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CHAPTER1
INTRODUCTION

1.1 Background of the study

A problematic collapsible soil in the form of Loess is abundant in the North-
Eastern part of Thailand as illustrated in Figure 1.1. It has been known to possess
remarkable strength in its natural state but rapid collapse is experienced when
imbibition in the soil occurs (Phien-wej et.al, 1992). To better illustrate the series,
unsaturated soil mechanics was called upon to assess the strength behavior of the soil
in terms of the change in soil suction corresponding a change in volumetric water

content.

SOUTH
CHINA SEA

Figure 1.1: Deposit of Loess in Thailand (Phien-wej, 1992)

Studies in the past two decades have been dedicated to be able to better grasp

the behavior of this soil with the use of soil-water characteristic curve or SWCC,



which is a non-linear relationship of the water content and suction. Further analysis
may be derived from this relationship such as hydraulic conductivity, water storage
functions and shear strength. Although it has proven essential to the implementation
of unsaturated soil mechanics in the context of geotechnical engineering (Fredlund,

2000), careful consideration must be made.

1.2 Objectives

The primary objective of the study is to conduct an experimental research of
unsaturated soil and analyze its subsequent relationship with regards to matric suction,
volumetric water content and shear strength. This will be accomplished by performing
unsaturated triaxial testing.

In order to describe the behavior of the soil and establish a simple and better
understanding of the concept, the unsaturated shear strength parameters will be

analyzed with the aid of statistics.

1.3 Scope of the study

The study limits itself to the following criteria:

1. The unsaturated triaxial testing was performed on undisturbed samples from
Khon Kaen soil, obtained from the North-East of Thailand.

2. The test procedures and results are also limited to the capabilities of
unsaturated triaxial system.

3. The effect of temperature of the soil particles, air and water in the soil matrix
are considered irrelevant to the suction.

4. SWCC was modelled on two mathematical models which are: Van Genuchten

(1980) and Fredlund & Xing (1994).



1.4 Assumptions

The following assumptions should be considered:

1.
2.

Soil specimen is assumed to be undisturbed during the time of sampling.

No evaporation or addition of water content occurred during the sampling and
transportation of the specimen from the site to the laboratory.

All testing equipment is properly calibrated at the time of experimentation.
The pore pressures and stress distributions are equal throughout the specimen.

All gathered data from literature are correct and unbiased.



CHAPTERII
LITERATURE REVIEW

In this chapter, knowledge related to unsaturated soil mechanics are introduced
to give some general overview of the analysis. Then, the different testing methods to

obtain the SWCC are discussed and finally statistical analysis is presented.

2.1 Unsaturated Soil Mechanics

SEEPAGE
V= (g -ty) S0

SHEAR

VOLUME

STRENGTH UNSAgg]HATED CHANGE
L
T =+ (Op-Ug) tang'+ de = a,d(0- Ug) +
(ua-uy)tang® a,d( ug - uw)

Av4 Water Table

Tt =c¢"+(g,-uy) tang’ de=a,d(c- uy)

V=kw§—]y1—

SATURATED SOIL

Figure 2.1: Categorization of soil mechanics based on engineering applications
(Fredlund, 1996)

Pioneers of unsaturated soil mechanics called upon that certain geotechnical
engineering problems may be analyzed with more knowledge and understanding of
the unsaturated soil behavior. Identification of the primary needs and difficulties in
the disciple which needs to be addressed were stated as follows (Fredlund and
Rajardo, 1993):

a. Negative pore-water pressure measurement which may either be direct or

indirect.

b. Integration of SWCC information. It is important to collect data for diverse

kinds of soils.



c. Simplification of formulas for distinct and various unsaturated soil
problems.

d. Documentation of case histories involving unsaturated soil behavior.

Mairaing et. al (2011) called upon pertinent application of suitable technology
for unsaturated soil mechanics such as rainfall-induced landslide, dam engineering
and other volume change problems in Thailand. The paper called upon further
adaptive study and application of Unsaturated Soil Mechanics not only in Thailand
but also for South-East Asian countries; to provide cost-effective and appropriate
technology to achieve a better understanding of the subject matter in their own
respective circumstances.

It was noted that remarkable and extensive research has been produced in the
past decades, but has been futile to draw attention in practical application. It was
argued by Blight (2008) that the case is often due to the lack of advancement in new

technology and concepts, as well as practical application and evaluation.

2.1.1 Four Phase State of Unsaturated Soil

Partially saturated soil can be brought about by natural and man-made
movement. In natural conditions, it is generated when the net surface flux is yielded
from the evaporation exceeding the precipitation while man-made activities such as
quarrying, remolding and recompaction renders exchange of air and water between
the soil and the atmosphere, producing partial saturation.

This assumption of fully saturated and dry conditions may not be appropriate
in some applications, such as in evaluating the heave of foundations on swelling or
expansive soils (Lu and Likos 2004, Fredlund, et. al. 1993). This common approach in
soil mechanics also ignores the presence of the air-water surface that is referred to as
the contractile skin; this property is unique to unsaturated soils as it provides the

ability to exert a tensile pull called surface tension. In a continuous air phase where



the soil particles are able interact with the contractile skin, the mechanical behavior of
the soil is said to be affected.

Surface tension is a product of the inter-molecular forces which vary from
those that behave in the internal water which enables the contractile skin to behave
similar to an elastic membrane. It is said to be measured in force per unit length and is
tangential to the surface of the contractile skin, moreover the magnitude is inversely

proportional to the temperature.

2.1.2 Capillary Model

The major factors that have strong direct effects on the SWCC are the radius
of curvature as well as the height of water rise in soil which are apparent

consequences of capillary action. The two factors have been established to be

inversely proportional.
Capillary tube Pressure distribution
la—Glass tube Atmospheric air
pressure
{Ul = 0‘
T. a a T‘
v =Dl
Praa c «—|— Zone of negative
Moniscus . - water pressures
aniscu
h,
Pw’ 1
Datum
2 A asl
_rwmer A 8
—n 2r je— +
r = Radius of
the tube - o —t
Rg - TO80 Water pressures

Figure 2.2: Physical model and phenomenon related to capillarity
(Fredlund and Rajardo, 1993)



Provided an atmospheric condition, a small-diameter tube introduced into
water as shown in Figure 2.2, the surface tension together with the tendency of water
to wet the tube surface will cause the water to rise up the tube. This can be analyzed
as we consider the surface tension, Ts, that acts at an angle o from the vertical, about
the meniscus circumference. This angle is identified as the contact angle and the
magnitude is dependent on the adhesion involving the tube material and the molecules
of the contractile skin. Consider the vertical force equilibrium of the capillary water in
Figure 2.2. We will have equation (1) in the explanation of tension force that is

accountable for holding the water up.

2nrTscos x = mr?h.py, g (1)

Simplifying the equation above with assumption that the degree of contact

between clean glass and pure water is 0°, the equation results to provide the maximum

2)

2Ts
Pwgr

water height, h, =

== sl

Maolecule at the

¥ = air—water interface
/l\ (i.e. confractile skin)

Maoleculs in the
interior water

(a) (b)

Figure 2.3: (a) Inter-molecular forces on contractile skin and water; (b) pressures and
surface tension acting on a curved two-dimensional surface (Ng and Menzies, 2007)



The water molecules from the internal face of the water has balanced forces in
all directions as seen in Figure 2.3 (a), however the molecules in the surface

experiences instability, producing a curved surface in the direction of the water side.

To be able to establish equilibrium, a tensile force is produced along the

contractile skin.

Horizontal foces in the illustration of Figure 2.3 (b) the pressures u, (u+Au)
and surface tension, T along the radius of curvature of R will undertake equilibrium,

therefore:
2Tgsin = 2 AuRgsin 3)

In a 2D-Surface, the magnitude of (2 Rs sin ) is the horizontal projection of
the length of the membrane unto a flat plane. If the equation is simplified, the result
will be:

Ts

Au = n 4)

In the case of a 3D-surface, as in Figure 2.4, where R; and R, are curvature

radii of a warped membrane in two perpendicular planes:
M= T, (+ ) (5)
If the radii are equal in every single direction, where R; = R, = R, the result

will be:

Au = — (6)

Matric suction existing in partially saturated soils is subjected to a greater

magnitude of air pressure, u,, compared to the water pressure, u,. The contractile



skin would therefore conform to the pressure disparity similar to the previous

equation.

(U = u) = 3 (M)

Therefore greater matric suction can be expected from a diminutive curvature
radius and as this suction approaches zero, the radius draws to infinity, producing a
flat air and water interface. The same way that soil water behaves; the smaller soil

pore radius, the greater suction is anticipated.

Figure 2.4: Equilibrium of a 3D double-curvature air-water interface
(Lu and Likos, 2007)
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2.1.3 Hysteresis

h 2|'|
c - ﬁ

== -

ir_‘ 2r | = 2r F=4

e — o ——r:_:r-—
== |Wetting
A = = 2
(a} {b) fel

Figure 2.5: Effects of height and radius to capillarity. (Fredlund, 1993)

The full potential of water to rise is given by Figure 2.5 (a); the subsequent, which
is (b), illustrates how the height of the tube can limit the escalation thereby increasing

the radius if precise abidance of the previous equations is to be strictly observed.

Significance of the radial aperture is exemplified in Figure 2.5 (c), (d) and (e);
obstructions of the increase or decrease in h, are shown. The last illustration
exemplifies that the potential capillary height may be attained as long as adequate

openings which are still capable of engaging surface tension exist.

Therefore, it is expected that the curves for a single sample are expected to be
different for the wetting and drying state. The drying curve which is obtained from an
at the outset saturated and then the water is desorbed by suction which approaches the
dry state, after which by decreasing the suction, water gradually adjoins the sample
and the wetting curve is obtained. The variation between the wetting and drying curve
is known as hysteresis whose phenomenon is caused by several factors, one is the
geometric effect which is commonly termed as ink-bottle effect. This was illustrated
in Figure 2.5. Second is the effect of the contact angle between the water and soil
particle which is larger at the time of an advancing water front. This advancing

meniscus possesses lower matric suction since it is comprised of a larger radius of
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curvature compared to a drying meniscus. Third is that trapped air during the wetting-

drying process will eventually become dissolved in the mixture.

The effect of hysteresis may also be accentuated by the shrinking or swelling

of expansive soils as well as the rate of shrinking and swelling. (Fetter, 1999)

Figure 2.6: Relationship between pore radius, matric suction and capillary height.
(Fredlund, 1993)

2.1.4 Soil Suction

During the 1900’s, the inception of soil suction science began in the
investigation of the soil-plant-water system. In the engineering field, the importance
was pioneered by the Road Research Laboratory in England with regards to

pertinence in the unsaturated soil mechanical behavior

In the study of geotechnical engineering, potential energy is the primary
concern. It is the sum of the partial constituents driven by matric, osmotic, pressure

and gravitational potentials. (Nam S. et. al., 2009)
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+ 1+, (8

The difference in solute concentration drives the Osmotic potential while
hydrostatic pressure conveys the pressure potential and gravitational potential is

governed by the elevation relative to a reference datum.

Generally, it is accepted that the kinetic energy of the water movement in soils
is unaccounted for due to the extremely slow velocity; moreover, pressure and

gravitational potentials are considered negligible due to the arbitrary reference.

The contribution of the matric potential in soil suction has the most
remarkable function. It arises from the effects of capillary action, as discussed in the

previous discussions, combined with adsorptive effects contained in a soil matrix.

The so-called potential, which is referred to as “suction” is a constitution of

the matric and osmotic components.

0 ©)

2.2 Soil-Water Characteristic Curve

The soil-water characteristic curve is the relationship between water content
and suction for the soil. Proper and accurate characterization is required since it has
been a basis for the prediction of other unsaturated soil properties such as hydraulic
conductivity and shear-strength parameters. It has become essential in the application
of unsaturated soil mechanics in geotechnical engineering. (Fredlund, 1994: Fredlund,

Sheng et. al, 2011)
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2.2.1 Typical Components and Shape

Fredlund, et. al (2011) emphasized on the SWCC as expansively employed for

the estimation of the property functions of unsaturated soils.

U, : air-entry value (AEV)
6,: saturated volumetric water content
6,: residual volumetric water content

"""\ ’( b’e ) Y, residual matric suction
\K (a,8,): inflection point

\ == S\WCC best fit Curve

Volumetric Water Content, Ov

-

o [EHHI = 3H ';!__'_"_'_i [ e ([10)

Matric Suction,  (kPa)

Figure 2.7: Definition of variables from SWCC (Zhai et.al, 2012)

The nature of SWCC is known to have two distinct changes which are the air-
entry value and residual conditions. It is the zone between these two where the slope
is sufficient for calculation. Figure 2.7 illustrates the graphical solution for the

estimate of curve parameters.

It is also highlighted that there is a hysteretic nature of SWCC. 1t states that it
is not possible to determine a single stress state designation which is unique for a soil;
based solely on its gravimetric water content. Stated as there are uncertainties to

determine if you are in the drying, wetting or scanning curve.

There are several factors influencing the SWCC, such as initial water content,
dry density and consolidation pressure. It is also important to bear in mind that soil
mineral composition, pore structure, stress history and temperature mainly affect the

SWCC behavior.
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Figure 2.8: Typical curves of SWCC (Lu and Likos, 2004)

The typical shape and range of suctions are given in Figure 2.8. Sand, having
low water storage capacity has the lowest volumetric water content at saturation while
clay, being porous and possessing a large specific surface and adsorption capacity has

the largest volumetric water content.

Two models were particularly selected from the Equations of the soil-water
characteristic curve published by Fredlund and Xing in 1994 to fit the experimental
data the three equations chosen are: Van Genuchten (1980) and Fredlund & Xing with
correction (1994) models. These equations have already established good correlation

for a wide range of suction and various soil types.
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2.2.2 Fredlund and Xing with correction factor (1994)

Equation (10) was derived from a frequency distribution which can measure

the range from 0 to 10° kPa, developed by Fredlund and Xing in 1994.

() (AR

a = curve fitting parameter related to the air-entry value.

where:

n = curve fitting parameter related to the slope of the curve; a higher value
leads to a steeper slope as clarified in Figure 2.9. It may be related to the
rate of desaturation of the soil as the soil suction exceeds air-entry value.

m = curve fitting parameter related to the residual water content; inversely
related to the residual water content as seen in Figure 2.10.

Os = saturated volumetric water content.

Or = residual volumetric water content.

= suction applied

. = residual suction
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Matric suction (kPa)
Figure 2.9: Sample plot for the effect of n parameter (Fredlund and Xing, 1994)
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Figure 2.10: Sample plot for the effect of m parameter (Fredlund and Xing, 1994)

2.2.3 Van Genuchten (1980)

A very flexible equation which is frequently used for the relationship between
suction and normalized water content is the Van Genuchten (1980) which will be

referred as equation (11):

m

where:

a, n and m = different curve fitting parameters

m = (1 — 1/n); m and n were related by van Genuchten in an attempt to obtain a
closed-form equation for hydraulic conductivity. Fredlund and Xing in
1994 however, emphasizes that this relationship reduces the flexibility of
the equation suggesting that it would be more accurate to leave the two
parameters unrelated (i.e, no fixed relationship between m and n).

Os = saturated volumetric water content

Or = residual volumetric water content
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2.3 Instrumentation and Measurement

Quantification of soil suction may be classified into direct and indirect
methods; the former, as the name implies, is capable of promptly measuring negative
pore water pressure while the latter essentially derives suction from interrelated

parameters such as RH, hydraulic conductivity and water content.

The direct method (i.e tensiometers, axis-translation, etc) however, is only
capable of measuring matric suction and necessitates a good contact between the
sensor and the sample while the indirect method can measure both matric and osmotic

suction.

Pan, Qing and Pei-Yong (2010) reviewed various techniques which have been

widely used in research laboratories as well as in engineering practice.

Table 2.1: Summary of suction measurement methods
(Pan, Quin and Pei-Yong, 2010)

Technique S;:;gen Equilibrium
(Method) (kPa) Time
Axis-transition
Direct Matric Technique hours
Method Suction Tensiometer 0to 1500 hours
Suction Probe minutes
Time Domain
reflectometry 0to 1500 hours
Matric Electrical Conductivity
. Sensor 50 to 1500 6 to 50 hours
Suction Thermal  Conductivity
Sensor 0 to 1500 hours to days
In-Contact Filter Paper all 7 to 14 days
Indirect Osmotic
Method Suction Squeezing Technique 0 to 1500 days
100 to
Psychrometer Technique 10,000 1 hour
100 to
Total Suction | Relative humidity sensor 8,000 hours-days
Chilled-Mirror 150 to
Hygrometer 30,000 10 minutes
Non-Contact Filter Paper all 7 to 14 days
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2.3.1 Pressure Plate Extractor (0 to 1500 kPa)

Air pressure

Air pressure supply
supply Released air
¢ pressure ¢
-
T H- —Regulator Burette —>»[4
| | s
Applied -
£ air pressure 3
Regulator p &
Brass | ] Air-tight ) 5
C)’]lnd Soil spCCian chamber Soil spc(;imcn :.
Tarereerereesreereeres] Tube filled e Poee e -.....‘..-_..; I]
W with water
I
Qutlet  Container filled Ceramic plate
Ceramic disk with water Water compartment

(a) (b)

Figure 2.11: Pressure plate extractor system. (Indrawan, 2006)

The Pressure plate apparatus shown in Figure 2.11(a) operates on suctions
from 0 to 100 kPa; it may take a long time to reach equilibrium in an undisturbed,

full- size core.

ASTM D6836-0 describes these as Method B (pressure chamber with
volumetric measurement) and Method C (pressure chamber with gravimetric

measurement) are suitable for suctions in the range of 0 to 1500 kPa.

It functions by the axis-translation technique; thru increasing the air pressure
in the chamber, a corresponding escalation of water pressure in the soil approximately
equal to the difference in the air pressure in the chamber and atmospheric pressure
takes place. If suction is held constant inside the chamber, water will drain out of the

specimen and recurring measurements of volume or weight may be taken.
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2.3.2 Tensiometers (0 to 100 kPa)

Water reservoir

Mercury

Water filled tube reservoir

\ Minimum B Vacuum
h water level Q/gauge
Porous cu d P
p \7 orous cup \]
(a) Manometer type (b) Gauge type
Electrical =
transducer O .
Water filled // .
tube T— |

Porous cup
\Tj

(c) Transducer type

Figure 2.12: Common types of tensiometer configurations (a) manometer type (b)
gauge type (c) transducer type (Ng et.al, 2007)

The apparatus operates on the principle of attaining equilibrium between a soil
sample and water by utilizing a high air entry material such as a ceramic stone cup
filled with de-aired water. The fluid in the reservoir is allowed to be extricated
through the ceramic cup up to the point that the suction in the fluid inside the probe is
in equilibrium with the suction present in the soil. No further exchange or flow of
fluid will be manifested at this point. Figure 2.12, (i.e. manometer, Bourdon gauge,
and transducer) presents the measuring devices which are responsible for evaluating
the pressure values during the test. The simplicity and convenience of the device are
valuable but similar to any device, this also has limitations. Biased results of pore

water pressure may occur due to the presence of air in the sensor.
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2.3.3 Hanging Column (0 to 100 kPa)

Air (under vacuum)

Upper Reservior

Wailer

Glass Funnel
Retaining Ring
Specimen

Ceramic Disk

Lower Reservior

Air {(under vaguum)
Air-Water Interface /“

\ Horizonial Tube

Scale
Waier Water

b m
L]

Manometer

Figure 2.13: Schematic diagram of a hanging column apparatus (ASTM D 6836-02)

The apparatus is basically composed of a specimen chamber, an outflow
measuring tube and a suction supply. Buchner funnels generally contain porous plate
that is capable of securing the specimen chamber. The water pushed out of the
specimen is connected to the outflow end of the funnel, where the corresponding other
end is connected to a suction supply. The suction is a product of two fluid reservoirs
whose elevations are adjusted to generate a vacuum which is measured by a pressure

measuring device (i.e. manometer).

The porous plate and the soil sample must have good contact. Equilibrium
time for the porous plate and the soil specimen requires at least 48 hours and every

pressure increment compels at least 24 hours before the next suction is applied.



2.3.4 Filter Paper (Entire Range of Suction)
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Figure 2.14: Contact and noncontact filter paper methods for measuring matric and

total suction, respectively. (Fredlund, 1993)

Pioneered by the field of soil science, the method determines the amount of

water transferred from the unsaturated specimen to the dry filter paper until it reaches

equilibrium. The non-contact method is employed if the total suction is to be known

while the contact filter paper is adapted to survey the matric suction. Subsequent to

the unique calibration curve of the filter paper, the water content is then associated in

correlation to the selected curve.
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Figure 2.15: Calibration curves for two types of filter paper. (Fredlund, 1993)
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2.3.5 Unified measurement system with suction control

A unified measurement system as shown in Figure 2.16 was developed in
2012 by Rouf et. al., it was through improvising five apparatuses integrated into one
device that can obtain measurements for both SWCC and gas transport parameters. A
moisture sensor is installed to monitor the volumetric water content of the soil while
the suction was produced though supplying different suction heads. By increasing the

head, the drying curve can be determined and the wetting curve by reversing the

process.
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Figure 2.16: Unified measurement system with suction control (Rouf, et. al., 2012)
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2.4 Unsaturated Shear Strength Criteria

The saturated shear strength are conventionally based on the Mohr-Coulomb
failure denoted by equation (12) which is actually extended by many researchers to
accommodate the contribution of pore pressures (i.e matric suction) as illustrated in
Figure 2.17. Predictions for the unsaturated shear strength together with their closed

for solutions were discussed by Fredlund et al. (1995).

T=c+(o—u,)tang' (12)
Shear strength for unsaturated soils under wetting and drying conditions were

completely discussed by Guan et al. (2010) where several types of equations for shear

strength were categorized under fitting or prediction. The equation (13) by Fredlund
et. al. (1978) given by: 7 = c'H(o —u, ) tang'+(u, —u, ) tang’ (13) was adapted for this

study.
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Figure 2.17: Extended shear strength for unsaturated soils (Fredlund, 1993)
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The parameter ¢b which is the angle of friction with respect to suction can be

related to the angle of internal friction ¢’ by a fitting parameter A’ by:

1

B tan ¢
tan¢'

(14)

Khalili and Khabbaz (1998) suggested this parameter to be equal to equation

(15) to accommodate the normalize non-linear contribution of suction to the strength:

ﬂ{<_>} T 15)

(u,—u,),

2.5 Existing works

Nuntasarn et. al. (2011) investigated the relationship between the soil suction
and unconsolidated undrained (UU) shear strengths of unsaturated Khon Kaen loess.
Basic properties of Khon Kaen Loess, a collapsible soil, were evaluated in addition to
the SWCC as presented in Figure 2.18 obtained by the hanging column, pressure plate
and isopiestic humidity method performed on a compacted specimen.

Ten samples were remoulded and compacted into 50mm by 100mm specimens

with an initial y, of 1.7t/m3 and gravimetric moisture of 14%. The undrained shear

strength was determined by unconsolidated undrained test (UU test) at a confining
pressure of 100 or 200 kPa. Two of the samples were tested right after preparation by
compaction while the other eight samples were naturally dried for 2, 12, 24 or 72
hours preceeding undrained shear. However, no measurements were provided for both
pore air and pore water so the UU test was related to the total stress. The saturated UU
test total friction angle was measured at 0° degrees however there was an exponential
relationship established between the soil suction and shear strength.

Punrattanasin et. al. (2002) established the Engineering properties of Khon
Kaen loess under unsaturated condition and also produced an SWCC in Figure 2.20.
They tested both disturbed and undisturbed samples in Thailand and Japan; measured
SWCC by the pressure plate method together with the vapour equilibrium technique.
The air-entry value for the Khon Kaen loess was found at about 25 kPa while the

residual water content and residual suction of the were 5% and 500 kPa, respectively.
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The test showed that the effective cohesion ¢’ is zero and the angle ¢y, is equal to 32°

however, the contribution of suction in residual state suction appeared to be constant.

0,,%

0 - I
1.0E-04 1.0E-02

1.OE+02 1.OE+04 1.0E+06
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Suction, kPa

Figure 2.18: SWCC of compacted khon kaen loess by hanging column, pressure
plate and isopiestic humidity method (Nuntasarn, 2011)
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Figure 2.19: SWCC of Khon Kaen loess by Pressure plate method and Vapour
equilibrium technique (Punrattanasin et. al, 2002)
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2.6 Multiple Regression

In cases when more than one variable is necessary to statistically model a
given situation, the general multiple regression model is given by:

Y = fo+ Bx + Bx, +¢& (16). It is expected that the Y variable will be predicted after

analysing the given regressors. The beta coefficients are intended to give the weight
of the independent variables to be able to best predict the dependent variable.
Statistics of Analysis of Variance (ANOVA) provide the hypothesis testing to see if

the regression may be accepted or not.

2.6.1 Least Square Estimation of the Parameters

In order to estimate the function best fitting model, minimizing L in the

n k k
equation: L = Zeiz = Z(yi 74 A8 Z:ﬂjxy.)2 (17) with respect to S,, ;... 5, - If this
i=1 =1

i=1
is differentiated with respect to the respective parameters, the least squares normal

equations (18) to (20) will solve the system of multiple equations:

nB,+ By D Xy ot B D% =DV, (18)
i=1 i=1 i=1
ﬂon,., +5 szil +...+ B, zxilxik = inlyi (19)
i=l i=l i=l i=l

ﬂonik + 5, Zxﬂ +...+ B, szik = inkyi (20)
i=1 i=l i=lI i=l

Table 2.2: Multiple Regression Data Lay-out (Montgomery, 2003)

y X1 X2 000 Xk
Y1 X11 X12 cee X1k
Y2 X21 X22 Xok

Yn XNng Xn2 cen Xnk
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2.6.2 Hypothesis Testing in Multiple Linear regression

In order to determine whether there is actuality in the linear relationship between the
regressors and the dependent variable, the applicable hypothesis is given by:
H,:B=p=.5=0and H, :p;, #0for at least one j. If the F-Stat value falls

inside the region of acceptance, it means that there is no significant contribution of the
regressors to the model. On the other hand, if the F-stat value is in the excluded area,
there is at least one variable that principally contributes to the model. Where the F-stat
value, F,, is given by dividing the Mean Square of the Residual, by the Mean Square

of the Error. The table for acceptance is given in the Appendix.

2.6.3 R-squared

The so-called R* or coefficient of multiple determination is a measure of how much of
the variables are accounted for in the model. The higher percentage corresponds to a
better value; a value closer to 1 or 100% accountability is desired. The relationship

was derived from:

SS,
SS,

R =1-

(21)
where: SSy =Y (yi—yi)’ (22)
i=1

55, =3 (i~ )’ (23)



CHAPTER III
METHODOLOGY

3.1 Materials

Figure 3.1: Soil Sampling. (a) The response of shredding of the soil due to
evaporation in the topsoil layer and (b) shows the test pit at 2.50 meters to 3.00 meters
at Khon Kaen University (c) the fragility of the soil sample (d) manual block
sampling done.

The soil specimen was obtained from Khon Kaen University in Muang Khon
Kaen, located in the North-eastern part of Thailand. Due to its collapsible nature,
block sampling was required for 2.50 to 3.00 meters from the ground surface, 30

samples were dug from the ground and cut into 6” x 12” cylinder samples. Laboratory
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tests were performed in the Geotechnical Laboratory, ground floor of the Civil

Engineering Building at Chulalongkorn University, Bangkok, Thailand.

3.1.1 Preparation of Sample for testing

In preparation for the triaxial test, the samples were trimmed into undisturbed
cylindrical specimens with a target size of 70 mm. diameter and a length of 140 mm
with an error band of £3 mm. The gravimetric water content was measured for at least
three parts: top, bottom and sides. Specimens are visually examined for cracks and the
presence of other debris (e.g. roots), the presence of cracks due to disturbance or any
other reasons deems the specimen inappropriate for testing and a new specimen was

trimmed.

A ceramic stone is attached to the base pedestal, a Whatman #1 qualitative
filer paper is placed on top of the disc, and then the specimen is positioned. Suction is
applied to a membrane suction device to carefully attach the membrane then three O-
rings are attached at the bottom. A porous disc and a top load cap are placed on top
then two O-rings are then used to finally seal the specimen. This is immediately
placed on the frame, and then subjected to four stages of testing which will be

discussed in detail in the next two sections.

3.2 Instrumentation

To be able to accurately measure the SWCC by providing matric suction, a
50kN Wykeham Farrance Unsaturated Triaxial System was used. It is a modified
triaxial system designed in such a way to accommodate the changes required to
produce both the pore air and pore water pressures. The system is composed of a
double triaxial cell, two automatic volume change devices, two hydraulic pressure
controllers and an air pressure controller which are all connected to an RTC and ATD
Data logger that is automatically controlled by a computer software system. Figure

3.2 shows the basic set-up of the system.
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Figure 3.2: The unsaturated triaxial system set-up

The Real-Time Control (RTC) box functions as the “brain” of the Automatic
Triaxial System which comprises a chassis with a base RTC module which allows
control of the triaxial system. It controls two hydraulic pressure lines, open and close
the two solenoid valves of the pressure lines, control the speed of the triaxial load

frame and invert the flow direction of the automatic volume change device.

The Automatic Triaxial Datalog (ATD) is required for the transmission of the
transducer values, via the high-speed communications network, to the RTC box and

the computer running the testing and also the management software.
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Figure 3.3: The triaxial cell diagram with air and water connections (Wykeham
Farrance, 2010)

The double cell wall is comprised of a Perspex outer cell chamber while the
inner cell is made of glass to ensure that the volume change is a product of the soil

sample and not from any other sources. It runs on a working capacity of 2000 kPa.

The base pedestal of the cell chamber has 6 ports which has specific purposes.
If it is attached to the system, four ports are facing the front in which the first one is
for the inner cell, the second is for back pressure, the third one is for saturation port or
pore pressure measurement above the ceramic stone and the last one is for the outer
cell pressure chamber. At the rear part, the air valve and pore pressure measurement

port are located.



Figure 3.5: Air Pressure
Controller

Figure 3.4: Hydromatic Pressure
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Figure 3.6: Automatic Volume
Change Devices

Figure 3.7: Pressure panel
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Figure 3.5 shows the Air Pressure Controller which controls the air pressure
for the specimen consists of a base system that is capable of controlling pneumatic
pressures up to 1000kPa on the pressure line. The unit runs on an input air-supply and
contains an electro-pneumatic control valve that regulates the supply in direct
proportion to a signal received from the RTC box. Since the attached available air
compressor produces a maximum 700 kPa, the maximum air pressure that we will

utilize will be 500 kPa to ensure safety of the system.

In Figure 3.4, Two Hydraulic Pressure Controllers are illustrated which are
necessary to generate the cell and back pressures. Each unit contains approximately
250cc of water and capable of generating up to 3500kPa of pressure. The pressure is

generated by means of a hydraulic piston which is driven by a stepper motor.

The Automatic Volume Change device as seen in Figure 3.6 comprises a
piston sealed within a water-filled chamber, connected to a 25mm linear displacement

transducer.

A flow of water through the unit causes movement of the piston which is
measured by the transducer. The output of the transducer is directly proportional to
the volume of water flowing through the unit. The unit contains integral solenoid
valves to allow automatic control of the flow direction functions. It is powered and
controlled by the RTC box which responds to feedback from the unit’s linear

displacement transducer to enable continuous volume change to be measured.

The pressure panel is not only used to divert and control the flow of water
from the source of de-aired water tank to the system but also regulate the flow from
the pressure controllers to the double cell walled chamber. The image of the panel is

seen in Figure 3.7.
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3.3 Triaxial Stages

3.3.1 Saturation

To initialize the testing, from its natural water content, which ranges from 8 to
9 %, saturation were performed unto the undisturbed samples by applying increments
of cell and back pressure. With an initial void ratio which is comprised of combined

air and water; air which is a compressible fluid and water being incompressible.

Cell pressure was applied in increments of 50 kPa in accordance to BS 1377
then a back pressure with a difference of 10 kPa was applied. Saturation was
calculated by the amount of water that flowed inside the specimen. Moreover, the B-
value is given by equation (24) where the specimen was then said to be saturated if B-

value is reported as 0.95 or greater.

B = At (24)
Ao,

Running on software also gave the advantage of being able to measure the
amount of water that went inside the sample, making accurate back calculations

possible.

3.3.2 Isotropic Consolidation

In preparation of the soil sample for the soil-water characterization, it is
necessary to carry out the designed stresses. By altering the difference between the

cell pressure and the back pressure, the net stress would then be acquired.

The excess pore pressure had to be dissipated by minimizing the pore water

pressure value that is greater than the back pressure. By opening the back pressure



35

valve and allowing the pore water pressure to decrease until such time and

equilibrium will be attained between the two.

This step is very important for the test since the difference between the cell
pressure and the back pressure will dictate the maximum range of matric suction that
could be possibly applied since the air pressure should be equal or less than cell

pressure.

3.3.3 Soil-Water Curve Stage

As discussed in the previous chapter, the difference between the pore air and
water pressure, u, —u,, known as the matric suction together with the change in water
content were measured.

Air pressure was increased by increments ranging from 5 to 40 kPa and then
this was held until the pressures are stable. It was repeated until no change in water
volume is recorded, and equilibrium was attained. After the completion of desired

suctions, the assumption is made that the drying curve has already been completed.

3.4 SWCC Construction

After obtaining the data points, the void ratio and degree of saturation were
used to convert the gravimetric water content to the volumetric equivalent. The data
was plotted and the parameters such as the air-entry value, slope of the curve and
residual water content were graphed. These were plotted utilizing the two models
described in the previous chapter to be able to obtain the SWCC curve for Khon Kaen
Loess. The sum of squared residuals, also referred to as SSR, was also used for best

fitting the data.
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3.5 Shear Strength Analysis

The given cohesion and angle of internal friction values of soils were used in
the analysis; while the soil suction was estimated from the tested SWCC.

The void ratio, degree of saturation, gravimetric water content and specific
gravity were used for conversion of soil data to volumetric water content. The data
combined were used for the fitting and prediction of unsaturated shear strength.

Linear multiple regression was applied to predict the standardized plane surface.



CHAPTER IV
RESULTS AND DISCUSSIONS

4.1 Review of Fitting equations

For clarity purposes, the main fitting equations for the suction data discussed
in section 2.2.2 and 2.2.3 are presented again with their corresponding denotations.
For both equations, a, m and n are fitting parameters while 6 is the saturated
volumetric water content and 0, is the residual volumetric water content. These were

be used for modelling both sands and loess.

The Fredlund and Xing (1994) equation will be referred as Model (1) where

is the suction applied and , is the residual suction.

ln(1+"”J
0=0|1- i !

L)

The Van Genutchen (1980) equation will be referred as Model (2).

m

0=0+(0, -6 !

1+(Wj
a
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4.2 Calibration of Unsaturated Triaxial Test with standard sand
This section discusses the use of standard sands for the calibration of the
system and how the values might differ using other conventional apparatuses.

Properties and experimental results of unsaturated triaxial testing are presented and

modeled to conform to the paradigms of unsaturated soil mechanics.

4.2.1 Toyoura and Ottawa sand

v
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Figure 4.1: Grain Size Distribution of Tested Sands

Ottawa Sand #3820 and Japanese Toyoura Sand were selected as two different
calibration soils for the study. Based on the unified soil classification system, both
samples can be categorized as poorly graded sand (SP). The basic soil classifications
of the tested samples are given in Table 4.1 and the grain-size distribution curve in
shown in Figure 4.1. They are uniformly graded with mean grain sizes (Dsg) of 0.210
and 0.835 mm for Toyoura and Ottawa sands, respectively. It appears that the size of
Ottawa sand is 4 times bigger than Toyoura sand. The specific gravity value is the

same for both at 2.64.




Table 4.1: Properties of tested sands
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Property Toyoura Sand Ottawa Sand
Specific gravity, Gs 2.64 2.64
Mean grain size (Dsp), mm 0.210 0.835
Coefficient of uniformity, Cu 1.433 1.414
Coefficient of curvature, Cc 1.011 0.933

4.2.2 Designation of Tested Sands

The data sets have had been divided into 5 test sets with labels as assigned in

Table 4.2.

Table 4.2: Designation of Tested Sands

Sample Designation Applied Cell Pore Water Pressure,
Pressure, o5 Uy,
Toyoura sand Tl 500 100
Toyoura sand T2 500 200
Toyoura sand T3 500 300
Ottawa sand Ol 500 100
Ottawa sand 02 500 200
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4.2.3 Results of SWCC

After applying air pressure with initial increments of 5kPa, Toyoura sand with
a Dso of 0.210mm was able to withstand an applied suction in the first step, with a
sustained volumetric water content of 32%, the smaller particles provide more
adhesion area for the water molecules but after application of further suctions, the
residual state comes into place. No remarkable loss of water content was observed
even after the increasing the matric suction up to 100 kPa. Figure 4.2 exhibits the test
points of the study. This is an indication that under confined conditions, a pendular
state of saturation occurs in the residual conditions of Toyoura sand but not for

Ottawa Sand.

Ottawa Sand, in this case obtained a dry state, with the first application of a
matric suction of 5kPa, the volumetric water content had a null value. This is due to
the round particle shape and low specific surface; even if capillary surfaces may arise
at lower suctions; the tensile forces in the meniscus are casier to break due to the

relative large gap between particles.
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Figure 4.2: Raw test results for sand



4.2.4 Fitted Models
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Table 4.3: Minimizing Sum of Square Error for Fredlund and Xing (1994) model

0 0 (0 - 0%)°
0.1 48.17 46.99 1.38
5 25.71 28.37 7.05
8 5.82 7.61 3.19
10 5.82 6.52 0.5
Set T1 15 5.82 5.38 0.2
20 5.82 4.84 0.96
25 5.82 4.5 1.73
30 5.82 4.27 241
45 5.82 3.82 3.99
100 5.34 3.16 4.77
26.18
0.1 50.88 48.14 7.49
5 33.27 29.96 10.94
7 6.19 9.86 13.49
10 5.95 7.58 2.67
21 5.5 5.63 0.02
Set T2 25 5.5 5.34 0.02
37 5.45 4.8 0.42
35 5.36 4.87 0.24
38 5.31 4.77 0.29
41 53 4.68 0.39
99 5.17 3.81 1.84
37.82
0.1 49.83 48.14 2.85
5 29.14 29.96 0.68
7 6.58 9.86 10.78
13 6.11 6.69 0.34
18 6.58 592 0.43
29 6.58 5.12 2.12
Set T3 35 6.58 4.87 2.92
42 6.58 4.65 3.72
45 6.58 4.57 4.03
52 6.03 4.41 2.61
56 6.03 4.34 2.86
102 6.11 3.79 5.39
38.73
total sum= 102.73
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Table 4.4: Minimizing Sum of Square Error for Van Genuthcen (1980) model

v 0 0 (0*-0)
0.10 48.17 49.62664 2.12
5.00 25.71 29.37341 13.42
8.00 5.82 5.955919 0.02
10.00 5.82 5.874062 0.00
15.00 5.82 5.869499 0.00
Set T1
20.00 5.82 5.869478 0.00
25.00 5.82 5.869477 0.00
30.00 5.82 5.869477 0.00
45.00 5.82 5.869477 0.00
100.00 5.34 5.869477 0.28
sum = 15.86
0.10 50.88 49.62664 1.57
5.00 33.27 29.37341 15.18
7.00 6.19 6.36864 0.03
10.00 5.95 5.874062 0.01
21.00 5.50 5.869478 0.14
25.00 5.50 5.869477 0.14
Set T2 37.00 5.45 5.869477 0.18
35.00 5.36 5.869477 0.26
38.00 5.31 5.869477 0.31
41.00 5.30 5.869477 0.32
99.00 Sulé 5.869477 0.49
sum = 18.63
0.10 49.83 49.62664 0.04
5.00 29.14 29.37341 0.05
7.00 6.58 6.36864 0.04
13.00 6.11 5.869622 0.06
18.00 6.58 5.869479 0.50
29.00 6.58 5.869477 0.50
Set T3 35.00 6.58 5.869477 0.50
42.00 6.58 5.869477 0.50
45.00 6.58 5.869477 0.50
52.00 6.03 5.869477 0.03
56.00 6.03 5.869477 0.03
102.00 6.11 5.869477 0.06
sum = 2.83
total sum = 37.32
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Figure 4.3: Modelling with FX and VG

After the use of parametric analysis to reduce the sum of square residuals
(SSR), as shown in Table 4.3 and Table 4.4, the air-entry is approximated at 3 kPa.
Figure 4.3 shows the fitted curve for Toyoura Sand for both model (1) and model (2).

The summary of fitting parameters as follows:

Table 4.5: Summary of fitting parameters for Toyoura Sand

Fredlund & Xing (1994) model
a m n r 0s
49107 0.3671 220.702 26.615 49.6573
Van Genutchen (1980) model
a m n 0, 05
49851 0.8679 15.1716 5.870 49.6267

For this type of soil, the Van Genuthchen (1980) model tends to provide a
better fit with a total SSE of 37.32 while Fredlund and Xing (1994) has a total sum of
102.73. It should be noted that the data for all pressure designs were taken collectively
in the fitting since there is no significant difference in the data points for the three

independent tests.
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Based on Table 4.6, testing even under the t-test, there lies a significant
difference in the variance of the models, stated as there is indeed a clarification that
one model is different from the other. Both the one-tail and two-tail test rejects the ¢-
stat value which implies rejection of the null hypothesis that there no difference of the
two models.

Therefore; it is clear that the Van Genuchten (1980) can be concluded as a

better fit for Toyoura Sand.

Table 4.6: Results of ¢-test for Toyoura Sand

Fredlund & Van
Xing Genuchten

(1994) (1980)
Mean 8.082 6.189
Variance 85.164 88.953
Observations 1000 1000
Pooled Variance 87.058
Hypothesized Mean Difference 0
df 1998
t Stat 4.537
P(T<=t) one-tail 3.01863E-06
t Critical one-tail 1.646
P(T<=t) two-tail 6.03725E-06
t Critical two-tail 1.961

4.2.5 Discussion of results

As shown in Figure 4.4, a study conducted by Rouf et. al. in 2012 using a
unified measurement with suction control apparatus tended to produce the same
sigmoidal shape and the values appear to juncture in the 5 kPa onwards. Therefore
regardless of initial conditions, the values of suction will tend to be relatively close to
each other only at higher suctions. Moreover, using different apparatuses may not
lead to an identical SWCC; not only is the apparatus used is related for having non-
identical SWCC but also the initial conditions, such as void ratio and compaction

stress, are important factors that should be considered. It is evident though that the
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SWCC has leaned towards the rights; stated as the suctions are higher with the

presence of confining pressure.
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Figure 4.4: Suction values compared with existing work



4.3 SWCC of Khon Kaen Loess

4.3.1 Soil properties
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The basic index properties of the soil sample are shown in Table 4.7 as well as

the grain size distribution in Figure 4.5.

Table 4.7: Index Properties of Red Khon Kaen Loess

Punrattanasin | Nuntasarn This Study
Khon Kaen Loess (2002) (2011) (2013)
Clay Content 5 13 8
Silt Content 30 31 25
Sand Content 65 56 67
Specific gravity 2.60 2.65 2.64
LL 16 20.3 20.61
PL 13 14.5 15.41
PI 3 5.8 5.20
USCS SM SM-SC SM-SC
Optimum Moisture Content AT 8.25 -
Maximum Dry Density 2.11 2.00 -
Hydraulic Conductivity 2.8x%x10° - -
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Figure 4.5: Grain Size Distribution of tested soil
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The properties show that the soil specimen is classified as a mixture of Silty
Clayed-Sand according to USCS standards. Numerous and repeated Atterberg tests
have been done due to the peculiar behavior of the soil; there are instances that it

behaves as a non-plastic material.

The mean size diameter dsg 1s at 0.160 mm. 29.3 Considerable amount of sand

is present and 32.61% of the material passed the #200 sieve.

4.3.2 Matric suction from Unsaturated Triaxial Testing
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Figure 4.6: Plot of volumetric water content and suction of Khon Kaen Loess under a
net confining stress of 150 kPa and 200 kPa

Experimental suction points of undisturbed loess from Unsaturated Triaxial
testing are presented in Figure 4.6. The air-entry value for a net stress of 150 kPa is
projected at approximately 20 kPa, and 35 kPa for a net stress of 200 kPa. The
difference is possibly due to the initial void ratio and initial volumetric water content,

as well as the higher confining pressure during testing.



4.3.3

Table 4.8: Minimizing Sum of Square Error for Fredlund and Xing (1994) model

Model Fitting for a net confining pressure of 150 kPa
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0 0* (0-0%y

0.0001 35.341 35.341 0.000
5 35.151 35.186 0.001
20 33.602 33.527 0.006
0040 30.012 29.997 0.000
100 22.433 22.430 0.000
0.007

Table 4.9: Minimizing Sum of Square Error for Van Genuchten (1980) model

0 0* (0-6%*y
0.0001 35.341 35.341 0.000
5 35.151 35.279 0.017
20 33.602 33.673 0.005
40 30.012 29.859 0.023
100 22.433 22.752 0.102
0.147
Table 4.10 Result of ¢-fest for 150 kPa net confining stress test
Fredlund & Van
Xing Genuchten
(1994) (1980)
Mean 17.981 17.744
Variance 167.120 173.990
Observations 13 13
Pooled Variance 170.555
Hypothesized Mean Difference 0
df 24
t Stat 0.046
P(T<=t) one-tail 0.482
t Critical one-tail 1.711
P(T<=t) two-tail 0.963
t Critical two-tail 2.064

Table 4.8 and Table 4.9 shows the results of minimizing SSE for the 150 kPa

net stress test. The target value for each total sum was 0.0 however; even if the target

was not reached and the minimum values obtained were 0.007 and 0.147, it can still
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be assumed that both curve-fitting models are suitable for the tested soil. This will be

referred to as SWCC 1 for practical purposes.

From selected 13 points from the both models, including tested and additional
9 points were selected for verification. A t-test was then performed to verify if there is
a significant difference between the two models; results are shown in Table 4.10.
Both the one-tail and two-tail test indicate an acceptance of the null hypothesis that
there is equal variance between the two. In other words, the two models, particularly
the Fredlund & Xing (1994) and Van Genuchten (1980) fitting are suitable for the
sample. The disadvantage to further confirm this, however is that there are no tested
data points for suction beyond the 100 kPa in this test, therefore the values past this
point are merely predicted potential values and must be confirmed by other test

methods.
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Figure 4.7: SWCC of Khon Kaen Loess under 150 kPa net stress



The summary of fitting parameters for Khon Kaen loess under a net stress of

150 kPa is listed in Table 4.11 and the final plot is illustrated in Figure 4.7.

Table 4.11: Summary of fitting parameters under a net stress of 150 kPa

Fredlund & Xing (1994) model
a m n r 05
37.741 0.519 2.031 538.192 35.341
Van Genutchen (1980) model
a m n 0; Os
27.854 0.1349 2.5329 0.100 35.341
4.3.4 Model Fitting for a net confining pressure of 200 kPa

Table 4.12: Minimizing Sum of Square Error for Fredlund and Xing (1994) model

0 o* (0-0%)
0.0001 29.210 29210 0.000
80 25.080 25510 0.185
100 23.800 23215 0.342
200 13.700 13.812 0.013
0.540

Table 4.13: Minimizing Sum of Square Error for Van Genuchten (1980) model

0 0* (0-0%y

0.0001 29.210 29.210 0.000
80 25.080 25.720 0.409
100 23.800 23.226 0.330
200 13.700 13.843 0.020
0.759

Table 4.12 and Table 4.13 show the results of minimizing SSE for the 200 kPa
net stress test. Performing the procedure of minimizing the sum of squared errors with
a target of 0.0, the values obtained were 0.540 and 0.759. The SSE was relatively

higher than the previous curve fitting that may be related to the fewer number of

points to be analysed.
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Table 4.14 Result of #-test for 200 kPa net confining stress test

Fredlund & Xing | Van Genuchten

(1994) (1980)
Mean 14.717 14.243
Variance 164.287 179.833
Observations 13 13
Pooled Variance 172.060
Hypothesized Mean Difference 0
df 24
t Stat 0.092
P(T<=t) one-tail 0.464
t Critical one-tail 1.711
P(T<=t) two-tail 0.927
t Critical two-tail 2.064

Similarly, with 13 points each from both models, including tested and
additional 9 points were selected for verification. A t-fest was then performed to
verify if there is a significant difference between the two models; results are shown in
Table 4.14. Both the one-tail and two-tail test indicate an acceptance of the null
hypothesis that there is equal variance between the two. To clarify this, the two
models, particularly the Fredlund & Xing (1994) and Van Genuchten (1980) fitting
are both suitable for the sample. The disadvantage to further confirm this, however is
that there are no tested data points for suction beyond the 200 kPa in this test,
therefore the values past this point are merely predicted potential values and must be

confirmed by other test methods.

The summary of fitting parameters for Khon Kaen loess under a net stress of
200 kPa is listed in Table 4.15 and the final plot is shown in Figure 4.8 which will be
referred to as SWCC 2 for practical purposes.



Table 4.15: Summary of fitting parameters under a net stress of 200 kPa
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Fredlund & Xing (1994) model
a m n r 0S
104.490 0.8759 3.0115 1000.00 29.210
Van Genutchen (1980) model
a m n 0; 05
79.159 0.1717 4.4015 0.100 29.210
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Figure 4.8: SWCC of Khon Kaen Loess under 200 kPa net stress
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4.3.5 Comparison with existing models
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Figure 4.9: SWCC comparisons with existing works

Based on the two SWCCs produced by unsaturated triaxial conditions, the
starting point of the lower net stress has higher initial volumetric water content. This
is due to the higher initial void ratio and also due to the consolidation process for the

second test.

SWCC from compacted soil and undisturbed conditions are exhibited in Figure
4.9. A compacted soil produced a steeper sloped curve starting from a volumetric
water content of 40% leaning to the left as the residual state started at a much lower

value and produced a reduced transition range 25kPa to 500kPa (Punrattanasin et.al,
2011).

In comparison with the prepared sample starting at 30% volumetric water
content by Nuntasarn (2011), a lower air-entry value of 12kPa and a higher residual

state was achieved at 45,000 kPa. The shape of this curve may suggest that the soil
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may have a dual-porosity curve, meaning there is a possibility that the real SWCC
may be a series of curves, however, no experimental data has been produced as

evidence.

Finally, this translates that SWCC is dependent on sample preparation, initial
conditions and methods of testing. No particular single curve can exist even for the

same soil but caution must be exercised for the application for other purposes.

4.3.6 Unified Khon Kaen SWCC

To avoid bias in the estimation of unsaturated shear strength, the SWCC to be
use must be unified. In order to achieve this, suction points were derived from average
of the two previous curves and the SSE was applied for models 1 and 2. Figure 4.10

and Table 4.16 show the prediction of the median curve.
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Figure 4.10: Average curve for tested and fitted



Table 4.16: Prediction of Median SWCC using Fredlund and Xing (1994)
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0 0* (0-6*y

0.0001 32.275 32.189 0.007
5 32.187 32.128 0.004
20 31.295 31.379 0.007
40 29.268 29.447 0.032
80 24.891 24.724 0.028
100 22.822 22.640 0.033
200 15.776 16.238 0.214
1000 8.134 8.378 0.059
3000 5.803 6.036 0.054
7000 4.474 4.727 0.064
10000 3.993 4.240 0.061
100000 1.621 1.696 0.006
1000000 0.000 0.000 0.000
0.569

Table 4.17 Prediction of Median SWCC using Van Genuchten (1980)

0 0* (0-0%y

0.0001 32.275 32.189 0.007
5 32.187 32.176 0.000
20 31.295 31.655 0.130
40 29.268 29.480 0.045
80 24.891 24.306 0.342
100 22.822 22.371 0.203
200 15.776 16.886 1.231
1000 8.134 8.613 0.230
3000 5.803 5.491 0.097
7000 4.474 3.918 0.309
10000 3.993 3.410 0.340
100000 1.621 1.492 0.016
1000000 0.000 0.785 0.617
3.567

In Table 4.16, a sum of square error (SSE) of 0.569 was obtained for the study

of the median curve, where the largest errors are in the suction range of 40 kPa to

100,000 kPa. Likewise in Table 4.17, but a larger SSE was obtained at 3.567.



Table 4.18 Results of #-test for the average Khon Kaen SWCC
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Fredlund & Xing Van Genuchten
(1994) (1980)
Mean 16.448 16.367
Variance 161.712 164.215
Observations 13 13
Pooled Variance 162.963
Hypothesized Mean Difference 0
df 24
t Stat 0.016
P(T<=t) one-tail 0.494
t Critical one-tail 1.711
P(T<=t) two-tail 0.987
t Critical two-tail 2.064
Table 4.19: Summary of fitting parameters for the median SWCC
Fredlund & Xing (1994) model
a m n r 0,
70.523 0.802 1.939 5980. 02 32.189
Van Genutchen (1980) model
a m n Or 0s
44.299 0.158 2.742 0.373 32.189

There is no significant difference in fitted SWCC for both models as shown in

Table 4.18. The fitting parameters are summarized in Table 4.19. It is notable that the

computed residual suction is considerably higher than the two previous curves,

suggesting a wider range of transition range.

The final SWCC for Khon Kaen Loess is plotted in Figure 4.11 with a

saturated water content of 32.189, residual water content of approximately 6.20, and

an air-entry value of 30 kPa.
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Figure 4.11: Khon Kaen SWCC

4.4 Analysis of Khon Kaen Data
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37 test results for Unconsolidated Undrained triaxial tests (UU) for soil samples

obtained from a depth of 2.0 to 4.0 meters. These were from Dr. Watcharin Gasaluck

of Khon Kaen University, which are given in Table 4.20. Majority were classified as

Silty Sand and Clayey Sand. The normal stresses were calculated from the dry unit

weight, while the volumetric water content was derived from the volume-mass

relationships such as void ratio from the data. These were used to project the

corresponding suction from the tested SWCC. By using equation (13) suggested by

Fredlund et. al. (1978) under the extended Mohr-Coulomb failure criterion whose

unsaturated parameters are aimed to be established.



Table 4.20: Khon Kaen properties and parameters

No. Location Depth, m | USCS G, Ydry’ s S,% | c, kPa , ° w, % e GW c X Tunsat
kN/m
1 Khon Kaen 2 SC 2.62 | 18.10 | 89.03 | 13.83 | 8.07 | 14.19 | 0.42 | 26.23 | 64.14 | 36.20 | 0.66 | 24.95
2 | Khon Kaen 2 SC 262 | 17.69 | 8252|3548 | 5.12 | 14.16 | 0.45 | 25.59 | 70.45 | 35.38 | 0.63 42.60
3 Khon Kaen 2 SC 262 | 17.78 | 76.86 | 46.28 | 5.16 | 13.13 | 0.45 | 23.76 | 838.70 | 35.56 | 0.55 53.90
4 | Khon Kaen 3 SM | 2.68 | 16.05 |34.21 | 2595 |24.19 | 8.01 | 0.63 | 13.19 | 373.33 | 48.15| 0.25 89.49
5 | Khon Kaen 3 SM | 2.68 | 15.85 | 2596 | 38.47 | 32.79 | 6.27 | 0.65 | 10.20 | 688.58 | 47.55 | 0.18 | 148.27
6 | Khon Kaen 2.5 SM-SC | 2.71 | 15.66 | 42.81 | 68.50 | 28.70 | 11.02 | 0.70 | 17.59 | 172.77 | 39.15 | 0.38 | 126.05
7 | Khon Kaen 2.5 SM-SC | 2.71 | 15.51 | 41.67 | 70.18 | 29.04 | 10.98 | 0.71 | 17.36 | 177.13 | 38.78 | 0.38 | 128.74
8 | Khon Kaen 3 SM | 2.67 | 1539 | 19.08 | 79.68 | 34.44 | 497 | 0.70 | 7.83 | 1293.02 | 46.17 | 0.13 | 223.23
9 | Khon Kaen 2 SM | 2.67 | 15.12 | 72,92 | 19.62 | 24.70 | 20.00 | 0.73 | 30.83 | 24.35 |30.24 | 1.12 | 46.09
10 | Khon Kaen 2 SM 263 | 1395 | 4390 | 15.86 | 29.68 | 13.38 | 0.80 | 19.53 | 140.04 | 27.90 | 0.43 65.97
11 | Khon Kaen 2 SM | 2.63| 1471 |40.33 | 10.13 | 32.62 | 11.56 | 0.75 | 17.33 | 177.70 | 29.42 | 0.38 71.71
12 | Khon Kaen 2 SM | 2.64| 1540 | 4597 | 21.91 | 20.81 | 11.87 | 0.68 | 18.63 | 154.37 | 30.80 | 0.41 57.45
13 | Khon Kaen 2 SM | 2.64 | 1451 | 4036 | 1994 | 22.78 | 12.00 | 0.78 | 17.75 | 169.80 | 29.02 | 0.39 | 59.61
14 | Khon Kaen 2 SM | 2.68 | 14.88 |46.13 | 3.92 | 26.57 | 13.20 | 0.77 | 20.02 | 132.80 | 29.76 | 0.44 | 48.11

8¢S



Ydry’

(o]

No. Location Depth, m | USCS G, , S,% | c, kPa , w, % e ew c X Tunsat
kN/m
15 | Khon Kaen 2 SM | 268 | 13.38 |33.86| 11.94 | 28.81 | 10.19 | 0.81 | 15.12 | 251.46 | 26.76 | 0.31 69.61
16 | Khon Kaen 2 SM | 2.65| 14.97 | 48.79 | 3.92 | 30.96 | 13.56 | 0.74 | 20.69 | 123.51 |29.94 | 0.46 | 55.90
17 | Khon Kaen 2 SM | 2.65| 1499 | 56.37 | 0.00 | 31.19 | 15.62 | 0.73 | 23.87 | 87.66 | 29.98 | 0.55 47.57
18 | Khon Kaen 2 SM | 265 15.05 |50.39 | 0.00 | 32.68 | 13.83 | 0.73 | 21.22 | 116.62 | 30.10 | 0.47 54.76
19 | Khon Kaen 2 SM | 2.62 | 1439 |24.96 | 3.27 |37.60 | 7.49 | 0.79 | 10.99 | 585.75 | 28.78 | 0.20 | 113.42
20 | Khon Kaen 2 SM | 261 | 1483 |37.65| 9.15 |31.80 | 10.48 | 0.73 | 15.84 | 217.00 | 29.66 | 0.34 | 72.85
21 | Khon Kaen 2 SM | 2.61 | 14.81 | 38.78 | 19.94 | 26.57 | 10.83 | 0.73 | 16.35 | 197.60 | 29.62 | 0.35 69.79
22 | Khon Kaen 2 SM | 2.61 | 14.02 | 34.08 | 2.29 |34.99 | 10.79 | 0.83 | 15.42 | 236.48 | 28.04 | 0.32 75.09
23 | Sakolnakorn 2.5 SM | 2.69 | 17.34 | 81.13 | 2.34 | 2190 | 1573 | 0.52 | 27.81 | 50.86 | 43.36 | 0.75 35.06
24 | Sakolnakorn 2.5 SC 2,66 | 16.82 | 84.39 | 4.46 | 20.10 | 17.49 | 0.55 | 29.99 | 32.92 | 42.06 | 0.95 31.30
25 | Sakolnakorn 2.5 SC 2.61 | 16771 | 84.47 | 1.10 | 16.20 | 17.24 | 0.53 | 29.36 | 40.51 | 41.76 | 0.85 23.21
26 Korat 2 SC 271 | 1599 | 55.18 | 81.12 | 19.10 | 13.50 | 0.66 | 22.00 | 107.17 | 31.98 | 0.50 | 110.62
27 Korat 3.5 SC 272 | 1598 | 40.84 | 69.63 | 24.80 | 10.05 | 0.67 | 16.38 | 196.96 | 55.93 | 0.36 | 127.80
28 Korat 3 SM 2.7 | 16.95 | 35.04 | 35.06 | 38.70 | 7.30 | 0.56 | 12.61 | 420.40 | 50.85 | 0.23 | 154.64
29 Nongkai 2 SC 2.69 | 17.06 | 24.12 | 42.31 | 41.20 | 490 | 0.55| 8.52 | 971.27 | 34.12 | 0.15 | 197.77

6S



Ydry’

(o]

No. Location Depth, m | USCS G, , S,% | c, kPa , w, % e ew c X Tunsat
kN/m
30 Nongkai 2 SC 2.69 | 1690 |36.84 | 48.33 | 3471 | 7.69 | 0.56 | 13.25 | 368.77 | 33.80 | 0.25 | 136.01
31 Nongkai 2 SC 2.69 | 17.13 | 48.19 | 62.73 | 23.98 | 9.68 | 0.54 | 16.90 | 186.17 | 34.26 | 0.37 | 108.32
32 Nongkai 1.5 ML | 2.68| 1542 |28.76 | 22.94 | 32.15 | 7.56 | 0.70 | 11.89 | 487.17 | 23.13 | 0.22 | 103.57
33 Nongkai 4 SC 2.7 | 18.08 | 64.18 | 47.45 | 15.12 | 11.05 | 0.46 | 20.37 | 127.86 | 72.32 | 0.45 82.55
34 Nongkai 3.5 SC 2.66 | 17.30 | 77.99 | 62.58 | 9.55 | 1490 | 0.51 | 26.28 | 63.67 | 60.55 | 0.66 | 79.84
35 Kalsin 3 ML | 2.65| 1589 |26.57 | 35.81 | 41.12 | 6.38 | 0.64 | 10.33 | 670.50 | 47.67 | 0.18 | 183.42
36 | Chaiyabhum 3 SM | 2.71 | 15.61 | 23.20 | 32.66 | 40.81 | 6.02 | 0.70 | 9.58 | 781.78 | 46.83 | 0.17 | 185.44
37 | Chaiyabhum 3 SM | 2.71 | 1550 |37.17 | 43.69 | 16.13 | 9.81 | 0.72 | 15.50 | 232.64 | 46.50 | 0.32 78.95

09



4.4.1 Unsaturated shear strength

To be able to generate the surface of failure, a multiple regression analysis was
applied among three variables: normal stress, suction and unsaturated shear strength.
The first two variables were held as independent while the shear strength was the

dependent variable. Under a confidence interval of 95%, a correlation R? of 0.789 was

obtained using the 37 data points. Statistics are listed in Table 4.21 and Table 4.22.

Table 4.21: Regression Statistics

Multiple R 0.888

R Squared 0.789

Adjusted R Square 0.777

Standard Error 24.090
Observations 37

Table 4.22: Analysis of Variance

df SS MS Significance F
Regression 2 73914.38 | 36957.191 63.680 3.181 E-12
Residual 34 19732.03 580.354
Total 36 93646.42

The degree of freedoms was plotted in the statistics table from the Appendix
with a F, of 3.26, and since the F-stat for the test is 63.68 which is greater than the F,

value, we accept that there the test is significant and can be accepted. The coefficients

are given in Table 4.23.

Table 4.23: Coefficient table

Coefficients Standard Error P-value
Intercept 16.40 14.87 0.278
0.15 0.01 2.41E-12
) 0.87 0.38 0.027
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4.4.2 Fitted model and unsaturated parameters

Applying linearization of unsaturated shear strength with respect to both the
normal stress and matric suction as independent variables will yield to the extended

Mohr-Coloumb criteria as plotted in Figure 4.12.
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Figure 4.12: Unsaturated shear strength plane

The established SWCC encompasses a wide range of transition zone between
the air-enrty and residual suctions, the calculated angle of internal friction with
respect to suction is 8°, which is in the acceptabe range of values . The total cohesion
intercept of 16.40, which is a combined effect of cohesion and cohesion with respect
to suction. The angle of internal friction is calculated at 32° which is reasonable since

the average of all tested angles is 26.35°.

4.5 Comparison with existing works

In comparison with the work on unsaturated silty sand by Schnellmann et. al
(2013) with an average effective angle of friction of 34.7° and varying total cohesion
intercept of 3 to 31 kPa, our results seem to be in the appropriate range and hence,

acceptable.
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4.6 Shear testing under triaxial conditions

This section presents the shear tests performed on the samples under UU and
CU test. Two types of stress parameters were used: 2D plane strain condition and

triaxial axi-symmetry condition. The first state is defined by:

s'= %(U’l +6'3) (25)

(S %(0_'1 _0'3) (26)

The second state is defined by:
' 1 ' '
ng(o-l+2o_3) (27)

q=(c"—0c") (28)

The o,and o, are the axial stress and radial stresses, respectively applied in
the vertical and horizontal plane. During the isotropic consolidation stage, the axial
and radial stresses are equal in magnitude; the shear phase is where the vertical load is

increased at a fixed rate until such time that the specimen reaches failure.

4.5.1 Unconsolidated Undrained Test

The sample was tested in an undisturbed condition, with the use of
Unconsolidated Undrained (UU) testing with a confining pressure of 200 kPa applied
with an axial strain rate of 0.1% per minute, however, the failure was not reached due

to the maximum limit of axial displacement of the equipment which is 25mm. No sign
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of shear failure was observed as shown in Figure 4.13. The comparison of the sheared
sample under the UU testing produced a radial strain of 5.71% and a volumetric strain
of 6.85% as seen in Figure 4.14. It is expected that the failure plane is in the vertical
axis, similar to a CU tested sample under a net stress of 200 kPa as shown in Figure
4.18 which is indication that the sample has a brittle nature. Figure 4.15 and Figure

4.16 shows the results in both paths of stresses in the s’ vs t and p’ vs g.




Figure 4.14: Comparison of sheared sample with the original size
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Figure 4.15: Shear path along the s’ and t in UU testing
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It can be seen in Figure 4.17 that no failure was reached as the specimen did

not attain a peak deviator stress and is confirmed by Figure 4.13.
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4.5.2 Consolidated Undrained Test

The specimen subjected to a 450 kPa cell presure and 250 back pressure was
applied with an axial strain rate of 0.5%. The axial strain at failure was observed at
9% with a corresponding deviator stress of 98 kPa. The results of the triaxial testing
under CU conditions are shown in Figures 4.18 to 4.20. A volumetric strain of 4.34%

was undertaken during the shear stage.
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Figure 4.21Shear path of p’ vs g in a CU test

It can be seen that the shear failure is significantly lower in the CU test; since
it was performed subsequent to the application of air pressure for the production of
the SWCC, there is a possibility that the soil structure was changed during the
process. It was subjected to a prior 7-day period of saturation, consolidation and Soil-
Water stage; therefore, it is recommended that a separate test be done on the sample to
avoid possible disturbance on the soil structure and fabric. To clarify this point, when
the specimen is subjected to high air pressures, even with the application of confining
pressure, there lies a possibility that the plane of shear failure from the top may have

sprung from a preferential flow path owed to the application of air pressure.



CHAPTER V
CONCLUSION AND RECOMMENDATION

5.1 Conclusion

Based on the results, the following conclusions may be derived:

SANDS:

1.

With the use of an unsaturated triaxial apparatus, the soil water curve for
Ottawa Sand cannot be perceived due to the pressure limits of the machine.
Ottawa sand having a mean size diameter of 0.835 mm, together with rounded
and smooth surface will not sustain water with an initial applied suction of
5kPa.

Toyoura sand, with a mean size diameter of 0.210 and a bigger specific
surface was established to have an air-entry value of 3 kPa and a residual
suction of approximately 6 kPa.

The Van Genuchten (1980) curve model for SWCC was the best fitting model
for the tested data points for Toyoura Sand solely based on the least sum of
square residual; which is confirmed with the use of t-test, where there is a

significant difference between the two models.

The main purpose of this research is to observe the suction that exists in Khon

Kaen Loess and from the laboratory measurements and fitting of the SWCC, this was

accomplished.

LOESS:

1.

The experimental suction using an unsaturated triaxial system was applied
until 200 kPa, with net stresses of 150 and 200 kPa.

SWCC fitting was best fitted by the Fredlund and Xing (1994) with the aid of
sum of squared residuals (SSR); on the other hand the #-fest implies that no

significant difference exists between the results obtained for the two models.
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3. The air-entry value is projected at 30 kPa.

4. On the analysis of 37 data sets of North-eastern Thailand soils, with respect to

a 3D plane coupled with statistics, the following unsaturated shear strength
parameters may be derived: a total cohesion of 16.394 kPa with a ¢ of 32° and

an angle of internal friction with respect to suction ¢y, of 8°.

5.2 Recommendations

One of the main advantages of using the experimental system is given by the

presence of confining pressure and water pressure, which, if used correctly may

closely model in-situ stress. Moreover, the flow measurements are given in real-time

conditions, such that close monitoring of equilibrium of pressure and flow

measurements can be examined.

SANDS:

1.

The utilized apparatus is not the best suitable device to observe suction and
water content change for the tested sands, having relatively larger grain sizes,
is more appropriate to be tested with apparatuses that can sustain suctions in

0.1 kPa increments.

LOESS:

1. Perform further tests with a wider range of suction is recommended, more data
points will provide a more accurate curve fitting.

2. Measurement of in-situ suction that may help estimate the real suction that
exists in a soil needs to be studied further.

3. Proper caution should be observed when estimating the limits of suction that
may exist in the soil, particularly the air-entry and residual suction values.

4. The unsaturated shear is extremely sensitive to the suction values, therefore

proper measurement and estimation should be exercised.
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