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ABSTRACT

Slope failure in tropical climates frequently occurs due to excessive rainfall. Heavy
infiltration causes destruction of matric suctions, development of perched water
table conditions and rise of ground water table. Severe erosion and surface
destruction will also be caused by the heavy prolonged rainfall. In order to
understand the threshold values of rainfall leading to instability it is necessary to

model this process with a reasonable accuracy.

Sri Lankan residual soil formations are formed by weathering of the metamorphic
parent rock and have inherited significant abrupt variations in engineering
characteristics. Basic characteristics of these soil formations such as soil water
characteristic curves (SWCCs), variation of permeability with water content and
unsaturated shear strength parameters are essential parameters in these analyses.
These characteristics have not been established for typical residual soils forming

slopes in Sri Lanka.

This thesis highlights the need for detailed experimental studies and presents
comprehensive studies that have been conducted at the University of Moratuwa and
National Building Research Organization (NBRO) laboratories to establish the
fundamental characteristics of unsaturated Sri Lankan residual soils. Undisturbed
samples of soil obtained from the failed slope at Welipenna in the Southern

Expressway were used in this study.

Direct shear tests were done by modifying the conventional apparatus by
incorporating a miniature tensiometer which allows for the simple and direct
measurement of soil matric suction during shearing. Soil water characteristic curves
(SWCCs) were also established using these apparatus. Alternatively, pressure plate
apparatus was also used for this purpose. In addition to that, soil water characteristic

curves (SWCCs) were developed from gradation curve also.



Permeability of an unsaturated soil varies considerably with the level of saturation
and will make a very significance influence on the infiltration process. Permeability
function which defines the variation of permeability with matric suction was
investigated on undisturbed samples. The method is based on continuously drying
and wetting the soil sample while continuously monitoring the suction gradient and
the change in soil mass. The thesis highlights the importance of these studies and

presents the procedures that are being used.
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Chapter 1 Introduction

Chapter 1
1.0. INTRODUCTION

1.1. Scope of soil mechanics

Soil mechanics involves an application of principles of mechanics to study the
behavior of soils. Soils are naturally formed material comprising of solids and voids
spaces in between. These voids spaces may be filled water, air or a combination of
the two. Soils can be divided into categories of saturated and unsaturated. Classical
soil mechanics was developed for saturated soils where all the voids are filled with

water where soil is a two phase material.

Subsequently it was realized that the behavior of unsaturated soils cannot be
explained with the principles and concepts of classical, saturated soil mechanics.
Commonly, it is the presence of more than two phases that results in a material that
Is difficult to deal with in engineering practice. The categories of soils are illustrated
in Figure 1.1. A large percentage (more than 30%) of soils present in the earth is
unsaturated (after Fredlund and Rahardjo, 1993) and special attention must be paid
to understand the differences. The differentiation between saturated and unsaturated
soils becomes necessary due to basic differences in their nature and engineering
behavior. An unsaturated soil has more than two phases, and the pore-water pressure
is negative relative to the pore-air pressure. Any soil near the ground surface,
present in a relatively dry environment, will be subjected to negative pore-water

pressures and possible desaturation.

| SOIL MECHANICS

I
I |

SATURATED UNSATURATED
SOIL MECHANICS SOIL” MECHANICS
I | . |
NATURAL, DESICCATED
NATURAL SANDS AND SILTS AND CLAYS COMPACTED
SILTS & CLAYS GRAVELS ¥ TRANSPORTED SOILS SILTS & CLAYS
RESIDUAL SOILS
{ u, GENERALLY _J u, GENERALLY J
20 <0

*may be saturated or dry

Figure 1.1: Categorization of soil mechanics (after Fredlund and Rahardjo, 1993)
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It was recognized lately that the behavior of residual soils is different from that of
classical transported soils. Once again, the primary factor contributing to their
unusual behavior is their negative pore-water pressures. Attempts have been made to

use saturated soil mechanics design procedures on these soils with limited success.

1.2. Unsaturated soil mechanics
Unsaturated Soil Mechanics is the branch of traditional soil mechanics that takes
into account the effects of the pore air phase when quantifying values such as shear

strength, permeability and volume change.

An unsaturated soil is commonly defined as having three phases, namely, 1) solids,
2) water, and 3) air. However, it may be more correct to recognize the existence of a
fourth phase, namely, that of the air-water interface or contractile skin (Fredlund and
Morgenstern, 1977). The presence of even the smallest amount of air renders a soil
unsaturated. A small amount of air, likely occurring as occluded air bubbles, renders
the pore fluid compressible. Generally, it is a larger amount of air which makes the
air phase continuous throughout the soil. At the same time, the pore-air and pore-
water pressures begin to differ significantly, with the result that the principles and

concepts involved differ from those of classical, saturated soil mechanics.

1.3. Role of climate

Climate plays an important role in whether a soil is saturated or unsaturated. Water
is removed from the soil either by evaporation from the ground surface or by
evapotranspiration from a vegetative cover. These processes produce an upward flux
of water out of the soil. On the other hand, rainfall and other forms of precipitation
provide a downward flux into the soil. The difference between these two flux
conditions on a local scale largely dictates the pore-water pressure conditions in the
soil. Year after year, the soil mass is subjected to varying and changing
environmental conditions. These produce changes in the pore-water pressure
distribution, which in turn result in shrinking and swelling of the soil deposit. The
pore- water pressure distribution with depth can take on a wide variety of shapes as

a result of environmental changes.
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Significant areas of the earth's surface are classified as arid zones (Figure 1.2). The

annual evaporation from the ground surface in these regions exceeds the annual
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Figure 1.2: The climatic classification of the extremely arid, arid and semi-arid areas
of the world (from Megis, 1953 and Dregne, 1976)

Arid and semi-arid areas usually have a deep ground water table. Soils located above
the water table have negative pore-water pressures. The soils are de-saturated due to
the excessive evaporation and evapotranspiration. Climatic changes highly influence
the water content of the soil in the proximity of the ground surface. Upon wetting,
the pore-water pressures increase, tending toward positive values. As a result,
changes occur in the volume and shear strength of the soil. Some soils exhibit
extreme swelling or expansion when wetted. Other soils are known for their
significant loss of shear strength upon wetting. Changes in the negative pore-water
pressures associated with heavy rainfalls are the cause of numerous slope failures.
Reductions in the bearing capacity and resilient modulus of soils are also associated
with increases in the pore water pressures. These phenomena indicate the important
role that negative pore water pressures play in controlling the mechanical behavior

of unsaturated soils.
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1.4. Unsaturated soil in nature and practice

1.4.1. Unsaturated soil in hydrologic cycle

Figure 1.3 shows a schematic diagram of the unsaturated soil environment and its
role in the natural hydrologic cycle. The steady-state position of the water table is
controlled by the general topography of the system, the soil properties, and the
balance achieved among the natural mechanisms that act to either add or remove
water to or from the subsurface. The scale of the corresponding hydrologic cycle
could be either local or regional, extending from as small as a local engineering
work site to as large as the continental of global scale. Globally, the amount of water
in the unsaturated zone located between the water table and the ground surface
represents only a small portion of the total water involved in the hydrologic cycle
(less than 0.01%). However, because the unsaturated zone forms the necessary
transition between the atmosphere and larger groundwater aquifers at depth, the
movement of water within this small portion of the cycle is indeed significant.

Precipitation Evaporation

P i Transpiration ?

; % Infiltration ?

Evaporation

Figure 1.3: Role of the unsaturated zone in the natural hydrologic cycle (Lu, N. and
Likos, W.J., 2004)

A schematic representation of the hydraulic regime near the ground surface in a
typical slope made of residual soil is presented in Figure 1.4.
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Figure 1.4: Hydraulic regime of the unsaturated zone.

1.5. Effect of negative pore water pressure on unsaturated soils in Sri Lanka

Two-thirds of Sri Lankan land area is covered with residual soils. Landslides in Sri
Lanka and in many other tropical countries are triggered by excessive rainfall. Rain
induced failures in slopes made of residual soils are a major geotechnical hazard in
Sri Lanka. These soils which are formed by the in-situ weathering of the
metamorphic parent rock are characterized by the heterogeneous nature inherited
from the difference in its mineralogy and the process of variable weathering under
tropical conditions. Safety margins of these slopes are high during the periods of dry
weather due the prevailing matric suctions. As such, very steep and high slopes
could be seen standing safe. The infiltration of rainwater destroys the matric suction
and cause the rise of ground water table as rainfall prolongs. The destruction of the
matric suction commences at the surface and the wetting front progresses
downwards as rainfall continues. The water infiltrated downward will cause a rise of
the level of the ground water table. Towards the toe of the slope the infiltration
would cause much greater destruction in matric suction profile with a rainfall of
heavier intensity perched water table conditions could develop at surface level.

Those changes would trigger failures in the slopes.

Further, the systems of joints in the parent rock remain as zones of weakness and
high permeability in the residual soil formed. They are termed as relict joints and
induce significant complications in the behaviour of these slopes. Therefore, special
attention should be paid in the modelling process when handling unsaturated soils

with relict joints.
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Further, the zones of contrasting permeability are formed due to heterogeneous
nature of the residual soil formed by the weathering of parent metamorphic rock.
(Kulathilaka and Sujeevan, 2011). During the process of infiltration high pore water

pressures are built up at these boundaries.

Many researchers in the region have studied the effects of rainfall on the pore
pressure regime by both analytical and experimental approaches. Rahardjo et al.,
(2000), studied the process through an instrumented slope at the Nanyang
Technological University in Singapore. Similar studies were done by Jotisankasa et
al., (2008) in Thailand.

Such detail studies were not done for local soils and, it is now necessary to establish
the data on basic characteristics such as; matric suction profiles, soil water
characteristic curves and response of the pore pressure regime to rainfall in natural

slopes of Sri Lanka.

1.6. Unsaturated soil properties

Unlike tests in traditional soil mechanics tests that directly measure unsaturated soil
properties are not as easily accessible and are often extremely labour intensive. One
tool that has made the analysis of unsaturated soil data simpler and more practical is
the soil water characteristic curve. This plot of gravimetric water content, volumetric
water content, or degree of saturation versus suction (matric or total) indirectly
allows for the determination of unsaturated soil properties that can be used to
determine the shear strength, permeability, and volume change of material. There
are several methods available to determine the unsaturated soil properties. Methods
include the direct determination of soil properties through experimental procedures,
matching material properties to those available in databases, and through the use of
the soil water characteristic curve (SWCC). Figure 1.5 depicts a comprehensive list
of methods and techniques available to determine these properties.
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Figure 1.5: Methods for determining unsaturated soil properties (after Fredlund and
Rahardjo, 1993)

1.6.1. Soil water characteristic curve (SWCC)

The soil water characteristic curve, originally developed in the agriculture science
field, is a plot that represents the water storage capacity of a specific material
(Fredlund and Rahardjo, 1993). The majority of soil water characteristic curve data
generated using volumetric pressure plate extractors has been developed for material
in its natural state. There has been very limited data generated that takes into
account the effects of overburden pressure on the shape and air entry value (suction
required to cause the largest pores to de-saturate) of the soil water characteristic

curve.
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Soil water characteristic curves are commonly reported as matric suction vs. degree
of saturation, gravimetric water content and/or volumetric water content. There has
recently been a comparison of the way in which the curve should be represented and
the associated benefits and detractions of each (Fredlund, 2006). One explanation of
the popularity of the use of the gravimetric water content when representing the soil
water characteristic is due to its common usage in traditional soil mechanics. Its
measurement requires the knowledge of the mass of the soil solids, which remains

constant throughout the duration of the test.

A major problem associated with the use of the gravimetric water content is that it
does not give the correct air entry value of the soil when the soil undergoes volume

change during the drying phase (Fredlund, 2006).

Use of the volumetric water content to show the relationship between the matric
suction and the water storage capacity of a material has been the most popular
means by which to display the curve within the soil science discipline. The
volumetric water content is the most common water content used in soil databases,
that derive their results from studies conducted in the soil science discipline. From
an analysis view, it allows for a quick interpretation of the change in volume of a
material during testing. Use of the volumetric water content eliminates the need for

taking continual mass readings to determine the gravimetric water content.

Soil water characteristic curve (SWCC) defining the variation of matric suction with
volumetric water content (Figure 1.6) and Permeability function defining the
variation of permeability with the matric suction are essential characteristics to be
used in the modeling of the infiltration process. An idealized soil water
characteristic curve (SWCC) shows two characteristic points A* and B*. Point A*
corresponds to the air-entry value ((us-Uw)p), and B* corresponds to the residual
water content (6,). As shown in Figure 1.6, prior to A*, the soil is saturated or nearly
saturated, so it can be treated as a saturated. Beyond B*, there is little water in the
soil, so the effects of water content or negative pore-water pressure on soil

behaviour may be negligible.
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What is of great concern in an unsaturated soils is the stage between A* and B*, 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.
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Figure 1.6: An idealized soil water characteristic curve
1.7. Thesis objectives
The objective of this thesis is the establishment of basic characteristics of a selected
unsaturated Sri Lankan residual soil. In achieving this objective an experimental
program was designed to generate the soil water characteristic curves using pressure
plate apparatus and tensiometer to be compared with empirical predictions done
with grading curves. Experimental procedures were also established to determine the
variation of the permeability of the unsaturated soil with the water content. Methods
were also developed to determine the shear strength characteristics of unsaturated
soils modifying direct shear apparatus by incorporating a miniature tensiometer

which allows for the simple and direct measurement of suction during shearing.

Above characteristics had not been established so far for typical residual soils
forming slopes in Sri Lanka. Undisturbed samples of soil obtained from the failed

slope at Welipenna in the Southern Expressway were used in this study.

Establishment of these fundamental soil properties will enable accurate modelling of
the infiltration procedure, which would enable identification of threshold values of

rainfall intensity and duration that would lead to failure.
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1.8. Thesis Outline

Chapter 2 of the thesis reviews the available literature on the numerical modeling
of infiltration of water in an unsaturated soil and highlights the need for detailed
studies to obtain the unsaturated soil characteristics. Processes adopted by other
researchers in this context are also presented in Chapter 2.

The bulk of the work in this study is the development of experimental procedure to
determine the shear strength function, permeability function and the soil water
characteristic curve (SWCC). Numerous works done in this context are presented in
different chapters of the thesis.

Chapter 3 presents the geology of the research area and preliminary experimental
studies which covers undisturbed sample collection, index property tests, 1-D
consolidation test and fully saturated permeability tests.

Chapter 4 presents the development of soil water characteristic curves (SWCCs)

using 5-bar pressure plate apparatus for both types of soils encountered at the site.

Chapter 5 elaborates several direct shear tests conducted on SILTY SAND before
acquiring the tensiometer and on SANDY SILT with matric suction measurement
using the tensiometer for different levels of saturation and different normal loading

conditions.

Chapter 6 presents the development of permeability function for drying and wetting
paths for both type of soils encountered at the site using the method of continuous
measurements of weight of the sample with time while measuring the matric

suction.
Chapter 7 provides details on the development of soil water characteristic curves

(SWCCs) with different techniques such as using pressure plate apparatus, direct

shear tests with matric suction measurement, permeability function tests.

10
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Experimentally determined curves are compared with the curves deduced from
gradation curves.

Chapter 8 summarizes the findings and makes suggestions for the further progress
in this research area.

11
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Chapter 2
2.0. LITERATURE REVIEW

2.1. Phases of soil
Saturated soil is a two phase system, namely solid and water, whereas unsaturated

soil with continuous air phase is a four phase system. The four phases are:

e Solid

e Water

o Air

e Contractile skin

Figure 2.1 shows a typical unsaturated soil mass with contractile skin. The most
distinctive property of the air-water interface (i.e., contractile skin) is its ability to
exert a tensile pull. It behaves like an elastic membrane under tension interwoven
throughout the soil structure. This property is called surface tension. The
phenomenon of surface tension results from the intermolecular forces acting on
molecules in the contractile skin. This results in an increased compression of the soil

structure and as a result increases the shear strength of the soil.

Water

Air

Contractile skin
Figure 2.1: Four phases of unsaturated soils

In the unsaturated zone pore-water pressure is negative relative to the pore-air
pressure. The difference between pore-air pressure and pore-water pressure is
defined as matric suction or capillary pressure. The Figure 2.1 depicts the presence

of phases in soil structure. In a fully saturated soil the void spaces are fully occupied

12
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by water where as in an unsaturated or dry soils voids are partially or fully filled
with air. Therefore, it is evident that when dealing with unsaturated soils it is a must
to study about different behaviour of all the three phases and how they interact and

interrelated with each other.

2.1.1. Capillarity action

Spreading of liquids on solid surfaces, liquid rising in capillaries or liquids
entrapped in crevices are different phenomenon that a liquid undergoes when it
combines with solid structure. The phenomenon of capillarity in a pores medium is

due to two forces:

» Liquid adhesion to soil surface - tends to spread the liquid
» Cohesive surface tension force of liquid - tends to reduce the liquid-air

interface

2.1.2. Capillarity in Soils

Soil is a heterogeneous material consists of pores of different geometries. This
complex nature makes different combinations of interfaces, interstices, capillaries
and wedges in which the water is retained. Water retains in these interstices
depending on the amount of capillary forces that exert on the particles. Also water
molecules are adsorbed to solid surfaces by considerable forces. Certain models
have been developed to visualize this scenario. “Bundle of Capillaries” is such
conceptual model that has been developed to visualize and study about this. In this
case the pore spaces are equalized to cylindrical capillaries as shown in Figure 2.2
which make it easier to assign certain parameters for studying and analyzing

purposes.

Figure 2.2: Idealization of soil pores as cylindrical capillaries

13
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2.2. What is meant by matric suction....?

The phenomenon of surface tension is governed by the forces acting on the
molecules of air-water interface. Because of the surface tension the water molecules
in the air-water interface or the contractile skin experience an unbalanced force
towards the water body. Therefore, a tensile pull is developed along this contractile
skin in order to make it equilibrium. Owing to this tensile pull the contractile skin

acts like a curved membrane.

Generally in soils, soil particles which have an origin of silica, more likely to adsorb
water molecules rather than air. Therefore the air molecules, which are totally
encompassed or surrounded by water, are compressed and experience a relatively
high pressure than the water molecules. Therefore the contractile skin is always
subjected to an air pressure of u,, which is greater than the water pressure uy. This
pressure difference exists in soils due to the presence of liquid and gas phases, is

called Matric Suction.

Teoose  Tcoosa

Tsineg

Walls of =
capillary

Figure 2.3: Forces due to suction, acting on different surfaces

The Figure 2.3 shows the components of surface tension, Ts and how they act on

each surface.

Pressure difference between contractile skin, i.e., Matric suction,

Ua - UW = 2TS/RS [2 1]

14
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Where the radius of curvature, R can be considered analogous to the pore radius, r;
in a soil by assuming a zero contact angle (i.e., 6 = 0). As the pore radius gets

smaller, the matric suction in the soil gets larger. Therefore, it can be written as;

Ua - UW = 2T5/r| [2.2]

2.3. Matric suction why it is important?

Matric suction results in giving an additional strength to the soil structure. The
compressive force exerts on the soil particles in the walls of interconnected pores
(which behave as the capillary tube) produce this additional strength which is

capable of enhancing the stability of the soil structure.

This additional strength is quite significant especially in slopes as it withstands for
that additional amount of resistance required to keep the slope stable. The available
literature suggests that the fluctuations of matric suction have a direct impact on
shallow seated slips which are encountered relatively above the ground water table.
This is due to the fact that infiltration of water into the slope once the rainy season
starts results in saturating the areas above the water table (Perched water table).

During this process, so called menisci water (accumulated in pore spaces) becomes
bulk water which entirely occupies the pore volume. So, it is evident that due to this
infiltration the meniscus bursts and results in diminishing the compressive force
exerted on soil particles. This decrease in matric suction leads the slope to a critical
point where it could not further resist the movement. This is the governing factor of

majority of shallow seated landslides.

In addition to slope studies. Most of the engineered constructions are carried out on
unsaturated soils. Therefore, it is of importance to have an idea about the amount of
shear strength given to the soil by suction when it comes to construction purposes.
Also the design engineers should have an idea about how the infiltration of water

changes this strength.

15



Chapter 2 Literature review

2.4. Stress state variables

The mechanical behavior of a soil (i.e., the volume change and shear strength
behavior) can be described in terms of the state of stress in the soil. The state of
stress in a soil consists of certain combinations of stress variables that can be
referred to as stress state variables. Three independent sets of normal stresses (i.e.,
surface tractions) are involved with the equilibrium equation for the soil structure.
These are net normal stress (o - U,), matric suction (u, - Uy) and pore-air pressure Us,
which govern the equilibrium of the soil structure and the contractile skin. The
components of these variables are physically measurable quantities. The (o - uy) and
(ua - uy) are referred to as the two independent stress state variables for an
unsaturated soil. More specifically, these are the surface tractions controlling the
equilibrium of the soil structure and the contractile skin (Fredlund and Rahardjo,
1993).

Similar stress state variables can also be extracted from the soil structure equilibrium
equations for the x-, y-, and z- directions. The complete form of the stress state for
an unsaturated soil can therefore be written as two independent stress tensors as
shown in Equation [2.3] and Equation [2.4] (Fredlund and Rahardjo, 1993).

(0x — Uq) Tyx Tox
Tuy (0 — ua) Tuy [2.3]
Txz Tyz (07 — Uq)
(ug —uy) 0 0
0 (ug —uy) 0 [2.4]
0 0 (ug — uy)

16
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Above tensors cannot be combined into one matrix since the stress variables have
different soil properties (i.e., porosities) outside the partial differential terms. The
porosity terms are soil properties that should not be included in the description of the
stress state of a soil. Figure 2.4 illustrates the two independent tensors acting at a

point in an unsaturated soil.

GZ_U.
X
Zy'
b4 Tz
_<—
T‘y O'X—U. U.—Uw

Figure 2.4: The stress state variables for an unsaturated soil (Fredlund and Rahardjo,
1993)

In the case of compressible soil particles or pore fluid, an additional stress tensor, u,,
must be used to describe the stress tensor as shown in Equation [2.5] (Fredlund and
Rahardjo, 1993).

Uy 0 0
0 Ug 0 [2.5]
0 0 U,

As an unsaturated soil approaches saturation, degree of saturation, S;, approaches
100%. The pore air pressure, U, approaches the pore water pressure, uy,, and the
matric suction term, (U, - Uy), tends to zero. Only the first stress tensor is retained for
a saturated soil when considering this special case. It can be illustrated as shown in
the Equation [2.6] (Fredlund and Rahardjo, 1993).

17
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(0x — uy) Tyx Tzx
Txy (Gy - uw) Tzy [2-6]
Txz Tyz (GZ Uy)

2.5. Shear strength theory
The difference between performing slope stability analyses on saturated and

unsaturated soils lies in the equation used to define the shear strength.

2.5.1. Saturated shear strength

The shear strength of saturated soil is controlled by one stress state variable, namely,
the effective stress, (o, - Uy). The corresponding Mohr-Coulomb failure envelope is
a straight line defined by an intercept, ¢’ (i.e., effective cohesion) and a slope, tan¢’
(i.e., tangent of the effective angle of internal friction) as shown in Figure 2.5. The

saturated shear strength equation is presented in Equation [2.7],

T=C"+ (on- uy) tand’ [2.7]

Where, o, = Total normal stress on the slip surface

uyw = Pore water pressure in the soil

¢’ (Effective angle
of internal friction)

Shear strength, ©

\’

¢’ (Effective cohesion)

7
/[\ Effective normal stress, o,

Figure 2.5: Mohr-Coulomb failure envelope for a saturated soil
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2.5.2. Unsaturated soil with a planar modified Mohr-Coulomb envelope

The relationship between soil and the shear strength of an unsaturated soil is referred
to as the shear strength function. This relationship can be satisfactory predicated for
many engineering problems through the use of the saturated shear strength

parameters and the soil water characteristic curve.

The laboratory measurement of the shear strength of a soil versus soil suction can be
performed using either a modified triaxial apparatus or a modified direct shear
apparatus. In each case, the equipment must be modified to allow for the

independent measurements (or control) of the pore-air and pore-water pressures.

It has been found that the shear strength relationship involving suction can be either
linear or non-linear. In general, it is possible to linearize the non- linear shear

strength versus suction relationship over a selected range of soil suctions.

An unsaturated soil requires two independent stress state variables which must be
given consideration in defining the failure envelope. The Mohr-Coulomb type
formulation for a saturated soil has been extended to a formulation for unsaturated
soils by Fredlund et al., (1978). In so doing, two dimensional failure surface was
prescribed for an unsaturated soil (Figure 2.6). If the surface is assumed to be planar,

the equation for the unsaturated shear strength can be written as follows,
T= C' + (Gn = Ua) tand)' + (Ua' UW)tan¢b [28]

Where,

®° = The slope of the shear strength versus matric suction, (U, - Uy), relationship
when (on - Uy) is held constant.

U, = Pore air pressure in the soil which in many cases will be, equal to atmospheric

conditions.
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Figure 2.6: Planar modified Mohr-Coulomb failure envelope as a planar surface for
an unsaturated soil (after Fredlund and Rahardjo, 1993)

The effective angle of internal friction is assumed to be the same for all suction

values. In other words, the planar surface has no “warp”.

2.5.3. Unsaturated soil with a curved matric suction envelope

As unsaturated soils have been tested over an increasingly larger range of suction
values, it was found that failure envelope with respect to suction is non-linear and
several researchers have published data which clearly shows the non-linearity. One
example is presented in Figure 2.7 for the laboratory data on a compacted glacial till
by Gan et al., (1988) and Madrid clayey sand for different net normal stress by
Escario and Juca, (1989).

At low suctions, a change in the negative pore-water pressure produces the same
change in shear strength as a total stress (under drained conditions), as long as the
soil remains saturated. The d)b angle corresponding to suctions below the air-entry
value of the soil is equal to ¢'. As the soil de-saturates, the ¢° angle decreases

because water no longer covers the entire void space on the failure plane.
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Figure 2.7: Shear strength versus matric suction (a) for a compacted glacial till with
a net normal stress 72.2kPa (modified after Gan et al. (1988)), (b) for different net-
normal stress 120kPa & 600kPa (modified after Escario and Juca (1989))

After several researches conducted by Gan et al. (1988) and Escario & Juca (1989),
it has been proved that shear strength versus soil suction relationship over a selected
range of soil suctions is non- linear (Fredlund and Rahardjo, 1993) as shown in

Figure 2.8.
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Figure 2.8: Non-linear shear strength envelope for an unsaturated soil (after
Fredlund and Rahardjo, 1993)
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When non-linear shear strength versus matric suction relationship is incorporated
into the Mohr-Coulomb failure envelope, a warped surface is obtained as shown in
Figure 2.9. It is assumed that the non-linearity in the matric suction direction is the
same at all net normal stresses. This may not be rigorously correct but represents a

first approximation of the non-linearity with respect to matric suction.

Net normai stress, (o - u,)

Figure 2.9: Non-planar modified Mohr-Coulomb failure envelope with respect to
matric suction for an unsaturated soil (after Fredlund and Rahardjo, 1993)

Some other researchers such as Vanapalli et al., (1996) on model for the prediction
of shear strength with respect to soil suction and Jotisankasa et al., (2010) on
decomposed granite (SM) mixed with different percentages of kaolin at normal
stress of 15.5kPa as shown in Figure 2.10 also proved that the failure envelope with
respect to soil suction is non-linear.
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Figure 2.10: Shear strength versus matric suction for decomposed granite (SM)
mixed with different percentages of kaolin at normal stress of 15.5kPa (after
Jotisankasa et al., (2010))

2.6. Measurement of matric suction

Matric suction can be evaluated either in a direct or indirect manner. The negative
pore-water pressure is measured using direct methods. The pore air pressure, which
is generally atmospheric in the field, minus the negative pore water pressure gives

the matric suction.

High air entry ceramic disks are used for direct measurements of negative pore-
water pressures. There are varieties of methods for direct measurement of matric
suction such as axis-translation, tensiometer, pressure plate apparatus, filter paper,
chilled-mirror hygrometer etc., and for indirect measurement of matric suction such

as thermal conductivity sensor could be used.

In this research project two direct methods of matric suction measurements namely;
pressure plate apparatus and tensiometer were used. Soil water characteristic curves

(SWCCs) were also derived indirectly using the grain size distribution curve.

2.7. Soil water characteristic curve (SWCC)
The soil water characteristic curve (SWCC) for a soil is defined as the relationship
between water content and suction for the soil. The water content defines the amount

of water contained within the pores of the soil. The suction may be either the matric
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suction of the soil or total suction (i.e., matric + osmotic suction). This curve can be
used to estimate various parameters required to describe unsaturated soil behavior.
Laboratory studies have shown that there is a relationship between the soil water
characteristic curve for a particular soil and the properties of the unsaturated soil
(Fredlund and Rajhardjo, 1993). Some of those properties are hydraulic
conductivity, shear strength, unfrozen water content, specific heat, thermal

conductivity, water storage, diffusion and adsorption.

Soil water characteristic curve (SWCC) is the basic property which describes the
retention of water under equilibrium conditions at a given matric potential. It is
mainly related to the pore size and connectivity of pore spaces. Therefore, soil

texture and structure have a considerable impact on soil water characteristics.

Soil water characteristic curve (SWCC) is the basic function which facilitates further
analysis of advance issues related to soil such as shear strength, seepage and volume
change problems (Barbour, 1998; Fredlund, 2000). It is the center or base of the
engineering behaviours of an unsaturated soil. The soil water characteristic curve
(SWCC) provides a means of relating the fundamental soil properties to each other

and controlling the state at which each engineering behaviour calculated.

To quantify the amount of water in soil, several terms have been used,
» Gravimetric water content
» Volumetric water content
» Degree of saturation

» Volume of water referred to original volume of the specimen.

Gravimetric water content is more preferably used by engineers whereas volumetric
water content is a more popular term amongst soil scientists and people who are
involving in agricultural field. The use of correct term for analysing depends on the
fact that amount of deformation or the volume change that soils undergo during the
test. Initial conditions of the sample, stress history of the soil (a slurried clay would

show a greater deformation whereas a compacted clay would have a lower degree of
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deformability. Meanwhile sand or gravel materials act non-deformable.), method of
collecting the sample have a direct impact on the methods to be used for testing and
interpreting the results. Therefore all the soil water characteristic curves are placed

under one of the following categories (Fredlund, 2002).

» Compacted

» Undisturbed

» Slurried
The matric suction of a soil corresponding to a given water content is not unique. It
depends on the history of wetting and drying of the soil. Because a considered soil
may have undergone these processes for prolong time periods. Therefore, the soil

water characteristic curve for a considered soil is not unique.

During the drying process larger pores drain initially but during the wetting process
smaller pores are initially occupied by water. Generally, Menisci radius of the
wetting path is greater than that of the drying path which results in reducing the
suction for a given water content. In the wetting process 100% of saturation is harder
to achieve because of the entrapped air bubbles. It takes a considerable amount of
time to remove the entrapped air bubbles present in the small pore spaces of the soil

structure.

This is important for modeling more than one aspect of soil behaviour in a single
analysis. The soil water characteristic curve (SWCC) contains three important pieces
of information: pore size distribution, amount of water contained in the pores at any
suction and the stress state of the soil and soil water. The soil water characteristic
curve (SWCC) has three stages as shown in Figure 2.11 which describe the process
of desaturation of a soil (i.e., increasing suction). These are outlined in proceeding
sections (Fredlund and Rahardjo, 1993).

2.7.1. The capillary saturation zone (boundary effect zone)
The pore-water is in tension but the soil remains saturated due to capillary forces.
This stage ends at the air entry value, where the applied suction overcomes the

capillary water forces in the soil and air enters the soil pores.
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2.7.2. The desaturation zone (transition zone)
The water is displaced by air within the pores. Liquid water drains from the pores
and is displaced by air. This stage ends at the residual water content, where pore

water becomes occluded and the permeability is greatly reduced.

2.7.3. The residual saturation zone (residual zone)

The water is firmly adsorbed onto the soil particles and flow occurs in the form of
vapour. In this stage the term suction loses its physical significance. Instead it can be
regarded as a term for energy required to withdraw a unit of water from a mass soil.
This stage is terminated at oven dryness. When the soil is heated to 105°C,
corresponding to a suction of approximately 1*10° kPa, and is assumed to have zero
water content. This point is a benchmark for all soils; any water not driven off is
chemically bonded to the soil and is not important with respect to the engineering

behaviour.
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Figure 2.11: Typical soil water characteristic curves for desorption and adsorption
for unsaturated soils (after Fredlund and Rahardjo, 1993)

2.7.4. Air-entry value
This is the point at which air starts to enter the soil, i.e. the air starts to enter the

largest pore of the soil.
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2.7.5. Residual water content
The water content of where a larger suction is required to remove the additional

water.

Soil water characteristic curve (SWCC) does not suggest any idea about the current
state of the residual soil, i.e., by looking at the soil water characteristic curve
(SWCC) measurements one could not get exact idea about whether the soil is
experiencing the wetting state, drying state or somewhere in between these two
bounding curves. This shows the hysteretic nature of the soil water characteristic
curve (SWCC) which indicates that it is not a single valued unique relationship of

soil water behaviour.

2.7.6. The inflection point
This is the point at which the bounding curves (Desorption-drying and Adsorption-
wetting curves) have a maximum slope when it is drawn in the log scale. This point

can be used to measure the lateral shift between the wetting and drying curves.

When determining the in-situ suction conditions of a soil it is better to use drying
curve as it gives the maximum possible suction corresponding to a given water
content. Further, the approximations can be made on the wetting curve using the
magnitude of the lateral shift at the inflection point. But sometimes this approach
may depend on the purpose of study. Because when it comes to slope stability
analysis and other landslide related issues sometimes it is necessary to study the
wetting path as these problems are related to adsorption of water rather than

desorption.

2.7.7. The hysteresis of two curves
The available literature on soil water characteristic curve (SWCC) and unsaturated
soil studies accounts for this hysteresis nature of drying and wetting curves.

»  The contact angle for wetting is larger than that of drying.
»  The presence of entrapped air bubbles during soil wetting

»  “ink-bottle” effect of soil pores
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The larger contact angle of soil-water interface during wetting path, results in
reducing the suction at that particular degree of saturation as the value of cosine
value of the contact angle decreases with increasing contact angles. The entrapped
air bubbles which are present as a result of the ink-bottle effect causing from non-
uniformity in shape and sizes of interconnected pores, eventually dissolve with
water. This ultimately results in producing a lower suction during wetting path,
when compared to drying at a particular degree of saturation of the soil. Therefore,
the reasons for the leftward shift of the wetting curve can be reasoned out with these

facts.

2.8. Modelling of soil water characteristics curve (SWCC)

Several attempts have been made over the years to give an appropriate mathematical
representation to soil water characteristic curves (SWCCSs). The most difficult aspect
of this curve fitting criteria is to define parameters that are independently related to
well define features of the shape of the soil water characteristic curves. (Gitirana &
Fredlund, 2004).
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Figure 2.12: Conceptual soil water characteristic curves (SWCCs) of different soil
types (after Fredlund and Rahardjo, 1993)

Figure 2.12 shows the different soil water characteristic curves (SWCCs) of various
soil types. The curves (a) and (b) are related to sandy and silty soils respectively.
These curves have distinctive bending points with respect to air entry value suction
and residual suction. Curve (c) represents soil water characteristic curve (SWCC) of

clayey soils where the suction value related to the residual moisture content cannot
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always be visually identified. This suggests that in clayey soils capillarity is not the
only dominant factor governing the soil water behaviour but there is a considerable

impact from adsorptive forces.
2.9. Establishment of soil water characteristic curve (SWCC)

2.9.1. Using KU tensiometer

Jotisankasa et al., (2010) developed a miniature tensiometer consisting of micro
electro mechanical system (MEMSs) pressure sensor, 1Bar High-Air-Entry porous
ceramic and transparent acrylic tube at the Kasetsart University (KU) (Figure 2.13 &
Figure 2.14). 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 different parts of the device in a

water-filled reservoir using a vacuum pump, as described in details by Jotisankasa,
(2010).

Figure 2.13: Miniature KU tensiometer sensor
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Figure 2.14: KU tensiometer and its incorporation in direct shear box (modified
from Jotisankasa and Mairaing, 2010)

29



Chapter 2 Literature review

KU T1 & T2 tensiometers were used for laboratory usage only, KU T3 was used for
both laboratory and field purposes and KU T4 was used mainly for field practice.
They are designed to measure pore water pressure ranging from -100kPa
(suction/tension) to 600kPa (piezometric potential/water level). The device can thus
be considered to function as both tensiometer and piezometer. Once the soil gets too
dry and suction exceeds 100kPa (pressure below -100kPa), bubbles will gradually
form within the water reservoir of the tensiometer. Over prolonged period, the
tensiometer will be empty of water. After water refilling, the device will function
again. The pressure transducer used in the tensiometer is for absolute pressure
measurement (absolute pressure = gauge pressure + 1 atm). Therefore, it is
important to take note of zero atmospheric reading before and after measurement,
and, if required, to apply correction from barometric reading. For this purpose,
another dry tensiometer (without the acrylic tube) can be used as a barometer. The
matric suction was calculated using the equation [2.9],

Matric suction, s = (Ua - Uy) = (-Uw) = (Vo - VY)/ sensitivity [2.9]

Where,

Vo is zero atmospheric voltage reading, or reading when tensiometer is submerged at
water surface. (The value of zero voltage should be around 0.850 +0.05, depending
on the barometric pressure)

V. is current voltage reading for any suction/pressure, (conveniently spot read from
multi-meter)

Sensitivity is a constant (Volt/kPa) for each tensiometer, as provided in the
calibration sheet, carried out by Geotechnical Innovation Laboratory (GIL),
Kasetsart University.

Typical applications of the tensiometers KU T1/T2/T3/T4 are as follows:
*Point wise measurement of pore water pressure/suction
*Soil column studies for infiltration and evaporation process
*Soil water characteristic curve (SWCC - water content-suction) determination

*Watering scheduling for pot plants, pot experiments, and irrigation system
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*Determination of capillary rise and vadose zone water movement

*Spot readings with the ATT hand-held unit

*Continuous with data loggers

*Monitoring of pore water pressure or ground water level in slope for landslide
warning system

*Geotechnical engineering works such as vacuum consolidation, dam

engineering, road embankment construction, and excavation.

The shear strength of an unsaturated soil can also be expressed as;

T=c"t (6 — uy) tan¢'+ ° [2.10]

Where,

c' = Effective cohesion intercept

o6 = Normal total stress

U, = Pore air pressure (for atmospheric pressure, u, equals zero)
¢' = The effective angle of shearing resistance

¢’ = The additional cohesion in unsaturated soil due to matric suction
The value of ¢’ can be determined as follows:;
¥ = (U~ Uw)tand® | if U< Uy [2.11]

Where,
uy = Pore water pressure,

° = Angle of shearing resistance due to suction

Jotisankasa & Mairaing (2010) studied the relationship between c¢® and suction of
residual soils from landslide areas using the suction-monitored direct shear test
presented in Figure 2.14. Only minor modification was made to the top cap of
conventional direct shear box, whereby the tensiometer is inserted through an orifice

of the top cap