studies were conducted to determine; Shear strength char-
acteristics-the variation of total cohesion with matric suction, Soil wa-
ter characteristic curve (SWCC) and Permeability function-the varia-
tion of permeability with matric suction of the soils obtained from the
site.

2. BACKGROUND
2.1  Behaviour of unsaturated soils

Soil is a heterogeneous material consisting of pores of different ge-
ometries. Unsaturated soil is a four-phase system, namely solid, wa-
ter, air and contractile skin (Fredlund and Morgenstern, 1977). The
most distinctive property of the air-water interface (i.e., contractile
skin) is its ability to exert a tensile pull such that contractile skin is
always subjected to an air pressure of ua, which is greater than the
water pressure uw. This pressure difference existing in soils due to the
presence of liquid and gas phases is called matric suction.
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Matric suction contributes additional strength to the soil structure.
The compressive force exerted on the soil particles in the walls of
interconnected pores (which behave as the capillary tube) produces
this additional strength which is capable of enhancing the stability of
the soil structure. This additional strength is quite significant espe-
cially in slopes as it provides that additional amount of resistance re-
quired to keep the slope stable.

Kulathilaka and Sujeevan (2011) illustrated that the loss of matric
suction with infiltration has a direct impact on shallow seated slips
which are encountered above the ground water table. This is due to
the fact that infiltration of water into the slope once the rainy season
starts saturates the soils above the groundwater table creating positive
pore water pressures sometimes perched water table.

2.2 Shear strength of an unsaturated soil

As there are many constructions carried out on unsaturated soils, it is
important to know the amount of shear strength contributed to the soil
by suction. Also, the design engineers should have an idea about the
process of infiltration. The shear strength of an unsaturated soil, z can
be expressed as Eq. (1) (Fredlund and Rahardjo, 1993). Ho and Fred-
lund (1982) proposed the concept of apparent cohesion and used it in
the three-dimensional extended Mohr-Coulomb Failure Criterion.
The matric suction term in the shear strength equation contributing to
the cohesion for an unsaturated soil can be considered as Eq. (2)

T =c'+ (0 - Ua)tangd+ (Ua - Uw)tang’ 6))
¢ =C"+ (Ua- Uw)tang’ 2
Where,

c' = Effective cohesion intercept,

o = Normal total stress,

ua = Pore air pressure (for atmospheric pressure, uaequals zero),
uw = Pore water pressure,

¢' = Effective angle of shearing resistance, and

¢® = Angle of shearing resistance due to suction

¢ = Total or apparent cohesion of the soil

Gan and Fredlund (1988) and Escario and Juca (1989) showed
that shear strength versus soil suction relationship over a selected
range of soil suctions is non- linear and the concept has been strength-
ened further by other researchers, e.g., Vanapalli et al. (1996), Joti-
sankasa et al. (2010) and Jotisankasa et al. (2015).

2.3 Soil Water Characteristic Curve (SWCC)

The soil water characteristic curve (SWCC) for a soil is defined as the
relationship between water content (soil wetness) and suction of the
soil. SWCC is also called the Soil Water Retention Curve. What is of
great concern in an unsaturated soil is the transition zone, in which
both air and water phases are continuous or partially continuous, and
hence the soil properties are strongly related to its water content or
negative pore-water pressure.

The water content defines the amount of water contained within
the pores of the soil. In soil science, volumetric water content 0 is
most commonly used. In geotechnical engineering practice, gravimet-
ric water content, is the most commonly used parameter. The total
suction of a soil is made up of two components, namely, the matric
suction and the osmotic suction. For most geotechnical problems in-
volving unsaturated soils, matric suction changes can be substituted
for total suction changes (Fredlund and Rahardjo, 1993).

Degree of saturation, Sy, gravimetric water content, w, or volu-
metric water content, 0, are all related by Eq. (3),

0 = ValN = WG/ (1+€) = Sre/ (1+€) 3)

As already outlined, SWCC is required as a key property for de-
tailed analysis of slope behaviour including infiltration, and

prediction of unsaturated shear strength. The shear strength of an un-
saturated soil is related to the prevailing matric suction. Jotisankasa
and Vathananukij (2008) made use of the SWCC to estimate the
amount of rainfall required to reduce the suction to zero or saturate
the slope.

2.4 Permeability function

There is no engineering soil property that can vary more widely than
the coefficient of permeability. It differs by many orders of magnitude
within different soil types and in a given unsaturated soil the variation
with the saturation level is also over several orders of magnitude. The
process of infiltration of water into an unsaturated soil is controlled
by its permeability which will vary continuously as water gets stored
in voids previously filled with air.

Therefore, the coefficient of permeability of unsaturated soils and
its relationships to matric suction and volumetric water content are of
major importance in the analyses of flow in saturated/ unsaturated soil
media. A proper evaluation of the coefficient of permeability will
make the saturated/ unsaturated flow analysis more accurate. In ex-
perimental determinations of coefficient of permeability, the soil un-
der consideration is commonly assumed to be of constant volume.
However, soil is known to behave as a deformable porous medium.
In order to properly deal with soils as a deformable porous medium
and to establish a better coefficient of permeability, the change in total
volume of the soil specimen should be monitored. This was per-
formed by Huang et al. (1995) using a specially designed triaxial per-
meameter.

This paper presents laboratory tests conducted similar to the ap-
proaches developed at Kasetsart University (KU), Thailand by Joti-
sankasa et al. (2010). The undisturbed sample instrumented with three
KU tensiometers at different heights on different plan locations for
the permeability cell is illustrated in Figure 2.

/ Tensiometers

10 cm

Permeability I
cell

Figure 2 Arrangement of KU tensiometers in permeability cell

The values of suction at three locations can be used to calculate
the hydraulic gradient, i, as in Eq. (4);

i =d (z-s/m)l dz (C)]

Where z is the elevation head of each tensiometer relative to the
base of sample, s is matric suction, and yw the unit weight of water.
The plot of change in soil mass with time can be used to calculate the
flux or discharge velocity, v, at any particular time as in Eq. (5);

v = dV/ Adt ©)

Where dVw is the change of volume of water in soil sample which
can be calculated from change in soil mass during test, A is the cross-
section area of sample, and dt is the elapsed time. Linear regression
can be used to calculate the slope (velocity) from data points. The
value of permeability at any suction and volumetric water content can
then be calculated as in Eq. (6).

k=v/i ®)

70



Geotechnical Engineering Journal of the SEAGS & AGSSEA Vol. 51 No. 4 December 2020 ISSN 0046-5828

3. METHODOLOGY

This paper presents the results of studies conducted to determine the
variation of unsaturated shear strength parameters of residual soil ob-
tained from the site of a failed slope at Welipenna in Southern Ex-
pressway.

3.1 Rate of shearing for direct shear tests

It was necessary to use an appropriate shearing rate for testing of the
samples in the direct shear box to ensure drained conditions. Coeffi-
cient of consolidation determined on saturated samples were of order
of 3.8m?/yr based on teo. Based on that, it was decided to use a shear-
ing rate of 0.125mm/min to ensure drained conditions during shear-

ing.
3.2 Determination of shear strength parameters

Direct shear tests were conducted on undisturbed specimen of soil,
varying the degree of saturation from natural to full saturation. This
was achieved by systematic wetting of specimen. The weights and
moisture contents were determined on each specimen to ascertain the
degree of saturation. In all the unsaturated samples, direct shear tests
were done while monitoring the matric suction. There are several
methods for measurement of matric suction such as; axis-translation,
tensiometer, filter paper etc. (Fredlund and Rahardjo, 1993). In this
research a miniature tensiometer consisting of a Micro Electro Me-
chanical System (MEMs) pressure sensor with 1Bar High-Air-Entry
porous ceramic tip developed at the University of Kasetsart, Thailand
(Jotisankasa and Mairaing, 2010) is used.

The device requires thorough saturation with water so that tensile
stress can be transferred effectively between the soil water and the
pressure sensor. This is normally achieved by evacuating air from dif-
ferent parts of the device in a water-filled reservoir using a vacuum
pump, as described in detail by Jotisankasa (2010). The miniature ten-
siometer used in this study was capable of measuring suction from a
value of zero to 100kPa. This smaller range of suction is however
quite sufficient for slope stability studies. During testing, evaporation
from the soil specimen was prevented by using plastic wrap and
pieces of wet cloths to cover the whole shear box. This type of suction
monitored shearing test thus offers alternative method for character-
izing unsaturated shear strength in slope stability studies. The test set-
up is illustrated in Figure 3.

Figure 3 KU tensiometer and its incorporation in direct shear box
(modified from Jotisankasa and Mairaing, 2010)

3.3 Determination of Soil Water Characteristic Curves

(SWCCs)

Soil water characteristic curves (SWCCs) were determined using the
methods described below.

3.3.1 Pressure plate apparatus

Samples were brought to equilibrium under different matric suctions
by maintaining different values of matric suction equal to differences
in air and water pressures (Ua - Uw) in the pressure plate apparatus for
a sufficiently long period.

The time period was confirmed by observing no volume change
through outflow tube.

3.3.2 Direct shear data with KU tensiometer

A number of samples of different levels of saturation achieved by
adding a calculated amount of water were subjected to direct shear
tests at four normal stresses which were confirmed by data. The ma-
tric suction and volumetric water content were measured in all these
samples. Measurements were done both before and after the test.

3.3.3 Method of continuous measurement with KU tensiometer

A technique referred to as method of continuous measurement, which
is also used to determine permeability function based on the simpli-
fied instantaneous profile principle (e.g. Hillel, 1998, Benson and
Gribb, 1997) was also used to determine the SWCC. The main ad-
vantage of the continuous SWCC measurement is the shorter testing
duration which is only a few days per one path (from suction of
100kPa to OkPa).

3.3.4 Gradation curve

A physico-empirical model proposed by Arya and Paris (1981) was
used to predict the volumetric water content-suction relationship of a
soil from its particle-size distribution, dry density and specific grav-
ity. This approach is based on the transformation of a particle size
distribution into a pore-size distribution. The cumulative pore vol-
umes corresponding to progressively growing pore radii are divided
by the sample dry density to give the volumetric water contents and
the pore radii are converted to equivalent soil suctions using the equa-
tion of capillarity. The formulation is based on an empirical parame-
ter, o, used to fit the experimental results to the model. The SWCC
predicted by this method was compared with the experimental curves
obtained to assess whether the technique can be used for local soils
confidently when tests cannot be done.

3.4  Determination of permeability function

Permeability function is one of the most sophisticated parameters to
measure of unsaturated soils. Usually, some kind of approximation
based on the SWCC is carried out. Lu and Likos (2004) gives an over-
view of different techniques used to determine permeability function.

Based on the simplified instantaneous profile principle, continu-
ous measurements of weight of the sample were taken with time while
measuring matric suction for drying and wetting conditions as shown
in Figure 4. The height and diameter of the sample are 8.2cm and
7.5cm respectively. The rate of movement of water is very small and
determined through the weight loss/gain by an electronic balance
which measures to an accuracy of second decimal of a gram at 1min
interval. Linear regression over about 100 data points was used in
calculating the values of flux, v.

-

Cor .
Drying path

“

Wetting path

Figure 4 Permeability function test for drying/wetting path test
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Further, elevations from a reference level (base of the mould) of
each tensiometer and other required parameters were measured for
the purpose of the analysis. Previous research experience earned by
Jotisankasa et al. (2010) and Mairaing et al. (2012) suggests that the
value of hydraulic gradient, i, calculated over only the upper and mid-
dle pore pressure measurement gives better results of k-function than
calculated over three measurements. This is perhaps due to non-uni-
formity of the pore water pressure distribution. Based on that experi-
ence, hydraulic gradient was calculated and plotted against matric
suction of top and middle levels only. These data were used to obtain
SWCC also.

4, RESULTS AND DISCUSSION
4.1 Basic characteristics of soil

Particle size distribution curve for the soil tested is presented in Fig-
ure 5. The soil was classified as MS according to the British Soil Clas-
sification System (BSCS) and as MH under Unified Soil Classifica-
tion System (USCS). Index properties are summarized in Table 1. The
specific gravity was 2.66. The permeability of the soil under saturated
conditions was found to be 2.12x10-m/s.
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Figure 5 Particle size distribution
Table 1 Index properties of soil

Parameters Value
Classification MS/MH
Liquid limit/(%) 54
Plastic limit/(%) 43
Plasticity index/(%) 11
Gravel/(%) 2
Sand/(%) 43
Silt/(%) 35
Clay/(%) 20

4.2 Establishment of shear strength parameters
4.2.1 Fully saturated condition

Initially, the tests were performed after making the specimen fully
saturated. The basic data are presented in Table 2.

All the direct shear tests were done ensuring drained condition.
The loaded sample was allowed to consolidate for 24hours and was
sheared at the rate of 0.125mm/min.

The stress — strain curves were obtained for normal stress of 50,
100, 150 and 200kPa as shown in Figure 6 and the shear strength en-
velope is presented in Figure 7. The saturated shear strength parame-
ters are ¢'=18kPa and ¢'=33°.

Table 2 Basic characteristics of tested specimen for fully saturated

condition
Parameters Value
Specimen No. 1 2 3 4
Moisture content/ (%) 49.08 4377 4481 4211

Degree of saturation (%) 100 100 100 100
Volumetric water con-

tent/ (%) 56.26 52.73 53.92 52.14
Dry density /(kg/m?3) 1146 1205 1203 1238
Void ratio 1.27 1.16 1.16 1.10
200
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Figure 6 Variation of shear stress with shear strain for fully
saturated condition
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Figure 7 Variation of shear stress with normal stress for fully satu-
rated condition

In the subsequent tests, the degree of saturation of the undisturbed
sample was changed by controlled wetting. A calculated amount of
water was added to the tested soil specimen to achieve target degrees
of saturation of 65%, 72%, 81% and 92%. The details for approxi-
mately 81% saturated condition are given in Section 4.2.2. After the
tensiometer was attached to the sample it was kept until the readings
reached equilibrium (minimum 24hours).

Thereafter, the normal stress was applied and sample was consol-
idated for 24hours. This was followed by shearing under drained con-
ditions at the rate of 0.125mm/min. Matric suction was monitored
throughout the test.

Based on Fredlund and Rahardjo (1993), ¢’ value of 33° obtained
from fully saturated direct shear test was used to determine the cohe-
sion intercepts for all unsaturated samples.

72



Geotechnical Engineering Journal of the SEAGS & AGSSEA Vol. 51 No. 4 December 2020 ISSN 0046-5828

4.2.2 Tests at saturation level of 81%

The basic characteristics of the samples with the target of 81% satu-
ration are presented in Table 3. The stress-strain curves and shear
strength envelope are presented in Figure 8 and Figure 9 respectively.
Equilibrium, consolidation and shearing stages were conducted while
monitoring the matric suction as presented in Figure 10, Figure 11
and Figure 12 respectively.

Table 3 Condition of tested specimen for approximately 81% satu-
rated condition

Parameter Value

Specimen No. 1 2 3 4
Moisture con- Before 34.42 30.66 34.14 32.35
tent/ (%) After 3478 3096 3499 3131
Degree of satu- _ Before  77.08 76.61 76.96 77.40
ration/ (%) After  80.16 83.74 8458 87.71
Volumetric wa- Before 41.41 39.06 4122 4031
ter content/ (%)  After 4249  41.04 4383 4222

Dry density Before 1203 1274 1207 1246
/(kg/m?3) After 1222 1326 1252 1348
Void ratio Before 1.16 1.04 1.15 1.09
After 113 096 1.08 0.93
200
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Figure 8 Variation of shear stress with shear strain for approxi-
mately 81% saturated condition
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Figure 9 Variation of shear stress with normal stress for approxi-
mately 81% saturated condition
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Figure 10 Variation of matric suction with time at equilibrium
stage for approximately 81% saturated condition
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Figure 11 Variation of matric suction with time at consolidation
stage for approximately 81% saturated condition
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Figure 12 Variation of matric suction with time at shearing stage
for approximately 81% saturated condition

The apparent cohesion intercepts obtained from the direct shear
tests on samples of different levels of saturation are presented along
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with measured average matric suction in Table 4. The variation of Table 5 Variation of shear strength with matric suction for differ-
average matric suction with the average degree of saturation is graph- ent degree of saturation levels
ically presented in Figure 13.

Normal  Degree of Shear Measured matric
Table 4 Unsaturated parameters obtained from the direct shear stress/ saturation/  strength/ suction at failure,
tests for sandy silt of ¢’ =33° (kPa) (%) (kPa) (Ua-uw)/ (kPa)
Measured 65 64.26 44.48
Degree of .
Test - Measured apparent  average matric 72 58.03 13.58
saturation/ . .
No. ) cohesion, C/ (kPa) suction, (Ua - 8l 5158 955
uw)/ (kPa) 50 : -
1 50 - >100 92 54.80 2.09
2 65 38 65 100 51.60 0.00
SE— 32 56 65 131.14 58.06
4 81 28 22
5 92 24 3 72 95.42 16.87
6 100 18 0 100 81 100.58 20.90
92 95.42 2.54
100 100 83.80 0.00
g .
s 9% 65 200.00 87.01
.
E E:,E ’. 72 150.22 79.25
E 60 150 81 127.01 3343
s 50 ¢ 92 126.07 1.04
= 40
© 3 100 116.10 0.00
& 20 65 156.06 67.16
= 10
oh 0 72 172.79 92.09
-
= 0.1 1 10 100 1000 200 81 149.58 25.37
Avg. matric suction, (u,-u,)/(kPa) 92 169.72 0.45
100 145.70 0.00

Figure 13 Variation of average degree of saturation with average

matric suction- (based on Direct Shear test data L . . . .
( ) The variation of apparent cohesion with average matric suction

derived from these tests is presented in Figure 15. The five points in
the plot represent the four levels of suction used and the saturated
state. It could be seen that ¢° value is not a constant. This is in agree-
Peak shear strength (obtained from stress-strain curve) and relevant ~ ment with the findings of Gan and Fredlund (1988), Escario and Juca
matric suction values for all the specimens used for the direct shear ~ (1989), Vanapalli et al. (1996) and Jotisankasa et al. (2010) as dis-
test with different levels of saturation are summarized in Table 5 for ~ cussed in Section 2.2.

each normal loading category. The variation is graphically presented
for the normal stress range of 50kPa — 200kPa in Figure 14.

4.2.3 Development of angle of shearing resistance due to suction,
¢°, using tensiometer apparatus
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Figure 15 Variation of apparent cohesion with average matric suc-

Figure 14 Variation of maximum shear strength (at failure) with tion

matric suction for 50kPa — 200kPa of net normal stress
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Residual soils, especially those formed by weathering of meta-
morphic parent rock, are highly heterogeneous. The composition of
the weathered product can change abruptly. Whitish clay formed by
weathering of rocks with high feldspar content was seen at the shear
surface as depicted in Figure 16.

Figure 16 Direct shear specimens after the testing

4.3  Establishment of soil water characteristic curve

Various methods could be used to determine the SWCC as mentioned
in previous sections. SWCCs of intact undisturbed samples deter-
mined using pressure plate apparatus, direct shear data with KU ten-
siometer, method of continuous measurement with KU tensiometer
and grading curves are presented proceeding sections.

4.3.1 SWCC using pressure plate apparatus

Average volumetric water content was determined by obtaining the
weights of all four samples under equilibrium conditions for each
level of matric suction (ua - uw) as shown in Figure 17. As the air entry
value of the porous disc was 500kN/m? the curve could be extended
to 400kN/m? beyond the result achieved with the tensiometer.
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Figure 17 Variation of volumetric water content with matric suc-
tion (SWCC) derived using pressure plate apparatus

4.3.2 SWCC using direct shear data with KU tensiometer

Soil Water Characteristic Curve (SWCC) for the tested soil obtained
by assembling all the data from the direct shear test are presented in
Figure 18.

Volumatric water content, 6,/(%0)
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Figure 18 Variation of volumetric water content with matric suc-
tion (SWCC) using direct shear data with KU tensiometer

4.3.3 SWCC using method of continuous measurement with KU
tensiometer

Besides the function of permeability at different suctions, volumetric
water contents can also be determined from this test and some of the
outputs during drying and wetting paths are given in Figure 19. Then
drying curve is more reliable but wetting curve can be subjected to
experimental errors as discussed in the summary.
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Figure 19 Variation of volumetric water content with matric suc-
tion (SWCC) using method of continuous measurement with KU
tensiometer

4.3.4 SWCC using grading curve

The relationship between volumetric water content and matric suction
from drying method have been used to calculate the empirical model
parameter, o, for each soil type as displayed in Figure 20.

The reasonable best fit of volumetric water content vs. matric suc-
tion plotted from gradation curve is shown in Figure 21 and the com-
parison of SWCCs from various methods discussed is presented in
Figure 22. Detail derivations of this method are given in Vasanthan
(2016).
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4.4  Establishment of permeability function

Permeability functions were developed using drying and wetting
methods.

4.4.1 Drying method

For the determination of permeability by drying method, the top sur-
face of soil sample was left exposed to ambient air, and the soil suc-
tion was monitored continuously at two locations as shown in Figure
4,

Matric suction was measured continuously and graphically pre-
sented in Figure 23. There is not much deviation observed in matric
suction values for top and middle positions of the tensiometers.

Hydraulic conductivity was calculated using the procedure de-
scribed in Section 2.4 and the variation of hydraulic conductivity with
matric suction is graphically presented in Figure 24.
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Figure 24 Variation of hydraulic conductivity with matric suction

4.4.2 Wetting method

For the determination of permeability by wetting method, the top sur-
face of sample is continuously wetted by way of water dripping at a
constant rate from burette as shown in Figure 4.

Other procedures followed were same as in drying method and
matric suction was measured continuously and graphically presented
in Figure 25. Hydraulic conductivity was calculated using the proce-
dure described in Section 2.4 and the variation with matric suction is
graphically presented in Figure 26.

There are little deviations observed in matric suction values for
top and middle positions of the tensiometers.

There were some small peaks at initial stage of wetting path (dry
condition, hence high matric suction). This was due to the non-homo-
geneous infiltration process which depends on crack pattern devel-
oped on the top surface of the soil specimen due to very dry condition
at the top surface. The water diminished through surface cracks en-
countered due to shrinkage during the drying process. This water
filled the pores up to a certain depth of the soil specimen from the top
and that areas appear to be of slightly higher permeability as it has a
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high level of saturation than other areas temporarily until the uniform
infiltration is created throughout the whole depth of the soil specimen.
This results in some temporary peaks in permeability.
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5. SUMMARY AND CONCLUSIONS

Soil characteristics necessary for modelling the infiltration process
were determined in this research. Tests on pressure plate apparatus,
suction monitored permeability tests and suction monitored direct
shear tests were conducted to determine these characteristics.

Four different levels of degree of saturation were obtained by con-
trolled wetting of the samples. Four stress levels were used for each
degree of saturation. Matric suction for a particular degree of satura-
tion level should be within the similar range at the equilibrium stages.
However, in this study, there were some variations which could be
attributed to the non-homogeneity of the soil. The plots, variation of
shear strength with the average matric suction and the variation of the
apparent cohesion with the matric suction, demonstrated similar
trends observed by other researchers.

The soil-water characteristic curves as well as the permeability-
suction function were determined on residual soil for both wetting and
drying paths. A method based on continuous drying and wetting the
soil sample while continuously monitoring the suction gradient and
the change in soil mass was used. The advantage of this method is
that the SWCC and k-function of an undisturbed sample can be de-
termined in the suction range of 0 to 100kPa within a week.

The difference in the wetting SWCCs obtained from various test
methods appear to be greater than that of drying SWCCs. This is be-
lieved to be due to the greater non-linearity of the suction distribution
in the wetting tests. There is nevertheless difficulty in using this tech-
nique for wetting tests due to non-linearity of the matric suction under
non-uniform or variable infiltration which depends on dry density,
structural arrangement of soil particles, mineral composition, crack

pattern developed on the top surface of the soil specimen and soil
type. This method is still not very accurate for wetting path.

The hydraulic gradient “i”” appears to vary nonlinearly with time.
The negative value of “i” suggests upward movement of water or net
evaporation. The drying k-function however appears to be of less
scatter than the wetting, possibly due to the less non-linearity of the
suction distribution during drying test as described previously. The
drying path with continuous technique thus offers a very quick and
simple way for k-function determination of unsaturated soils.

6. FUTURE OUTLOOK

This technique can be now extended to many other important slopes
to obtain a set of curves and parameters corresponding to typical soil
types encountered. Once these characteristics are well established it
would be possible to model the infiltration process and changes in the
pore pressure regime for a given rainfall pattern. Thereafter, stability
analyses could be conducted to establish the variation of the safety
margin during a prolonged rainfall event. With the help of the KU-
tensiometers it is possible to monitor the changes in the pore pressures
in the field from high matric suction values to positive pore water
pressures during any given rainfall event. The data acquired from the
instrumented slope can be compared with the predicted changes from
the modeling process. With such studies the process can be calibrated
and refined. Such a series of studies would help to establish threshold
rainfall intensities for critical slopes.
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