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Abstract

Several engineering structures for geotechnical engineering applications are constructed
using compacted fine-grained soils (i.e., dams, road embankments, pavements, canals,
and waste containment structures such as soil covers and liners). The compacted fine-
grained soils are typically in a state of unsaturated condition and plastic in nature. There
is a growing interest in recent years to apply the mechanics of unsaturated soils in the
design of geotechnical structures constructed with compacted fine-grained soils. The soil-
water retention curve (SWRC) is being used as a key tool in extending the mechanics
of unsaturated soils into engineering practice. Conventionally, SWRC is determined in
the laboratory without taking account the volume changes with respect to soil suction.
The water retention characteristics of plastic soils depend on the pore-size distribution,
compressibility characteristics and the volume change behavior. For this reason, the con-
ventional procedures that are used in the measurement of the SWRC may not provide
reliable information. Therefore, the engineering behavior of compacted fine-grained soils
cannot be reliably estimated or predicted if the volume change behavior with respect
to suction is not considered while measuring the water retention curves for compacted
fine-grained soils.

In this thesis, a comprehensive experimental program is undertaken to determine the
water retention characteristics of a local plastic soil, Champlain sea clay. This soil is
commonly used in the construction of several structures in Ottawa and Quebec region.
The SWRCs of Champlain sea clay were measured on specimens that were statically
or dynamically compacted at different water contents and densities using different com-
paction energies. The suction measurements of the individually compacted specimens
were determined using axis-translation technique and thermocouple psychrometers. The
volume changes of the specimens were measured at each value of suction while deter-
mining the SWRC. In light of the experimental results, the parameters that influence
the SWRC behavior such as compaction type (i.e., static or dynamic) and effort, initial
compaction water content and void ratio on the water retention behavior of compacted
fine-grained soils were investigated. In addition, a database of 16 compacted plastic soils
with measured SWRCs and their conventional properties from the published literature
was summarized.

Relationships between the parameters of the SWRC, namely, the rate of desorption
and the conventional soil properties were studied using the results of the present exper-
imental program and the information from the database. This study shows that liquid
limit coupled with clay fraction can be a useful tool to correlate with the rate of des-
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orption for compacted soils. Based on this information, a new technique is proposed for
the estimation of the entire SWRC of compacted fine-grained soils following the drying
path. The required information for using this technique includes one point measurement
of suction versus water content in the suction range of 0-500 kPa, along with data on
the liquid limit and the clay fraction. The proposed technique provides good compari-
son between the measured and estimated SWRCs for the data studied in this research
program. This technique can be used in the preliminary design stages of a project when
detailed information about the soil is no available.

In addition a state-of-art literature review on the devices presently available for the
measurement of soil suction is summarized.
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Chapter 1

Introduction

1.1 Statement of the Problem

Significant advances were made to our present understanding of the engineering behavior
of unsaturated soils with respect to the development of theoretical frameworks, experi-
mental methods and numerical techniques since the extension of Terzaghi’s effective stress
principle for unsaturated soils by Bishop in 1959. (Jennings, 1961; Lambe & Whitman;
1979, Allam & Sridharan 1987; Alonso et al., 1990; Fredlund & Rahardjo, 1993; Lu &
Likos, 2004). However, implementation of these advancements into engineering practice
is rather slow. The key reason for this slow advancement is associated with the excessive
costs of the direct measurements of unsaturated soil properties both in laboratory and
in the field. In spite of several recent developments in devices for the measurement of
matric suction, there is still a need to develop reliable and inexpensive equipment that
can be used to measure soil suction in the field.

Fredlund & Morgenstern (1977) presented an approach for explaining the unsatu-
rated soil behavior in terms of two stress state variables, namely; net normal stress,
(¢ — u,) and matric suction, (u, — u,). This approach provided was considered to
be a rational interpretation technique for the engineering behavior of unsaturated soils
(Wheeler & Sivakumar, 1995; Gallipoli et al. , 2003). Alonso et al. (1987) were among
the first researchers to propose an integrated framework based on the theory of elasto-
plasticity to interpret the unsaturated soils behavior in a qualitative way. A consti-
tutive model that unifies the principles of a critical state type of framework to cou-
ple strength and volumetric response in unsaturated soils was presented by Alonso et
al. (1990). Subsequent research works supported the main features of this framework
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(Wheeler & Karube, 1995; Maatouk et al. , 1995; Cui & Delage, 1996). More recently,
Wheeler et al. (2003) have proposed coupling of mechanical behaviour and hydraulic
hysteresis. The recent research focus has been shifted to the coupled hydro-mechanical
behavior of unsaturated soils, and critical state soil mechanics (Tarantino & Tombolato,
2005; Infante Sedano et al., 2006).

During the last two decades, researchers focused on the development of indirect
estimation or prediction methods to obtain the engineering behavior of unsaturated
soils to alleviate some expensive and time consuming testing (Meerdink et al. , 1996; ?;
Benson & Gribb, 1997; Barbour, 1998; Fredlund, 2004). The relationship between the
amount of soil water (which can be expressed in terms of degree of saturation or volumet-
ric or gravimetric water content) and soil suction played a central role in the development
of these methods. This relationship has been referred to in the literature using several
terms; the widely used terms in geotechnical and geo-environmental engineering fields
are the soil-water characteristic curve (SWCC), the soil-water retention curve (SWRC)
and soil moisture curve (SMC). The term SWRC was used through remainder of this
thesis.

Several investigators have proposed techniques to predict or estimate the key parame-
ters of SWRC for coarse-grained soils and as well as fine-grained soils using easy to obtain
parameters from conventional laboratory tests such as the grain size distribution curve,
void ratio, and Atterberg limits (Jucd, 1993; Tinjum et al. , 1997; Fredlund et al. , 1997,
Aubertin et al. , 2003; Vanapalli & Catana, 2005). The estimation techniques are at-
tractive to the practicing engineers as they reduce the costs and time associated with
the direct measurement of the SWRC. However, there are limited comparisons between
the estimated SWRC and the field SWRC (Meerdink et al. , 1996). In addition, studies
exploring the influence of volume change on the SWRC is also limited for unsaturated
compacted fine-grained soils. Limited studies have shown that the engineering behavior
is significantly different when volume change is substantial (Dineen, 1999). These obser-
vations are more applicable to fine-grained compacted soils which are abundantly used
in engineering practice. The practical applications associated with unsaturated com-
pacted fine-grained soils covers a broad spectrum ranging from embankments used for
roads and culverts, to barriers used for nuclear waste disposals (Delage & Lefebvre, 1983;
Meerdink et al. , 1996; Blatz & Graham, 2000).

Several parameters such as soil structure, stress state, mineralogy, specific surface,
chemical composition, initial compaction water content, void ratio or porosity, surface
activity, soil chemistry, interstitial water and pore-size distribution influence the en-
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gineering properties of compacted, fine-grained unsaturated soils (Cui & Delage, 1996;
Vanapalli et al. , 1999; Vanapalli et al. , 2001; Aubertin et al. , 2003). In addition, the
size of the soil specimen, the method used for specimen saturation, the type of com-
paction procedure and the method used for compacting the specimen, can infiuence the
soil structure regardless of the initial homogeneity of the specimen or the applied stress
(Fleureau et al. , 2002; Vanapalli et al. , 2004).

In this thesis, an experimental study was carried out to investigate the water retention
characteristics of compacted Champlain sea clay. This type of clay is abundantly found
and used in several geotechnical studies in Ottawa and many parts of Quebec region
(Quigley, 1980; Torrance, 1999). The focus of this research was to study the influence
of initial water content, compaction type and energy, and volume change on the water
retention characteristics of compacted Champlain sea clay. A total of 34 statically com-
pacted and 3 dynamically compacted specimens were prepared, using normal stresses of
1000, 2000 and 4000 kPa and water contents ranging from 15% to 29% (ranging from
dry of optimum water content to wet of optimum water content). The compaction stress
of 1000 kPa provides similar results as compared to the standard Proctor test in terms
of dry unit weight and initial compaction water content. As a result, it was possible to
understand whether it was the compaction induced conditions or fundamentally different
soil structure that causes differences associated with the engineering behavior. The vol-
ume change properties were also determined. In addition, a technique has been proposed
to predict the SWRC of compacted fine-grained soils by using easy to obtain parameters;
compaction curve, Atterberg limits, shrinkage limit, volume-mass properties along with
one point measurement of suction versus water content. This technique was tested using
several published data which includes 18 measured SWRC and related parameters of

compacted fine-grained soils.

1.2 Research Objectives

The objectives of this research were:

1. To determine the SWRCs of statically and dynamically compacted Champlain sea
clay specimens.

2. To investigate the influence of different compaction types (static and dynamic) and
effort on the post-compaction suction of compacted Champlain sea clay specimens.
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3. To investigate the influence of initial compaction water content on the water reten-
tion characteristics of compacted Champlain sea clay specimens.

4. To determine the volume change (i.e., shrinkage) of the compacted specimens dur-
ing drying and compare the water content vs. suction relationship with the degree

of saturation wvs. suction relationship.

5. To propose a technique for estimating the drying portion of soil-water retention
curves of compacted fine-grained soils using the information on compaction curve,
volume mass properties and Atterberg limits along with one point measurement

(i.e., water content versus suction).

6. To compare suction measurements in the suction range 0-500 kPa using the axis-
translation technique and psychrometer.

1.3 Scope of Research

The experimental studies to address the research objectives listed in the earlier sec-
tion were undertaken at the Geotechnical Laboratory of the University of Ottawa. The
suction measurements of individually compacted specimens were determined using both
axis-translation technique and thermocouple psychrometers. In addition, data on the
SWRCs of compacted fine-grained soils along with their conventional soil properties
from published literature has been summarized. This database was used to estimate
the relationship between the key parameters of the SWRC (i.e., air-entry value (AEV),
rate of desorption, residual water content) and conventional soil properties. Finally, a
technique is proposed to estimate the SWRC of compacted fine-grained soils with only
one point measurement (i.e., suction versus water content). There is a good comparison
between the measured and the estimated SWRCs of compacted fine-grained soils studied
in this research program.

The outcome of this research program is expected to reduce laboratory testing and
result in savings of resources and time. The approach presented through this research
should encourage the practicing geotechnical engineers to extend the unsaturated soil

mechanics into practice.



Introduction 5

1.4 Thesis Organization

The second chapter, “Literature Review”, is a brief summary on topics related to the
research objectives. The key topics summarized were related to the direct and indirect
techniques of measuring suction and the soil-water retention curves and their applications
in unsaturated soil mechanics. The parameters that influence the engineering behavior
of compacted fine-grained soils is also detailed.

The third chapter, “Equipment Details”, provides related information of the equip-
ments used in the experimental study, presented in this thesis, along with the modifica-
tion introduced to some of the equipments. The calibration, precision and the discussion
on the design principles of the equipments are also briefly discussed.

The fourth chapter, “Experimental Results and Discussions”, provides the details of
the undertaken experimental program and laboratory procedures. The soil properties
used in the study along with the sample preparation are reported. In addition, the
problems encountered during the experimental program are also discussed along with
the discussion on the test results.

The fifth chapter, “A Technique for Estimating the SWRC”, provides the relation-
ships between the parameters obtained from conventional laboratory tests and the para-
meters of SWRC. A step-by-step procedure is summarized for estimating the SWRC of
compacted fine-grained soils.

The sixth chapter provides the summary and conclusions of the research program.
Recommendations useful for further research work are also summarized.



Chapter 2

Literature Review

2.1 Introduction

This chapter starts with a brief review of extending the effective stress principle conven-
tionally used for saturated soils to the interpretation of unsaturated soils. The text goes
on to describe the role of suction in unsaturated soil mechanics and present a review of
the direct and indirect suction measurement techniques. Finally, the use of soil-water re-
tention curve to estimate the engineering properties of unsaturated soils and a summary
of some important aspects associated with the compacted soils are presented.

The literature review focus is towards providing background information that is nec-
essary for interpreting of soil-water retention curve behavior with volume change data

for compacted plastic soils.

2.2 Background for Saturated & Unsaturated Soil

Mechanics From Continuum Mechanics

In 1936, Terzaghi explained the effective stress principle valid for saturated soils as (Fig.
2.2):

“All the measurable effects of a change of stress, such as compression, distor-
tion and a change in the shearing resistance are exclusively due to changes
in effective stress. Every investigation of the stability of a saturated body of
earth requires the knowledge of both the total and the neutral stresses”
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Figure 2.1: Terzaghi’s effective stress analogy

A similar observation has also been made in “Theoretical Essay on the Equilibrium
of Elasticity of Pulverulent Masses and on the Pressure of Earths without Cohesion”
(Boussinesq, 1876):

“One can ignore the atmospheric pressure, for this acts in all directions within
the sand and all around each grain... It therefore has no influence on their
matual action and consequently will not modify the supplementary pressure
that acts at the contact between the grains... Only this supplementary pressure

has to be considered.”

The stress state of a saturated soil can be expressed in a matrix form using the
effective stress principle as given below:

(Uw - uw) Tyx Tz
lal‘ = Txy (Uy - uw) Tzy (2'1)
Tex Tyz (02 — Uy)
where:
g’ . effective normal stress

040y, 0, : total normal stresses in z,y, and z directions, respectively

Terzaghi’s effective stress equation not only satisfies the conceptual framwork of con-
tinuum mechanics but also has proven to be useful to interpret the engineering behavior
of saturated soils. Several instruments are available to determine the pore water pressure
reliably both in the laboratory and in the field when the soil is in a saturated conditions.



Literature Review 8

However, if the soil is not fully saturated, a part of the voids are filled with water and
remainder space is occupied with air, hence a different approach is required for explaining
the unsaturated soil behavior (Fig. 2.2).

Air,

Solid Wate

Figure 2.2: The unsaturated soil media

The success in implementing the Terzaghi’s effective stress principle for saturated
soils into the conventional engineering practice has prompted numerous investigators
to extend the same effective stress principle to unsaturated soils. Table 5.1 summarizes
some of the important equations suggested for interpretation of unsaturated soil behavior
in terms of single stress state variable.

Of all these equations, the original equation, proposed by Bishop (1959) is still popular
and more commonly used. In their research, Bishop & Donald (1961) conducted triaxial
tests on silt specimens prepared from saturated slurries and desaturated with varying
combinations of (03 — u,) and (u, — uy). The minor principal stress, o3, 4, and u,,
were varied to keep (03 — u,) and (u, — u,) constant. The monotonic shape of stress
strain curve did not change under these combinations, giving credibility to the equation
proposed by Bishop (1959).

Subsequent studies (Jennings, 1961; Blight, 1967; Abramento & Carvalho, 1989)
proved that single stress-state equations given given by Bishop (1959) did not provide
reliable results for the interpretation of the mechanical behavior of unsaturated soils
(shear strength and volume change properties) (Fig. 2.3). Jennings (1961) pointed out
that it is necessary to prove that the soil behavior is unaffected by changes in (o —u,) and
X(%s — uy) such that their sum remains constant for total validity of Bishop’s equation
(1959). He also demonstrated that the shortcomings in the method proposed by Bishop
for determining the y, which resulted in values less than zero. In addition, Blight’s
(1967) theoretical analysis has shown that x values can be greater than unity at low
suction values. Abramento & Carvalho (1989) have also reported experimental values
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Table 2.1: Proposed effective stress equations for unsaturated soils

Equation

Author

Parameters

0.I=a+pll

o' =0 — (g + uc)

o' =0 — Fuy

o' = (0 — uy) — xX(ug — Uy)

o' =U—’(/Jp”

o =0 — ﬂp”

/

o' =0;— (Ug— ) +x{0—ug)

o=0+ mei'n + Xspls,

o' = (0 — uy) + aw(Ug — Uy)

o' = (0 —uy) + x (U — Un)

—R—(T,

(Donald, 1956)

(Hilf, 1956)
(Croney et al. , 1958)

(Bishop, 1959)

(Aitchison, 1961)

(Jennings, 1961)

(Newland, 1965)

(Aitchison, 1973)

(Lambe & Whitman, 1979)

(Allam & Sridharan, 1987)

(Khalili & Khabbaz, 1998)

p":pressure deficiency of the pore
water

uc:capillary pressure

(":bonding factor which is a mea-
sure of the number of bonds ender
tension, effective in contributing
to the shear strength

o: Total normal stress

x:parameter related to the degree
of soil saturation

¢:parameter with the values
ranging from zero to one
p”:pore-water pressure deficiency

B:a statistical factor of the same
type as the contact area
p”megative pore-water pressure
o;:intrinsic stress arising from in-
terparticle forces

x:a parameter related to the de-
gree of soil saturation

Pl smatric suction pf:solute suc-
tion

aw:ratio of area of water-mineral
and water-water contact of total
area of "wavy” plane

x:a parameter representing the
proportion of the total void area
occupied by the water on a refer-
ence plane

R:osmotic suction

:interface parameter on the ref-

erence plane

(g — uy) imatric suction in the
specimen at failure condition

(g — Uy )piair entry value
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Figure 2.3: Experimental results showing the dependency of Bishop’s effective stress

parameter x on degree of saturation

of x greater than unity making the proposed equation incompatible with the proposed
theoretical behavior.

In 1977, Fredlund and Morgenstern proposed a framework for unsaturated soils show-
ing that any of the following two stress state variables can be used to define the stress
state of an unsaturated soil: net normal stress,(oy, - u,) and matric suction, (Ug-ty), (0n
- Uy) and (Ug-Uy), (On - Ug) and (o-uy).

The stress state variables more often used in the formulation of interpreting unsatu-
rated soils behavior extending continuum mechanics principles can be shown in matrix
form as follows (Fredlund 1997b):

(0 — Ua) Tya Tew
Tay (o) — ta) Tay (2.2)
Tz Tyz (Uz ua)

(Ug — Uny) 0 0
0 (Ug — Usy) 0 (2.3)
0 0 (“a - uw)

Fredlund et al. (1978), suggested that the above combination; net normal stress,(oy,
- u,) and matric suction, (u4-u,), Was more appropriate because only one stress state
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variable is affected when the pore water pressure changes.

The role of soil suction and its influence on engineering properties of unsaturated
soils is well recognized. Several models that incorporate its effect on the soil prop-
erties, have been developed and new models are still being proposed (Brady, 1988;
Rahardjo et al. , 1995; Blatz & Graham, 2000).

2.3 Soil Suction

The first group to recognize the importance of suction in civil engineering application
was Croney et al. (1954) at the Road Research Laboratory in London. They used the
terminology from soil science and observed the effect of soil moisture deficiency on soil
behavior (Krahn & Fredlund, 1972). Soil suction is essentially a stress state which can
also be defined as the energy per unit volume. The thermodynamic potential of soil pore
water may aid to fully understand the energy state of soil pore water:

Y =1 + Yo + Vg + 1, (2.4)

where;

1 : total potential

. : matric (capillary) potential
1, : osmotic potential

1y © air pressure potential

Y, : gravimetric potential

Neglecting the gravimetric and air pressure potentials, total soil suction quantifies
the thermodynamic potential of soil pore water relative to a reference potential of free
water, which is equal to the sum of matric and osmotic suction:

= (U — ) +T=5+T (2.5)
where;
s = —1), = (U, — Uy) : matric suction
m = —, : osmotic suction

Free water in this regard is defined as water containing no dissolved solutes, having
no interactions with other phases that impact curvature to the air-water interface, and
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having no external forces other than gravity. The physical and physicochemical mecha-
nisms responsible for total suction are those that decrease the potential of the pore water
relative to this reference state (Buckingham, 1907).

2000 : : ; 2000 ,
OSMOTIC SUCTION | : OSMOTIC SL!CTION o
e AsSUming linear ditution 1600 e A g linear dilution
o~ 1600 - Total minus matric suction [~ = " Total minus matric suction
éz ...... By squeczing technique &2 _____ Ey squeezing technique:
Jo— 2 . F turat; tract;
&4, 1200 o From saturation extraction 4, 1200 rom saturation ex -action
5 5
2 800 T g 80 o
|5 R WSS A AN Wt 2 4 Sois R
=1 = R S S
i 1 400 |- e
w2 400 S —— - Bl aa P S N
4] o
g 1 13 15 17 19 20 22 24 26 28 30 32
0,
Water content (%) Water content (%)
(a) Glacial till (b) Regina clay

Figure 2.4: Comparison of suction components (Krahn & Fredlund, 1972)

Krahn & Fredlund (1972) measured total, matric and osmotic suction, independently,
on a low plasticity glacial till and high plasticity clay and verified the assertion that total
suction is equal to the sum of the matric and osmotic suction (Fig. 2.4). They used
psychrometer to measure total suction. A modified consolidometer operating on the
same principle as the pressure plate was used to measure matric suction. The osmotic

suction was measured using a high pressure hydraulic squeezer.

2.3.1 Physical Representation of Capillary Suction

The air-water interface that forms in between the adjacent soil particles of an unsaturated
soil is similar to the water rise in a capillary tube due to the surface tension phenomena,
as shown in Fig. 2.5.

The curved shape of the air-water interface is the result of the upward force, which
exists at the boundary due to the wetting of the surface. The upward force that holds the
column of water in a capillary tube can be mathematically expressed as a relationship
shown below:

uamr? = yy,mr? + 2rrTycosa (2.6)

where; T;: surface tension at the boundary
Uq, Uy: air and water pressure, respectively
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Figure 2.5: Capillary rise phenomena

r: the radius of the capillary tube
o: angle of contact between water and the boundary surface

For perfectly spherical meniscus the angle of contact will be 90° and the above equa-
tion will reduce to:
2T,
(0= u) = =2 27)
The spherical interface model developed for capillary tubes provides a conceptual
model to describe the pressure change across an air-water interface and a physical ex-
planation for an important component of suction in unsaturated soil. In a real soil,
however, a spherical interface does not occur as the soil particles with various shapes
and sizes contribute to a complex pore fabric. Therefore, assumptions and limitations
must be spelled out about the complex pore geometry in order to extend the simple cap-
illary tube model in analyses of unsaturated soil behavior (Lu & Likos, 2004). However,
discussion on these models are out of the scope of the present study.

2.3.2 Measurement Units

The units of suction are same as pressure. The commonly used units for suction mea-
surement are: (pF, cm (H,0), psi, kPa/ M Pa, Bar, atm)

‘atm’ (meaning Atmosphere) has been adopted to replace the term ’Bar’. The ’At-
mosphere’ is a barometric term and as such is dependent on altitude. The unit pF' can
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be defined as “the common logarithm of the height in centimeters of the water column
needed to provide the suction ”(Schofield, 1935).

1cB =1kPaand 1 pF = logoh.
where; h is the height of the water column in ecm.

1 Bar =1 atm = 100 kPa = 3 pF

2.4 Soil Suction Measurement Techniques

The soil suction is determined using; (i) Direct methods or (ii) Indirect methods. In
direct methods the pore water energy which is the relevant quantity under scrutiny is
directly measured. Whereas in indirect methods, another parameter such as; relative
humidity, resistivity, conductivity and moisture content is measured and related to the
suction through a calibration with a known values of suction (Ridley & Wray, 1995).

2.4.1 Direct Measurement Techniques

Direct methods include tensiometers, pressure plates, pressure membranes and suction
plates. These methods directly measure the pore pressure in the soil or impose a known
pressure to the soil and allow the pore pressure to come to equilibrium with the applied
pressure.

e Tensiometers: Tensiometers are devices that directly measure the negative pore-
water pressure (Fig. 2.6). They are more commonly used in the field, although
recently some researchers have started using them on instananeous profile type
laboratory experiments, oedometer cells and direct shear tests (Tadepalli & Fred-
lund 1991; Plagge et al., 1992; Caruso & Tarantino, 2004; Tarantino & Tombo-
lato, 2005). Tensiometers consist of a porous ceramic and a high air-entry cup
connected to a device that measures the pressure using a mercury manometer, a
vacuum gauge, or an electronic pressure transducer. The column of tensiometer is
filled with de-aired water. The water in the tensiometer communicates with the
soil fluid through the ceramic cup, tends to bring the cup water into hydraulic
equilibrium with the soil water (Richards, 1965). Standard tensiometers have a
limitation for the range they can measure suction. This limitation is attributed to
the phenomenon called cavitation, and it is about 100 kPa. Galileo Galilei was

believed to be the one who first observed that water cannot rise indefinitely. He
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Bubble formation in
ordinary tensiometer

Figure 2.6: A conventional tensiometer

found out that 10 m was the limit to which the water could rise in a suction pump
(http:/ /www.experus2005.ing.unitn.it/1Marinho TakeTarantino.pdf).

Figure 2.7: Air bubbles in a glass tube (Harvey et al. , 1944)

An experimental verification for the formation of cavitation is provided by Harvey
et al. (1944) using glass tubes in which he applied increasing suction values in
stages and monitor the formation of air bubbles (Fig. 2.7). Marinho & Chandler
(1995) provided the stages of the bubble formation during cavitation (Fig. 2.8).
In the first stage the meniscus sustains the positive water pressure and hinder
air-cavity dissolution. As the water pressure reaches negative values, the cavity
expands and air pressure drops. In addition, air diffuses towards the cavity to
restore atmospheric air pressure and cavity further expands. Eventually, the air
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cavity detaches from the surface and triggers cavitation.

t=0"

t=0" t>0
u, >0 Xq u,<0 X, u,<0 1 Xy
;; u =0 u>0 u,=0
(@ )] (c)

Figure 2.8: Cavitation phenomenon (Marinho & Chandler, 1995)

Some attempts have been made to overcome cavitation and extend the range of the
tensiometer. Peck and Rabbidge (1969) used a smaller tensiometer, replaced the
water with polyethylene glycol (PEG), and placed a membrane, which is perme-
able to water but impermeable to large PEG molecules. This type of tensiometers
were referred to as osmotic tensiometer. In osmotic tensiometers, a positive pres-
sure is developed into the reservoir, placing the device in a bath of pure water at
atmospheric pressure. However, subsequent studies conducted by Dineen & Bur-
land (1995) suggested that a small percentage of the PEG molecules could pass
through the membrane decreasing the concentration of the solution and lowering
the suction, hence undermining the accuracy of the instrument.

Salid Bondiry

v

Solid Boundary

Figure 2.9: The effect of pre-pressurization (Ridley & Wray, 1995)

In another attempt, Ridley & Burland (1995), Tarantino & Mongiovi (2003) pre-
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Figure 2.10: Thermodynamic phase diagram of pure water (Lu & Likos, 2004)

pressurized the water in the reservoir, inhibiting the formation of air within the
tensiometer (Figure 2.9). They alleged that little crevices that exist in the tensiome-
ters provide a trap for tiny amounts of air that are released when the tensiometer
is placed in a state of tension, forming bubbles in the reservoir. In other words,
the pore water pressure can actually drop beyond 100 £Pa, which is defined as
metastability (Fig. 2.10) (Marinho & Chandler, 1995). These type of tensiometers
are called high capacity tensiometers (HCT) (Fig. 2.11).

This innovation has provided new research possibilities for the experimental investi-
gations of the engineering behaviour of unsaturated soils. However, the widespread
exploitation of this technology has been limited by the lack of a commercially avail-
able tensiometer capable of measuring high suctions, and by the complex and highly
experience-driven nature of the filter saturation process (Take & Bolton, 2003).
Problems arise from the high air-entry interface, which prevents air from entering
the instrument and enables water to sustain high tensile stresses. If not adequately
saturated, the porous ceramic may lead to inaccurate results that might be diffi-
cult to detect (Tarantino & Mongiovi, 2003). Nevertheless, the technology of the
high capacity tensiometer (HCT) is maturing and becoming more widely used
(Take & Bolton, 2003).
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Figure 2.11: High capacity tensiometers (Ridley & Wray, 1995)

¢ Pressure Plate: Hilf (1956) was the first one who provided a setup to measure
matric suction with axis-translation measurement technique as shown in Fig. 2.12.
This technique is used to measure suctions higher than 100 kPa. In this technique,
the soil specimen is placed on a previously saturated porous plate and sealed in a the
pressure chamber. Under the influence of the applied pressure, the “atmospheric
pressure” of a specimen is raised until a condition of equilibrium is reached between
the soil specimen and the applied air pressure (Fig. 2.13). At equilibrium, the
matric suction of the soil equals the applied pressure (Lee & Wray, 1995). The

a S

“New Atmospheric”

Matric
suction, P,
Atmospheric

Matric

RS Cavitation 15 now not an
suction, P,

@Sﬂd

Figure 2.12: A schematic explanation for axis-translation technique

Absolute Pressure (kPa)
Absolute Pressure (kPa)

soil suction measurement range of the pressure plate is limited to the air-entry
value of the plate. Typically, the highest limit used is 700 kPa (i.e., 100 psi) in
conventional laboratories and 1500 kPa (i.e., 200 psi) in strong rooms with special

safety provisions.

A pressure differential is measured across a high air-entry ceramic disc using ten-

siometers and pressure plate apparatus. In addition, expansion of air cavities in
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Figure 2.13: Null pressure plate apparatus

the ceramic disc may take place in both cases, if the ceramic disc is not fully sat-
urated. The water pressure in the water reservoir may also differ from the pore
water pressure if the ceramic disc is not fully saturated.

On the contrary, there are two main differences between the tensiometers and
pressure plate apparatus. In the case of high capacity tensiometers, the water
in the reservoir of tensiometer is in metastable conditions. Whereas in pressure
plate apparatus, the water is either in atmoshperic pressure or under the cavitation
pressure. However, it is not beyond the vaporization point in the phase diagram, in
other words, metastable conditions. Due to the air diffusion, relatively large cavities
in the ceramic disc may slowly expand in axis translation technique. However, there

is no rapid expansion of cavitation nuclei as in the case of tensiometers.

The validity of axis-translation technique was verified by several researchers in dif-
ferent soil specimens compacted to different degrees of saturation values (Bishop, 1959;
Olson & Langfelder, 1965; Vanapalli et al. , 1999; Tarantino et al. , 2000; Power, 2005).
In the light of these experimental results, it was shown that at high degree of sat-
uration (i.e., S, > 0.85-0.9), the increase in air pressure causes an increase in the
boundary of compacted meniscus curvature and, hence, the difference (ug — wy)-
Therefore matric suction measured using axis-translation might overestimate suc-

tion at high degrees of saturation (Fig. 2.14).
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Figure 2.14: Conceptual limitation of the axis translation technique

Figure 2.15: Pressure membrane extractor (Soilmoisture, 1999)

¢ Pressure membrane: Pressure membrane apparatus works on the same princi-
ple as the pressure plate, except that this apparatus is equipped with a rubber
diaphragm that can be inflated to hold the specimen to the membrane as the soil
dries (Richards, 1965) (Fig. 2.15).

Most cohesive soils shrink when they dry. Shrinkage can cause the soil to pull away
from the plate, increasing contact resistance and delaying or stopping outflow. The
effect of soil shrinkage is to increase equilibrium time, with the net effect of having
samples appear wetter than if they were properly equilibrated. Townsend et al.
(2001) suggested to apply an overburden load but gave no guidance as to what
weight should be applied to the specimens to replicate the overburden load and
to keep the specimen in intimate contact with the plate. A flexible device such as
pressure membranes can maintain plate contact during drying. Nevertheless, its
range is limited by the air-entry value of the membrane.



Literature Review 21

e Suction plate: Suction plate consists of a saturated porous ceramic filter disc that
separates the soil specimen from a reservoir of water and a mercury manometer.
When suction is applied, the soil specimen will imbibe water from the porous disc,
causing a drop in the water pressure in the reservoir, which is typically measured
using a manometer. When the pore water pressure and the tension in the water of
the reservoir are in equilibrium, the flow of water will stop. The range in suction
plate is limited to 500 kPa. These plates are not conventionally equipped with
flexible membranes, for this reason the plate contact due to shrinkage can be a
problem in such apparatus. To deal with this problem, Klute (1986) recommended
that a nominal load (i.e., 700 g) be placed on top of each specimen. In contrast,
Topp et al. (1993) recommended that soil specimens be embedded in a thin layer
of kaolinite clay to ensure that contact be maintained during drying. It is not
clear which, if either, of these methods is more useful in reducing the impact of
soil shrinkage. To the best of the knowledge of the author and his supervisors,
there have been no independent comparative studies reported on the matric suction
values measured on specimens using both of these methods.

2.4.2 Indirect Measurement Techniques

Indirect methods include primary, secondary and tertiary methods. Thermocouple psy-
chrometers, transistor psychrometers and chilled mirror pyschrometers fall in the primary
group of methods whereas filter paper is an example of secondary method. In tertiary
methods, thermal conductivity sensors and heat dissipation sensors are used. The pri-
mary methods are used for measuring the total suction whereas the secondary method
can be used for either total suction or matric suction measurement. The tertiary methods
are only utilized in the measurement of matric suction. These methods use measurements
or indicators of water content or a physical property that is sensitive to a change in water
content (e.g., relative humidity, electrical resistance and rate of heat dissipation).

Thermocouple Psychrometers

Thermocouple psychrometers operate based on the temperature difference between a
nonevaporating surface or reference junction, and an evaporating surface or measurement
junction (Spanner, 1951). Figure 2.16 shows a schematic diagram of a Peltier-type ther-
mocouple psychrometer commonly used for measuring relative humidity in unsaturated
soil testing applications. The working component of the psychrometer is an electrical
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circuit formed by thin wires of dissimilar metal housed within a shield of porous ceramic
or stainless steel mesh.

(™1 PVC insulated cable
R
j 1 Vinyl boot
Constantan
AT A
Copper-constantan ngg:: E+))
reference junction .
|-+ Teflon plu
Gold-plated g
connected pins ~
Constantan (25 pm) s §Chromel (25 pm)
Welded measurement )
junction ‘ -Porous ceramic

shield

Figure 2.16: A typical thermocouple psychrometer (Wescor, 1998)

The water potential of a porous material is directly related to the vapour pressure
of the air surrounding the porous medium (Campbell & Gardner, 1971). This means
that the soil water potential can be determined by measuring the relative humidity,
RH, of a chamber inside a porous cup equilibrated with the soil solution. From a
thermodynamic standpoint, the relationship between pore-water potential and its vapor
pressure is expressed by Kelvin’s equation in terms of total suction as:

Yy = — dzh In(u”) (2.8)

VyoWy U0

where 1; is the total suction (kPa), R is the universal gas constant (8.314 J/molK), T
is the absolute temperature (K), v, is the specific volume of water (m3/kg), w, is the
molecular mass of water vapor (18.016 kg/kmol), u, is the partial pressure of the pore
water vapor (kPa), and wu,o is the saturated vapor pressure of free water at the same
temperature (kPa). The term, u,/uyo is also referred to as relative humidity, RH.

The Peltier and Seebeck effects are used to create and measure, respectively, a tem-
perature difference between the measurement junction and the reference junction for
relative humidity measurements. A simple electrical circuit demonstrating the Seebeck
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Figure 2.17: Electrical circuits comprised of dissimilar metals for illustrating (a) Seebeck
effect and (b) Peltier effect (Lu & Likos, 2004)

effect for dissimilar metals A and B is shown in Fig. 2.17. The temperature difference
between the measurement and reference junction, AT, produces a proportional electrical
current that is generated in the circuit. The resulting output can then be measured
using a voltmeter which is connected in series. The water condenses on the junction
at a temperature that is a function of the ambient relative humidity if the temperature
of the cooling junction is depressed beyond the dew-point temperature of the ambient
environment. Cooling at the measurement junction is proportional to the product of
the evaporation rate and the latent heat of vaporization. Although the evaporation rate
is primarily a function of the relative humidity of the chamber, it also varies with the
diffusivity of water in air, which decreases with atmospheric pressure. The latent heat
of vaporization, thermal conductivity, and water vapor diffusivity of air all increase with
increasing temperature. Pressure and temperature effects on the psychrometric mea-
surement may be summarized using the conventional psychrometer equation in terms of

relative humidity as given below (Campbell, 1979):

/o = 1 — [(8—”—)] AT (2.9)
Uy
where; s: the slope of the saturation vapor pressure curve v*: the apparent psychrometer
constant (product of the thermodynamic psychrometer constant and the ratio of vapor
transfer to heat transfer resistance) AT: wet-bulb temperature depression
The psychrometer sensitivity is dependent on the term [%%2] The temperature
dependence of this technique mainly due to the temperature dependence of the terms s
and u,g, and pressure dependence of this technique is mainly due to the effect of pressure
on v*; for example, if the pressure doubles, also v* doubles (Rawlins & Campbell, 1986).

Figure 2.18 show a schematic drawing and photograph of typical laboratory setup for
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Figure 2.18: Schematic drawing and photograph of typical laboratory setup for measuring
total suction using thermocouple psychrometer (Lu & Likos, 2004)

measuring suction using a thermocouple psychrometer. Prior to measurement, a soil
specimen is sealed in the sensing chamber and allowed to come to temperature equilib-
rium with the psychrometer in the headspace above the specimen. The amount of time
required for equilibrium is primarily dependent on the volume and initial relative humid-
ity of the chamber, the soil suction, and the type of thermocouple protective housing (i.e.,
porous ceramic or stainless steel mesh). Equilibrium time typically varies from several
hours to several days (Brown, 1970; Campbell et al. , 1973). The sensing chamber used
for keeping the specimen should be placed in a controlled-temperature water bath or
insulated cooler to minimize the effect of temperature fluctutations on the measurement.
A controlled temperature environment of +:0.001°C is required in order to measure total
suction to an accuracy of 10 kPa (Edil & Motan, 1987). Two modes of operation may
be used to determine relative humidity using thermocouple psychrometers: the “psy-
chrometric” mode and the “dew-point” mode. The physics of each mode is essentially
the same differing primarily in terms whether or not temperature is actively controlled
at the measurement junction. It is important to note that psychrometers must be cal-
ibrated prior to testing by developing a relationship between sensor output at the dew
point temperature and known values of RH. The thermocouple output at the dew-point
temperature is a function of the ambient RH of the sensor/soil system. Correct cali-
bration of sensors for psychrometric and hygrometric determination of water potential
for laboratory and in situ conditions is extremely important because the accuracy of all
subsequent measurements and interpretations will be based on this data. Salt solutions
of known concentration are generally used for calibration. Figure 2.19 shows portions of
soil-water retention curves obtained using this psychrometer for several mass controlled
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Figure 2.19: Relationships between total suction and water content measured using ther-
mocouple psychrometers for remolded mixtures of natural expansive soils from Denver,

Colorado (Lu & Likos, 2004)
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mixtures of two expansive soils.

The upper and lower limits of thermocouple psychrometry measurements are strongly
dependent on sensor design and measurement protocol (Wiebe et al. , 1971). The max-
imum temperature depression that can be maintained at the measurement junction for
Peltier-cooled psychrometer is limited by a resistive heating effect that increases with
the square of the applied current. In practice, the lowest possible humidity measurement
is about 94%, corresponding to an upper limit in total suction equal to approximately
8000 kPa. As the suction approaches this upper limit, the scatter in the measurement
tends to increase. Similarly, at suctions below 100 kPa, where the RH approaches close
to 100%, even slight temperature fluctuations can result in uncontrolled condensation on
the measurement junction. For this reason, psychrometer measurements below 100 kPa
using conventional procedures are generally unreliable (Campbell, 1979).

Transistor Psychrometers

The working principle of transistor pyschrometer is similar to the Peltier psychrometer.
The two main differences for a transistor psychrometer are associated with the applica-
tion of water and the technique used in the measurement of current, the water drop is
manually applied and the current is measured using a transistor (Fig 2.20).

Circuit
Board

water "M l—
Drop

Wet
Transistot

1

Y

Soil

Sample Container
Figure 2.20: A typical transistor psychrometer and its probe

Typical measurement of suction range for transistor psychrometer is 100 - 10000 kFPa.
The equilibrium time is approximately in the order of 1 hour.
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Chilled Mirror Psychrometers

Chilled mirror sensing technology has been used since 1950s for determining of dew-
point temperature in a closed, humid environment. Gee et al. (1992) describe the use of
chilled-mirror sensing system for soil suction testing equipments. Figure 2.21 illustrates
basic operating principle. First, the metallic mirror is chilled thermoelectrically to a
temperature at which condensation from ambient water vapor in the closed chamber
forms on the mirror surface. A beam of light, typically from a light-emitting diode
(LED), is directed to the mirror and reflected back to a photodetector.
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thermopile~ T -
N
N
\.
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Figure 2.21: Schematic diagram of chilled-mirror sensing technology

(Wang & Benson, 2003)

When condensation occurs as the mirror is cooled to the dew-point temperature, the
light reflected from the mirror is scattered and the intensity detected by the photode-
tector is consequently reduced. The dew-point temperature is maintained constant by a
microcircuit and measured by a resistance thermometer embedded in the mirror. The
dew-point temperature may then be related to the ambient RH and corresponding total
suction using Kelvin's law.

Accuracy of the order of +0.2 % RH is typically reported for most commercially
available chilled-mirror sensing systems (Gee et al. , 1992). The practical measurements
range is relatively wide, varying from about 3% RH (=450 000 kPa) to about 99.9%
RH (=100 kPa). Scatter has been shown to increase significantly in the measurements
of suction when RH greater than 99% (~1000 kPa). The primary advantages of chilled
mirror sensing technology for soil suction measurement applications are its simplicity and

speed. The time required for one measurement of suction can be as low as 5 minutes.
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Figure 2.22: General testing configuration for filter paper testing (Likos & Lu, 2002)

Filter Paper Method

Filter paper methods were first developed for agricultural and soil science applications.
Gardner (1937) has been credited with introducing filter-paper technique. The tech-
nique has been used as a conventional method of measuring soil suction for engineering
purposes. Filter paper method is relatively simple, low-cost, and reasonably acurate
alternative to many of the other indirect testing techniques used commonly for measur-
ing suction. The American Society for Testing and Materials (ASTM) Standard D5298
describes calibration and test procedures for the measurement of either matric suction
using the “contact” filter paper technique or total suction using the “non-contact” fil-
ter paper technique. In the contact technique, the filter-paper is placed in direct con-
tact with the soil specimen, by either placing the filter-paper on top of the soil sample
(Bulut et al. , 2001), or burying them within the sample (Houston et al. , 1994). Both
the contact and non-contact filter paper techniques estimate soil suction indirectly by
measuring the amount of moisture transferred from an soil specimen to an initially dry
filter paper (Fig. 2.22). The filter-paper is considered to be the standard material by
convention (see ASTM standard D5298-03); however, any absorbent material may be
suitable for measurement of soil suction (Sibley & Williams, 1990b). The moisture con-
tent of the filter paper at equilibrium is measured gravimetrically and related to soil
suciton through a predetermined calibration curve for the particular type of paper used.
Commonly used types of paper includes Whatman #42, Schleicher and Schuell #589
White Ribbon, and Fisher 9-790A. Figure 2.23 shows the calibration curves for two of
the above mentioned filter papers. Although non-contact filter paper testing is in theory
applicable over the entire range of total suction, the method tends to be impractical for
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Figure 2.23: Calibration curves for Whatman #42 and Scheicher and Schuell #589 filter
papers ( ASTM D5298, ASTM 2000)

both extremely high and extremely low values of suction. Reilable measurements tend
to be limited to a range spanning about 1000 kPa and 500,000 k£Pa because the rela-
tionship between total suction and RH becomes extremely steep at suction values less
than approximately 1000 kPa (Sibley et al. , 1990). Total suction in this range is highly
sensitive to RH and, thus, to measurements of filter paper water content. Slight tem-
perature fluctuations may also result in significant changes in RH in this suction range.
At extremely high values of suction, the filter paper adsorbs relatively small amounts
of water vapor and the quality of the measurement becomes exceedingly dependent on
the environment conditions, operational procedure, and the precision of the equipment
used to determine filter paper water content. It has been shown that filter paper cali-
bration curves can significantly vary among the same type of paper from one researcher
to another or among the same type of paper from one “batch” or “lot” to another
(Sibley et al. , 1990; Leong & Rahardjo, 2002; Likos & Lu, 2002). Between the two ex-
treme cases (lot 77743 and lot 812130), measured values of filter paper water content
differ as much as 11% at relatively low values of total suction. At relatively high values
of suction, the difference in measured water content is as much as 4% (Lu & Likos, 2004).
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Figure 2.24: Calibration curves for seven batch of Whatman 42 filter paper
(Likos & Lu, 2002)

In terms of toal suction, these discrepancies result in 92% error and 57% error, respec-
tively. The main hurdle associated with this method is the development of a proper
calibration curve which relates the filter-paper’s water content to the soil suction. For
this reason several researchers recommend to develop their own calibration curve before
applying this technique (Sibley & Williams, 1990b; Power, 2005). Gardner (1937) stated
that “if the tedious task of calibrating the filter-paper can be avoided, the method is a
simple investigation tool to measure the entire range of soil suction”.

Thermal Conductivity Sensors

The temperature change is related to the thermal conductivity of the porous medium
and the moisture content using a thermal conductivity sensors. The system consists of
ceramic-tipped sensors, a suction sensor controller (datalogger), and a power supply. The
sensor tip has a miniature heating element and a temperature sensor embedded in the
center (Fig. 2.25). The heating curve of the sensor is obtained by sending a controlled
current to the heating element. The temperature rise (AT) in the sensor after heating
depends on the water content of the sensor, which in turn is a function of the surrounding
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Figure 2.25: A typical thermal conductivity sensor

soil suction. Calibration curves developed in the laboratory are provided to obtain the
suction corresponding to field measured AT.

The range of the suction that can be measured using this equipment varies 1-1500
kPa with an accuracy of £5%. The equilibration time may vary from hours to days.
Shuai & Fredlund (2000) show full equalisation time can be about 2 weeks for a wet sensor
although a dry sensor may take 4 days. There are both laboratory and field applications
of thermal conductivity sensors. Ng et al.(2003) showed general agreement between
thermal conductivity sensors and tensiometers (suction around 20 kPa) although one
sensor showed a significantly higher value (i.e., 250 kPa). According to his study, the
thermal conductivity sensors showed a slower response (i.e., 2 days lag) in comparison

to tensiometer in which the response is much faster (i.e., couple of hours).

Electrical Conductivity Sensors

There are two main types of electrical conductivity sensors which are commonly used,
gypsum blocks and granular matrix sensors. A pair of electrodes inserted into a porous
matrix comprises an electrical resistance soil moisture sensor. For the soil moisture mea-
surement, the matrix in these sensors consists of a highly soluble calcium sulfate salt that
serves to boost conductivity and insulate the sensor from the fluctuations in the salin-
ity of the external environment (McCann et al. , 1992). These sensors are inexpensive
compared to its alternatives and suitable for trend measurement rather than accuracy.
Skinner et al. (1997) suggest a life of 5 years for these sensors in alkaline or neutral
soils but they usually need to be replaced every 2-3 years in soils with acidity. Johnston
(2000) reports that suction values recorded with gypsum blocks at 2 field sites compared
favourably with filter paper estimates for suction, provided blocks are individually cali-
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brated (range 20-2100 kPa). Figure 2.27 shows the suction ranges that can be measured
using different conventional techniques. It is interesting to note from these results that

no single measurement technique spans the full range of matric suction.

2.5 Soil-water Retention Curve

The SWRC can be defined as the variation of water storage capacity within the macro and
micro pores of a soil with respect to suction. Buckingham (1907), should have been one
of the earliest investigators who systematically measured the SWRC. This relationship
has been referred to in the literature using several terms; the widely used terms in
geotechnical and geo-environmental engineering fields are the soil-water characteristic
curve (SWCC), the soil-water retention curve (SWRC), soil moisture curve (SMC), water-
suction relationship, soil-moisture retention curve (SMRC), and numerous other terms.
The lack of a consistent terminology associated with SWRC is primarily a result of having
numerous disciplines involved with measuring and using the data (Fredlund, 2004).
Several terms have been used to quantify the amount of water in the soil. The main

terms are as follows:

e gravimetric water content, w,
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Figure 2.27: Conventional methods for measuring suction (modified after Gee & Ward,
1999)

e volumetric water content, 6,

e degreee of saturation, S,

e volume of water, V,,, referenced to the original volume of the specimen, V,, or ‘Z/:L

Gravimetric water content has been most commonly used in geotechnical engineering

and is defined as follows:

Mgy

(2.10)

w =
ms

where; w: gravimetric water content, m,,: mass of water and m;: mass of soil solids.
Volumetric water content has most commonly been used in agriculture related disciplines
and relates the amount of water in the soil to the instantaneous total volume of the soil
specimen (Fredlund & Rahardjo, 1993):
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Vw
where; 0: volumetric water content, V,,: volume of water, V,: volume of voids, V,: volume
of solids.

The degree of saturation references the volume of the water to the instantaneous
volume of voids and for this reason requires a knowledge of the instantaneous total
volume of the specimen, when defined (Fredlund & Rahardjo, 1993):

V
S = v (2.12)
where; S: degree of saturation.

All the three variables mentioned above provide similar information if the initial
volume of the specimen remains constant with an increase in the suction. In other
words, if the volume of the specimen is constant, each of the variables is referenced to a
constant value. However, if the soil structure is deformable, only the gravimetric water
content is referenced to a constant. Several other dimensionless and normalized forms
that have been proposed for the representation of water in the soil (see Fredlund &
Rahardjo, 1993).

A typical SWRC is illustrated in 2.28. The parameters used to describe the SWRC
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Figure 2.28: A typical SWRC and its essential features

include; the air-entry value, (u, — U )s, the rate of desorption and residual water content,
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wy. The air-entry value, (u, — u,)p is the matric suction value that must be exceeded
before air recedes into the macro pores of the soil. This limit is also referred as the
“bubbling pressure” in ceramics engineering or the “displacement pressure” in petroleum
engineering. The rate of desorption is closely related to the pore-size distribution. The
residual water content is the water content at which an increase in suction does not

produce a significant change in water content.
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Figure 2.29: Illustration of the influence of the components of soil suction in different
ranges of suction (modified after (Barbour, 1998))

Figure 2.29 shows different zones in which each component of soil suction is predom-
inant. The total potential controls the water flow and the suction components influence
the mechanical behavior of soils. However, not all the components have the same effect;
the mechanical behavior is mainy affected by the matric suction (Krahn & Fredlund, 1972;
Fredlund & Rahardjo, 1993). Capillary effects dominate when there is still a significant
amount of liquid water in the soil. Therefore, matric suction can be used to describe
the mechanical behavior of an unsaturated soil. As soil dries, liquid flow starts to cease
and vapor flow begins to dominate. For this reason, the osmotic suction related to the
adsorbed salts begin to dominate the soil behavior. The influence of osmotic suction are
more pronounced in clay-rich materials.
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The shape of the SWRC depends on the pore-size distribution and volume change
of the soil. These two characteristics of porous materials are affected by the initial
water content, soil structure, mineralogy, and the stress history (Vanapalli et al. , 1999;
Simms & Yanful, 2005). Moreover, volume change itself cannot be just related to one
single stress state variable but must be described by independent functions of net normal
stress and suction (Matyas & Radhakrishna, 1968). For a rigid porous material of single
pore size (i.e., uniform pore size distribution), whether it is a soil or not, the SWRC
should be similar to curve (a) shown in Fig. 2.30. But even in a porous material with
uniform pore size distribution, some water would still be present in the material due to
surface phenomena. The SWRC shape for a material of single pore size could be more
appropriately represented by curve (b) in Fig. 2.30. The curve (c) in Fig. 2.30 represents
an example of material with two pore sizes (i.e., bimodal pore structure). A material with
larger numbers of pore sizes should present a more gradual reduction in water content
with an increase in suction, as shown in curve (d) in Fig. 2.30. Clay soils typically

40 0*. a) Hypoth;tical single p(l)red material
o‘o, b) Single pored material
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Figure 2.30: General shape of SWRC according to pore-size distribution (Marinho, 2005)

have non-uniform grain size and pore size distributions (Delage & Lefebvre, 1983). As
a consequence, SWRCs of clays are wiht slopes that exhibit relatively flatter slopes in
comparison to coarse-grained soils.
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2.5.1 Estimation of Engineering Properties Using SWRC

The SWRC has repeatedly been identified as the key soil information required for
the analysis of seepage, shear strength and volume change problems (Barbour, 1998;
Fredlund, 2000). The water storage function and the hydraulic conductivity function for
an unsaturated soil can be estimated using the SWRC. The indirect determination of
these parameters may be justified not only by the difficulties involved in such tests but
also by the costs associated with determinations of these parameters. The general tech-
nique follows that the unsaturated soil property functions can be based on the saturated
soil properties and the SWRC along with one additional soil parameter (Fredlund, 2004):

Unsaturated Soil Property = [Saturated Soil Property] f(SW RC)(¢ei parameter)
(2.13)
For example, Figure 2.31 shows plots of a typical SWRC and the predicted properties
associated with moisture flow. The equations available for the prediction of hydraulic
conductivity, k. are based on empirical observations or on statistical and mechanistic
approaches. Features of the property functions, such as the location and steepness of the
hydraulic conductivity, &k, and coefficient of vapour diffusion D"* function are illustrated
in Fig. 2.31. These features depend on the air-entry value and on the steepness of the
SWRC. A detailed explanation is available in Gitirana (2005).
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Figure 2.31: Prediction of moisture flow properties based on the soil-water retention
curve(Gitirana, 2005)
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2.5.2 Review of Soil-Water Retention Curve Fitting Equations

The SWRC data obtained from a laboratory test are a series of disconnected points.
A mathematical equation can be used to fit the data points and extrapolate and in-
terpolate the data where no experimental data is available. A number of empirical,
analytical and statistical models are postulated in the literature for the mathematical
representation of SWRCs (Brooks & Corey, 1964; Brutsaert, 1966; van Genuchten, 1980;
Fredlund & Xing, 1994; Leong & Rahardjo, 1997). A comprehensive summary of these
models is available in Sillers et al. (2001). The evolution and comprehension of the
SWRC along with the measurement techniques is summarized in the Nineteenth Cana-
dian Geotechnical Colloquium by Barbour (1998). Commonly used soil-water retention
curve-fitting equations are presented in the Table 2.2. Among these SWRC models; van
Genuchten (1980) and Fredlund & Xing (1994) equations are found to be more commonly
used (Leong & Rahardjo, 1997; Stormont & Anderson, 1999; Gersovich & Sayao, 2002;
Vanapalli et al. , 2004). Therefore, in this research, the above two equations were used.
In addition; a simple equation proposed by Brutsaert (1966) with two fitting parame-
ters is also tested and used for the proposed technique in Chapter 5. Depending on the
model, at least two (Brutsaert, 1966) or three experimental data (van Genuchten, 1980;
Fredlund & Xing, 1994) are required in order to fit the SWRC. The accuracy of fitting
the SWRC increases with an increase in the use of experimental data points for all the
SWRC models.

There are several types of SWRC models. One branch of these models is based on
statistical relationships between the structural and textural soil properties and water
content versus suction values (Gupta & Larson, 1979; Vereecken et al. , 1992). Another
branch is linking the SWRC equations to the physical characteristics of the porous me-
dia based on certain assumptions (Arya & Paris, 1981; Haverkamp & Parlange, 1986;
Tyler & Wheatcraft, 1990; Aubertin et al. , 2003).

In many situations, it is valuable to have an estimate of the SWRC during early stages
of a project, when there is not enough information readily available. The SWRC esti-
mation models, based on easy to obtain properties (i.e., grain size distribution, void
ratio, Atterberg limits, and dry density) may be utilized to guide the geotechnical
engineers throughout the preliminary analyses and design procedures (Fredlund, 2000;
Cété & Konrad, 2002; Vanapalli & Catana, 2005).



Literature Review

39

Table 2.2: Soil-water retention curve equations used for fitting experimental data

Reference

Equation

Parameters

Brooks & Corey
(1964)

Brutsaert
(1966)

van Genuchten

(1980)

Mckee and Bumb
(1987)

Fredlund & Xing
(1994)

%=&+@—&ﬂﬂ%

0s—0r
h—a

1+e

(65—6r)

n[ee[£17]

ap: Bubbling pressure
by: Pore size index

ap: The first fitting parameter
np: The second fitting parameter

Gyg: The first fitting parameter
Tyg: The second fitting parame-
ter

Mg The third fitting parameter

a: The first fitting parameter
b: The second fitting parameter

ay: The first fitting parameter
ny: The second fitting parameter
myg: The third fitting parameter
hy: A soil parameter related to
the suction at which residual wa-
ter content occurs
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Figure 2.32: Schematic of compaction curves (moisture density relationships) for a hypo-
thetical soil compacted at three energy levels. Also shown are the optimum water content
(OWCQ),maximum dry density (MDD), and the line-of-optimum (LOO)and zero-air-voids
(ZAV) lines (Basheer, 2000)

2.6 Compacted Soils

Unlike several other construction materials (i.e., concrete), the properties of soils can not
be preset and therefore they may not exhibit the properties desired in the construction
of the earth structures. Sometime, soil properties at the site have to be improved to
achieve better performance.

There are several remediation techniques which can be carried out by employing
a variety of mechanical and chemical stabilization techniques based on the project re-
quirements. In chemical stabilization, chemical agents such as cement, lime or asphalt
is blended with soil. On the contrary, mechanical improvement methods include com-
paction consolidation and soil reinforcement (Bell, 1977). The soil type, cost-related
factors and the project requirements play an imporant role in the selection of a spe-
cific technique (Basheer, 2000). Compaction is frequently used in the construction of
soil structures such as roads, railroad embankments, earth dams, landfill clay liners
(Delage et al. , 1997; Romero et al. , 1999).

Proctor (1933a) demonstrated the influence of compaction energy and moisture con-
tent on the dry unit weight of soil. He introduced the use of a 2.5 kg hammer falling
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from a height of 305 mm compacting soil into 3 equal layers at 25 strokes per layer.
The soil was compacted in a cylinder, 114 mm in diameter and 178 mm in height. A
penetrating needle was additionally used to test penetration resistance after a soil was
compacted. His efforts on 200 different soil types showed that an increase in compaction
energy results in an increase in maximum dry unit weight and decrease in the optimum
moisture content.

A large number of factors, which are either not measured or difficult to control, influ-
ence the engineering behavior of compacted soils (Fleureau et al. , 2002). In most cases,
compaction increases the soil density, enhances its strength, and reduces its compress-
ibility and hydraulic conductivity. In addition, compaction can result in a significant
reduction in potential settlement, an increase in slope stability, an increase in bear-
ing capacity, a reduction of the detrimental effects that may cause due to the volume
change (i.e., frost heave, swelling and shrinkage) and control of water flow (i.e., seepage,
subsurface contaminant transport) (Basheer, 2000). However, since compacted soils are
typically in a state of unsaturated condition, the mechanics of unsaturated should be
used in understanding the engineering behavior of these soils.

2.6.1 Influence of the Soil Structure

Many studies are reported in the literature that discuss the influence of soil struc-
ture or fabric on the engineering properties of compacted soils (Alonso et al. , 1987;
Cui & Delage, 1996; Romero et al. , 1999; Simms & Yanful, 2005). The parameters that
influence the engineering behavior of unsaturated soils also influence the SWRC behav-
ior. In recent years, several studies are reported in the literature to understand the in-
fluence of various parameters that influence the SWRC behavior (Vanapalli et al. , 1999;
Ng & Pang, 2000; Leong & Rahardjo, 2002; Vanapalli et al. , 2004). Some of these fac-
tors include initial compaction water content used for compaction, soil structure, void
ratio, type of soil, texture, stress history, mineralogy and method of compaction. Of the
factors stated above, the soil structure and stress history have the most influence on the
SWRC behavior of fine-grained soils (Vanapalli et al. , 1999).

The specimens with an initial compaction water content representing the dry of op-
timum conditions have relatively large pore spaces which are located between the clods
of soil compared to the pore spaces within the clods. The relatively low suction values
associated with removing water from the large pores are significantly different from the
large suction values required to remove water from the microscopic pore spaces between
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soil particles within the clods of clay (Vanapalli et al. , 2004). Therefore, the macro-
structure controls the initial desaturation of compacted clayey specimens with initial
water contents, which are dry of optimum.

On the contrary, the pore spaces in a clayey soil compacted at an initial water content
on the wet of optimum side are not generally interconnected, in other words, they are
in an occluded state. These soils are relatively more homogeneous than the specimens
compacted at dry of optimum and consequently, have a higher storage capacity due to
their different structure. They have no visible interclod pores and offer more resistance to
desaturation under an applied suction in comparison to those specimens compacted dry
of optimum (Cui & Delage, 1996; Vanapalli et al. , 2004). In contrast to the specimens
compacted dry of optimum, the micro-structure in the specimens compacted wet of
optimum controls and resists the desaturation (drying) characteristics of the soil. As
a result, the slope of the SWRC is relatively flatter for the wet of optimum specimen
compared to the dry of optimum initial water content specimen in the lower suction range,
where the desaturation was attained mainly by the liquid-phase drainage (i.e., 0 to 1,500
kPa). The boundary between occluded pore space and the open pore conditions occurs
at water contents approximately equal to the optimum water content (Marshall, 1979;
Tarantino & Tombolato, 2005), and therefore, the specimen prepared at optimum water
content condition lies between these two.

Vanapalli et al. (1999) studies show for all initial conditions of water content (i.e., dry
of optimum, optimum and wet of optimum) and stresss history, the SWRC behaviour
appears to be similar at higher suctions (i.e., 20,000 to 300,000 £Pa). In other words,
the inter-aggregate structure appears to be the same for the specimens at these higher
suctions. Presumably, the water films at these suctions are so thin that all the water is
within the range of influence of the osmotic and adsorptive fields. SWRCs of a glacial
till compacted with different initial water contents and densities are shown in Fig. 2.33.
The SWRCs of the same soil can vary significantly in the suction range of 0 to 1,500
kPa when the soil is compacted at different initial water contents representing dry of
optimum, optimum and wet of optimum conditions (Vanapalli et al. , 1999). Benson
& Tinjum (1997) worked on four different compacted clays used as a barrier in waste
management structures. They conducted experiments to determine SWRCs for different
initial compaction water contents and different compaction efforts. They concluded high
air-entry values are obtained with more plastic soils when compacted on wet of optimum
or when higher compaction effort is applied (Fig. 2.34).

Fine-grained soils typically have two levels of structure: a macro-level structure and
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Figure 2.33: SWRCs of Indian Head till for dry, optimum and wet of optimum (Vanapalli,
1999)

104 10* gy rrry T T
F (b)
) wa: = 10°F D‘:'u “ay
% ; & % o o8
4 L 4 DDAA%
g 10k 102 o_rm,o ° a2
3 ] fail o
10"k g4 10}
g E  Std. Proctor - Soll F a § Mod. Proctor - Soil M
= . [o) of Optimum : ©  Dry of Optimum
10°F o Dwimtfr)npﬂ 10°F| o mum
E a ‘ot of Optimum 3 A ‘et of Optimum
10-1-....|....|....|....1.... 10~1~...l....l.ll.l....l..
0.5 0.6 0.7 0.8 0.8 1.0 0.5 0.6 07 0.8 0.9 1.0
Degree of Saturation Degree of Saturation

Figure 2.34: SWRCs of compacted clay barrier soils for dry, optimum and wet of optimum
(Benson & Tinjum, 1997)



Literature Review 44

micro-level structure. The soil microstructure is described as the elementary particle
associations within the soil, whereas the ar-rangement of the soil aggregates is referred
to as macrostructure (Mitchell, 1993). Typically, both the macro and micro-levels of
structure are present in natural and compacted clayey soils. The resulting macrostructure
of specimens prepared at different initial water contents is different in spite of their

identical mineralogy, texture and method of preparation.

2.6.2 Influence of Fine Fraction

Coté & Konrad (2002) present a comprehensive experimental study to provide a simple
relationship between the air entry value, 1, and the overall porosity of the soil (Fig.
2.35). The study suggests the maximum pore size (i.e., which is related to matric suction)
is controlled by the percentage of fines rather than the coarse fraction of the material.
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Figure 2.35: Influence of the overall porosity, n, and fine content on the air-entry value,
¥y (Coté & Konrad, 2002)

2.6.3 Influence of Compaction Effort

The mechanical behavior of unsaturated soils is significantly influenced by compaction
effort. Several investigators including Olson (1965), Sridharan (1968), and Bell (1977)
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worked on the engineering behavior of compacted soils. For example, Bell (1977) com-
pacted specimens of sandy silty clays (CL-ML), with kneading, static, and impact meth-
ods at various moisture contents. The studies show that the static method was three
to ten times more efficient in reaching 100% standard Proctor (18.8 kN/m? at 13.8%
optimum) than kneading and impact methods at a given moisture content. The greater
efficiency was determined by observing that at dry of optimum (10.6%) static compaction
required 187 kJ/m3 of energy to achieve maximum dry unit weight while kneading and
impact required 435 and 626 k.J/m?>, respectively. Wet of optimum (15.7%), static com-
paction needed only 52 kJ/m3 of energy with kneading and impact requiring 609 and 370
kJ/m? of energy. Figure 2.36 shows the efficiency of each compactive method obtaining
maximum dry unit weight in the spectrum of moisture contents.
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Figure 2.36: Compactive effort required to obtain maximum standard Proctor dry unit
weight for three compaction methods after (Bell, 1977)

Leong & Rahardjo (2002) studied the influence of compaction effort on the SWRC
of a mudstone residual soil. Three different energies were applied to the soil specimens
as shown in Fig. 2.37: Standard Proctor effort (i.e., 598 kJ/m3), Modified Proctor
effort (i.e., 2693 kJ/m?) and a variation of Modified Proctor, termed as Enhanced Proc-
tor effort (i.e., 1619 kJ/m?) (Fig. 2.38). Typically, the soil pore size decreases with
an increase in the compaction effort for fine-grained soils. Due to this reason, it is
likely there will be some differences in the storage characteristics (i.e., SWRC) of the
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Figure 2.37: Compaction curves of Jurong formation mudstone residual soil
(Leong & Rahardjo, 2002)

same soil when it is compacted with different energies. The SWRC of the compacted
mudstone residual soil specimens at different compacted efforts are shown in Fig. 2.38
(Leong & Rahardjo, 2002). Several observations can be made from this study. First, the
difference between the SWRC of compacted soils at the same compaction effort is not
very distinct. Second, as the compaction effort increases, there is a general increase in
the air-entry value. Third, the band of the SWRC tends to narrow as compaction effort

increases.
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Figure 2.38: Soil-water characteristic curves of soil specimens compacted at different com-
paction efforts: (a) Standard Proctor, (b) Modified Proctor (Leong & Rahardjo, 2002)
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In a different study, Sugii et al. (2003) presented the influence of compaction effort
on the SWRC behavior of a sandy soil. Figure 2.39 shows the SWRC is unique for the
different compaction energies beyond the transition stage for the tested sandy soil (i.e.,
2 kPa suction value in Fig. 2.39).

Figure 2.39: Compaction and SWRCs (Sugii et al. , 2003)
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The results presented by Leong & Rahardjo (2002) and Sugii et al. (2003) are in-
teresting and valuable. It should be noted that the resulting pore-size distribution in a

fine-grained soil is significantly influenced by the compaction energy and the initial water
content used for compacted fine-grained soils. The SWRC behavior of fine-grained soils
is sensitive to those parameters and others such as the stress history and clay mineralogy.

However, the pore-size distribution in a coarse-grained soil is not predominantly influ-
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Figure 2.40: Effect of saturation technique on SWRC of a compacted soil
(Barbosa et al. , 2002)

enced by all the above parameters. Due to this reason, it is likely coarse-grained soils
exhibit a relatively “unique” SWRC. Several investigators have used this characteristic
behavior of coarse-grained soils and were succesful on predicting or estimating the SWRC
using the grain-size analysis data (Arya & Paris, 1981; Haverkamp & Parlange, 1986;
Fredlund et al. , 1997; Vanapalli & Catana, 2005).

2.6.4 Influence of the Specimen Height and Saturation Tech-
nique

Barbosa et al. (2002) studied the influence of soil specimen height and saturation tech-
niques on the SWRC behavior of a Brazilian soil. The two different techniques used
for saturating the compacted soil specimen were: (i) vacuum application followed by
submersion and (ii) submersion followed by vacuum application. The water content of
specimens was higher in specimens which were saturated by vacuum application after im-
mersion (Fig. 2.40). Also, these specimens desaturated at a faster rate in the low suction
range in comparison to specimens that were submerged followed by vacuum application.
Similar desaturation characteristics were observed at higher suction range (greater than
50 kPa) irrespective of saturation technique. However, similar soil-water characteristics
were observed for specimens of different heights (20 to 40 mm).
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2.6.5 Hydraulic Conductivity

Attom (1997) studied the changes in saturated hydraulic conductivity values at com-
pacted impact energies of 355, 987, 1637, and 2693 kJ/m?2 for expansive clay (CH)
specimens.

Table 2.3: Compaction energy applied to the clay specimens (after Attom, 1997)

Sample Hammer Height of Number Number Volume of Energy
D mass(kg) drop(cm) of blows of layers cylinder(cm?®) applied(kJ/m?)
E1 2.5 30.5 15 3 934.5 355.6
E2 2.5 30.5 20 3 934.5 474.2
E3 2.5 30.5 25 3 19345 592.7
E4 2.5 30.5 30 3 934.5 711.3
E5 2.5 30.5 20 5 934.5 790.3
E6 2.5 30.5 25 5 934.5 987.8
E7 2.5 30.5 30 5 934.5 1185.4
E8 4.5 45.7 15 5 934.5 1637.8
E9 4.5 45.7 20 5 934.5 2155.1
E10 4.5 45.7 25 ) 934.5 2693.8

At optimum moisture content, the saturated hydraulic conductivity decreased from
5.9 x 107° cm/sec at 355 kJ/m3 to 1.8 x 107! cm/sec at 2693 kJ/m>. For the specimens
compacted at dry of optimum, the saturated hydraulic conductivity ranged from 9 x 10~°
to 5.37 x 1077 em/sec at 355 kJ/m® (Fig. 2.41). At higher compactive efforts (987 to
2693 kJ/m®) hydraulic conductivity decreased, ranging from 1 x 107! to 2.8 x 107°
cm/sec. As compaction energy increases, the voids decrease, reducing hydraulic conduc-
tivity. Plotted against moisture content, hydraulic conductivity, at every energy level,
decreased from dry to optimum moisture contents and then increased beyond optimum.
Similar conclusions were also reported by work previously performed on compacted clays
(Lambe, 1958; Elsbury et al. , 1990).

2.6.6 Swelling

Attom (1997) have also demonstrated that swell pressure in an expansive clay (CH)
increases at dry and optimum moisture content with an increase compaction energy
levels. Specimens were prepared at impact compaction energies of 355, 592, 987, 1637,
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Figure 2.41: Compactive energy versus hydraulic conductivity for clays dry of optimum
(after (Attom, 1997))

and 2693 kJ/m? (Table 2.3), seated in a 12 consolidation cell with an initial load of 6.9
kPa, and saturated. The procedure was termed a zero swell test where swell pressure
was defined as the amount of pressure that discontinued soil expansion. Figure 2.42
shows that dry of optimum, average swell pressure ranged from 1.3 kg/cm? (355 kJ/m?3)
to 3.4 kg/cm? (987 to 2693 kJ/m3). Swell pressure at optimum moisture increased from
1.6 kg/cm? (355 kJ/m®) to 4.5 kg/cm? (2693 kJ/m3). An Increase in swell pressure
with an increase in compaction energy was attributed to lower air voids in the soil with
increasing energies. For the specimens compacted at wet of optimum, the compactive
effort had little effect on swell pressure of the specimens because of high initial moisture
contents.

2.7 Summary

A detailed review of the effective stress equations proposed for unsaturated soils and
the role of suction in unsaturated soil mechanics is presented in this chapter. A sum-
mary of the suction measurement techniques is detailed highlighting the advantages and
disadvantages of each of these techniques.

A brief review of soil-water retention curves was also presented. Several models used
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to obtain a closed form SWRC were reviewed. The main factors that effect the engi-
neering behavior of compacted soils were addressed. It was found that the soil structure
of the soil governs the engineering behavior of compacted plastic soils. Different type
of soil structures can be attained depending on the compaction type, initial compaction
water and the activity of clay minerals present in the compacted soil. This literature also
shows that the engineering properties of the compacted soils will be significantly influ-
enced by the volume change behavior. For this reason, the volume change behavior with
respect to suction should be taken account of while measuring the SWRC of compacted
fine-grained soils.



Chapter 3

Equipment Details

3.1 Introduction

The laboratory testing program involved the determination of the water retention char-
acteristics of Champlain sea clay taking account of volume change with respect to suc-
tion. Several compacted specimens of Champlain sea clay were prepared using both
static and dynamic compaction energies at different initial water contents using three
different energy levels. The suction in the compacted specimens were determined using
axis-translation technique and thermocouple psychrometer. The volume change of the
specimens were also measured at each suction increment while measuring SWRC.
Several equipments including compaction tools, null-pressure plate apparatus, psy-
chrometer and triaxial cell were used in the experimental program. The following sections
also provide a brief description of the equipment used in the laboratory testing program.

3.2 Compaction

The Champlain sea clay specimens were prepared using with two different compaction
methods namely; static and dynamic compaction. The statically compacted specimens
were prepared at varying water contents and densities using the brass compaction equip-
ment shown in Figure 3.1. Care was taken to ensure that the specimen rings would not
deform during the compaction process. The bottom of the compactor mold was designed
to hold the specimen rings to achieve this objective. The specimen rings were securely
fastened to the compactor base by four screws to allow for easier handling. The base of
the ram is made of tapered Teflon to reduce friction between ram and the walls of the

52
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Figure 3.1: Specimen compactor mold and ram

mold thereby maximizing the compaction energy imparted to the soil. The Teflon base
also formed a tight seal with the mold to prevent the soil particles from jamming the
ram. A 25 mm circular piece of porous plastic was inserted into the Teflon base leading
to an air vent to eliminate the possibility of vacuum developing inside the mold during
compaction. The vent would allow any trapped air to escape out of the mold (Figure
3.1). For this research project, the specimens were compacted in one layer within the
specimen ring. The diameter of ring used in this study was 50 mm. The initial height
of the specimens were equal to 18 mm.

Three different stress levels were chosen for the static compaction tests; 1000, 2000
and 4000 kPa. A minimum of 10 specimens with different initial water content were
compacted for every stress level. During static compaction, load cells and linear poten-
tiometers were used to determine the compaction effort imparted to the specimen (Figure
3.2). ASTM D-698 standards were followed for preparing the specimen using dynamic
compaction. All specimens were compacted at an energy level of 593 kJ/m? for Proctor
tests. This energy level of 593 kJ/m?® was attained by compacting the soil in three layers
with a 2.5 kg hammer at 25 blows per layer.

3.3 Measurement of Soil Specimen Suction

Several devices that were conventionally used for the measurement of suction are detailed.

Techniques and limitations associated with each device are summarized. Most of these



Equipment Details 54

Specimen “
the brass
cylinde

Linear
otentiometer
system
Load |
Cell

Unconfined

compression|
apparatus |

Figure 3.2: Statically compacting specimens with a constant strain rate

equipments were used in this research program.

3.3.1 Direct Measurement TechniquesA

The direct measurement of matric suction (i.e., negative pore water pressure with respect
to the atmospheric pressure) using a tensiometer have generally been limited to a suction
range of about 0-90 kPa. High capacity tensiometers or axis translation technique is
commonly used for the direct measurement of matric suction values greater than one
atmosphere. In this study, axis translation technique is selected for direct measurements
for the suction range of 0 to 500 kPa.

Axis-translation Technique

The axis-translation technique works by shifting the reference pressure from the nega-
tive pore water pressure of the specimen to the applied positive air pressure within the
pressure chamber (Hilf, 1956). This is achieved through use of a high air entry disc.

The high air entry disc acts as a semi-impermeable membrane that allows the flow of
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Figure 3.3: Modified axis-translation apparatus

water through its pores but restricts the flow of the applied air flow. In other words, the
high air-entry disc acts as a divider between the negative pore water pressure of the soil
specimen and the atmospheric pressure conditions.

Figure 3.3 shows the details of a null pressure plate system that was designed and
developed to measure the matric suction of compacted unsaturated soil specimens fol-
lowing the axis translation technique (Hilf, 1956). The four main components of the null
pressure plate system are: the pressure chamber with a high air-entry stone (air-entry
value equals to 500 kPaq), pressure gauge or transducer for measuring and recording of
the matric suction measurements, and the flushing system.

The two pressure chambers used in the null pressure plate system were designed
and developed at the University of Ottawa’s in-house machine shop (see Figure 3.3)
(Power, 2005). The apparatus has a brass cylinder, cap, and an acrylic base. Matric
suction is measured by increasing or decreasing the applied air pressure of the chamber.
The pressure within the chamber is measured by a pressure gauge which has a maximum
limit of 700 kPa. Figure 3.4 shows the details of the acrylic base of the pressure chamber.

The base was made from acrylic instead of brass to facilitate the viewing of the air
bubbles developing during the test, if any, with the naked eye. The spiral groove pattern
in the bottom of the base is to aid in the removal of air bubbles that may develop during
testing. The grooves are small enough but facilitate the water pumping of through it
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using the peristaltic pump to remove the air bubbles trapped within the grooves and force
them to flow out into the air-trap burette of the flushing system. Because the base was
made from acrylic, “O-seal straight threaded” fittings were used for the inlet and outlet
connections between the base and the flushing system. Care has taken when tightening
the regular National Pipe Thread (NPT) pipe fittings located on the base such that it
would not crack the base and allow both air and water leak into the system.

An O-ring located in a separate circular groove on the bottom of the base was the
original method of sealing the connection between the high air entry disc and the pres-
sure chamber base (Figure 3.5). It was discovered that the O-ring would compress as
the air pressure within the chamber is increased producing erroneous matric suction
measurements during preliminary testing. The new design called for a separate circular
O-ring groove to be placed around the outside of the base (Figure 3.5). The new O-ring
groove would allow the stone to sit flush with the bottom of the acrylic base and be
sealed around the outside diameter of the metal ring. The five, 150 mm screws that
pass through the base are bolted to the cap of the pressure chamber to securely seal the
specimen inside.

Figure 3.6 shows the ceramic discs used in the null pressure plate apparatus. The
disc sits flush with the bottom of the acrylic base and is sealed into place using a 3 mm
diameter O-ring.

It is essential to remove any air bubbles that form under the saturated ceramic discs in
order to apply the axis-translation technique in reliably determining the matric suction
of a specimen. Although distilled, de-aired water was used in the null pressure plate

system, over time, more dissolved air can come out of solution producing erroneous

Spiral groove with
irilet and outlet for
flushing

Figure 3.4: Pressure cell base with O-ring seal straight threaded fittings
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Figure 3.5: O-ring details for sealing ceramic discs in acrylic base

Figure 3.6: A 500 kPa high air entry disc saturated and sealed in the pressure cell base
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suction measurements. Garga & Zhang (1997) studied the rate at which de-aired water
would re-oxygenate when left in a container open to the atmosphere. Through this study
it was shown that diffusion of air into the container was substantial even after short period
of time. It is therefore important to incorporate a flushing system to periodically remove
any dissolved air that can appear within the null pressure plate system during testing
(Bishop & Donald, 1961). The important features of the flushing system are: the pump
and dimmer switch, the air trap with stopcock, and the glass tube to indicate the null
position during testing (Figure 3.7). The applied air pressure in the pressure chamber
is increased or decreased depending on the movement of water from the original null
position in the glass tube. A decrease in water volume in the glass tube means that the
water is being absorbed by the specimen. This means that the matric suction of the
specimen is greater than the air pressure in the chamber. Flow of water into the system
is stopped by increasing air pressure within the chamber. A 1 mm diameter tube was
used to indicate a change in the null position which makes it possible to determine a

change of 0.785 mm? of water with a change o f 1 mm change in the tube.

Pressure Plate Apparatus

The pressure plate apparatus essentially works on the same principle as null pressure plate
apparatus but has a larger diameter high air-entry disc (Figure 3.8). This apparatus is
useful to test several specimen at a time. A flushing system is necessary for the pressure
plate apparatus as well for reliable determination of the SWRC. However, the same
flushing system similar to the null-pressure plate apparatus was not applicable in that
case since the chamber was not equipped with grooves underneath the ceramic disc.
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Figure 3.8: Testing using pressure plate apparatus

Regulator

Dissolved air indicator

Figure 3.9: The flushing system used for the pressure plate
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Therefore, flushing was accomplished by first reducing the pressure in the tank, through
the use of a syringe attached to an aspirator and turning the water on to apply the
suction to remove the air bubbles that had formed under the ceramic disc (Figure 3.9).

3.3.2 Indirect Measurement Techniques
Psychrometer

Wescor HR-33T Microvoltmeter, referred to as psychrometer through the remainder of
the text, was used for the indirect determination of water potential (Figure 3.10). This
psychrometer allows measurements to be made with either the hygrometric (dew point
depression) or the psychrometric (wet bulb depression) method. The details of the work-
ing principle of psychrometers are summarized in Chapter 2. The physics of each mode is
essentially the same, differing primarily in terms whether or not temperature is actively
controlled at the measurement junction. In other words, both methods of measurement
after proper calibration would provide a value of the same water potential. However,
the sensitivity coefficient of the hygrometric method is approximately twice that of the
psychrometric mode. Therefore, the hygrometric method is often prefered.

The hygrometric measurement technique was first introduced by Neumann & Thurtell
(1972) and modified by Campbell et al. (1973). The basic working principle of this tech-
nique can be explained as; if held at the dew point temperature, a wet thermocouple
junction will neither lose water through evaporation nor gain water through condensa-
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Figure 3.10: HR-33T Microvoltmeter



Equipment Details 61

t Y
60 80

Huotes

Keep and review notes on cach scparate analysis run,
Display graphs and raw data or converted data.

ol :
| 29430 y=30.5

— 30 scale

//\‘
1/

¥ Y

n

. nonamel.PLW

S RN 10:42:41
333 samples

Figure 3.11: A typical result obtained using the psychrometer

tion. Vapor pressure is regulated by controlling the applied Peltier cooling current to
maintain the temperature of the water on the sensing junction at the dew point. Thus,
the heat flow to the sensing junction from the surrounding air is offset by adjustment in
the applied cooling current. Due to this reason no water evaporates or condenses and
measurements can be made without disturbing the vapor equilibrium in the chamber.
This technique eliminates most of the temperature-dependent parameters that influence
the psychrometric measurement. The pressure dependence of the measurement is also
eliminated as no water-vapor diffusion occurs. The fact that dew point temperature de-
pression is greater than wet bulb temperature depression increases the sensitivity of the
hygrometric technique over that of the pscyhrometric technique. Theoretical considera-
tions show sensitivity to be 7.5 uV M Pa~! at 25°C; this value is about 1.7 times greater
than psychrometric sensitivity (Campbell et al. , 1973).

Figure 3.11 shows a typical result obtained from the psychrometer using hygrometric
method.

Sample chamber sensors are typically used for laboratory measurements of soil water
potential. Various chamber-wall materials and chamber -thermocouple-sample geome-
tries have been used since original chambers of Spanner (1951) and Richards & Ogata
(1958). Experiments showed that the time required for samples to reach equilibrium
with chamber air varied due to the influence of these factors. Chambers made of brass
and stainless steel adsorbed less water and equilibrated more rapidly than chambers with
materials such as polyethylene and Teflon. Eventually, stainless steel was selected for
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use in the chamber because it is much more resistant than brass towards oxidation or
corrosion and is easy to clean for maintenance purposes (Millar, 1971).

The sample chamber made of stainless steel (available from Wescor, Inc.) is used in
this study (Fig. 3.12). This chamber allows single samples contained in metal sample
holders to be inserted into the position for measurement without disassembling the appa-
ratus. When the sample is in place, the metal thermocouple mount is pressed against the
sample holder and the measurement chamber is sealed with an O-ring by turning the cap
screw. This unit does not permit the sensing junction to protrude into a cavity within the
soil, but rather the sensing junction is placed just above the sample. The metal-to-metal
contact and thermal shielding provided by the aliminum housing give adequate thermal
stability for measurement to be made in the laboratory without a controlled temperature
water bath. This sample chamber uses a Peltier sensor that can be used either with the
pscyhrometric or hygrometric mode depending on the type of equipment used. The mea-
surement range is from about -0.05 M Pa to -8 M Pa nominally, but with a capability to
-300 M Pa using special pscyhrometric techniques (Wiebe, 1981; Wescor, 1998).

The thermocouple transducer was calibrated using NaCl solutions with molalities of
0.053, 0.157 and 0.55 corresponding to 250, 725 and 2500 kPa suction values respectively.
Figure 3.13 shows the calibration curve for the transducer used in this study.

3.4 Triaxial Cell

The saturated hydraulic conductivity values, &,4; of compacted specimens were measured

using a triaxial cell assembly unit. Several accesories of the cell are shown in Fig. 3.14.

Thermocouple
transducer

Figure 3.12: The sample chamber
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Figure 3.13: The calibration curve for the psychrometer

Figure 3.14: The triaxial cell and accessories
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3.5 Additional Tools

X-ray Diffractometer

The X-ray diffraction method was used to determine the minerals present in the Cham-
plain sea clay tested in this research program. This experiment was undertaken in Uni-
versity of Ottawa, Earth Sciences Department Laboratory. )

X-rays are electromagnetic radiation of wavelength about 1 A, which is about the
same size as an atom. As an X-ray beam travels through any substance, its intensity
decreases with the distance that the X-ray travels through the substance (Warren, 1969).
Bragg’s law should be satisfied in order to diffraction occur. (Figure 3.15).

Incident Reflected
beam beam
&
. ,
EY

Upper plane

Lower plane

Figure 3.15: Bragg’s law application

To achieve diffraction, either a range of X-ray wavelengths are used or the crystal is
rotated or a powder or polycrystalline specimen is used. X-ray diffraction has been in
use in two main areas, for the fingerprint characterization of crystalline materials and
the determination of their structure. Each crystalline solid has its unique characteristic
X-ray powder pattern which may be used as a fingerprint for its identification. Once the
material has been identified, X-ray crystallography may be used to determine its struc-
ture, (i.e. how the atoms pack together in the crystalline state and what the interatomic
distance and angle)

X-ray diffraction is one of the most important characterization tools used in solid
state chemistry amd materials science (Warren, 1969). However, this process is tedious
and cumbersome because every soil mineral has several different crystalline states. For

example, montmorillonite has 50 different crystalline states.
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Transducers

A linear vertical displacement transducer (LVDT) was used to measure the vertical de-

formation of the specimen as shown in Fig. 3.2. The LVDT was calibrated using a
micrometer(Figure 3.16).

Figure 3.16: LVDT calibration method

Figure 3.17 shows the calibration curve developed and used for the experimental
analysis.
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Figure 3.17: Calibration curve for the LVDT

A load cell with a maximum capacity of 4500 kg (i.e., 10000 Ib) was used to mea-
sure the load that is applied to the specimen. The calibration technique and resulting
calibration curve are shown in Figs. 3.18 and 3.19, respectively. These transducers are
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Figure 3.18: Load cell calibration method
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Figure 3.19: Calibration curve for the load cell
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connected to a PC-based data acquisition system, thus allowing the specimens state to
be continuously monitored.

Figure 3.20 shows the specimen extractor from the compacted specimens. The equip-
ment was made of stainless steel and the shaft has a clear diameter of 20 mm. Specimens
with a volume of 3000 to 4000 mm? were extracted from the compacted specimens using
this extractor, .

A-A cross section

Figure 3.20: Specimen extruder details

3.6 Summary

This chapter summarizes details of the equipment employed in determining both the
water retention behavior and the suction values of the Champlain sea clay specimens
used in this research project. Pressure plate apparatus and triaxial cell was used to
measure SWRC and K,,; values respectively. To measure suction, two different methods
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were used namely; the axis-translation technique, and the psychrometer. To determine
the matric suction using the first method, a null pressure plate system was specially
designed to perform the axis-translation technique. Details of additional tools (i.e.,
specimen extractor, LVDTs, load cells) were also presented.



Chapter 4

Experimental Results and

Discussions

4.1 Introduction

This chapter begins with the details on the soil and specimen preparation used for the
compaction and water retention tests. Experimental procedures and results are then
presented. First, the compaction results are detailed along with the post-compaction
suction values. Second, the water retention results are discussed; the SWRCs are plot-
ted using different variables such as gravimetric water content and degree of saturation
to show the effect of volume change (i.e., shrinkage). The saturated hydraulic conduc-
tivity values which are determined using triaxial cell are also presented. Finally, the
unsaturated hydraulic conductivity functions which are determined using the saturated
hydraulic conductivity and the SWRC information are discussed.

4.2 Testing Program

Figure 4.1 presents the experimental program in the form of a flow chart that was followed
in this study.

4.2.1 Soil

The soil used in this research project was Champlain sea clay obtained from Ottawa,
Ontario. This soil was chosen because it is abundantly found in Ontario and Quebec

69
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region and used in several projects related to geotechnical engineering (Bozozuk, 1962;
Tavenas et al. , 1974; Chiasson, 2005). In addition, extensive research studies have been
undertaken using Champlain sea clay over the last couple decades and valuable informa-
tion is available in the published literature (Bentley, 1979; Quigley, 1980; Torrance, 1999).

The following laboratory tests were performed on the soil in general accordance with
ASTM standards:

e Grain-size analysis: mechanical and hydrometer method (ASTM D-422)
o Atterberg limits tests (ASTM D-4318)

e Shrinkage limit test (ASTM D-427)

e Specific Gravity (ASTM D-854)

Figure 4.2 shows the grain size distribution of the clay obtained from wet sieving and
hydrometer tests and Table 4.1 shows the basic properties of the the soil.
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Figure 4.2: Grain-size distribution for the Champlain sea clay

4.2.2 Compaction Considerations

Two different compaction procedures were used in this study; static and dynamic com-

paction. The specimens were compacted to three different energy levels using static
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Table 4.1: Basic properties of the clay used in this study

Soil Property Value
Natural water content | 40 %
Plastic limit, wy, 26 %
Liquid limit, wy, 63 %

Plasticity index, I, 37 %
Shrinkage limit, w; 19.5 %
Specific gravity, G 2.75
USCS Classification CH

compaction procedure (i.e. 1000, 2000, 4000 kPa). The force applied to the specimen
and the displacement of the specimen were continuously monitored while the specimens
were being statically compacted. This information is used to compute the energy im-
parted to the specimen.

In the dynamic compaction, standard proctor tests were performed on the specimen
to obtain the compaction energy that could be imparted to the soil by following ASTM
D-698 Standard. The specimens were compacted in 3 lifts. For each lift, the water
content and suction values were determined. These values were then plotted as a profile
to discuss the heterogeneity of the dynamically compacted specimens.

These two methods; static and dynamic compaction are also compared in the light of
experimental results. Comparisons were also presented with respect to the energy that
is imparted to the soil and the post-compaction suction values of the specimens.

4.2.3 Soil Preparation

The Champlain sea clay used in this testing program was collected from a site in Ottawa
by digging an open pit. A large quantity of dug up soil in a disturbed state was collected
from a depth of 2 m and stored in barrels. The in-situ water content was approximately
40%, and the X-ray diffraction tests show that the mineralogy is dominated by quartz,
feldspars, pargasite, and kaolinite (See Appendix A). The results were consistent with
the data of Torrance (1999).

All non-soil particles (i.e. grass and bark) and the larger sized pebbles and rocks
were manually removed. The soil collected from the site was relatively wet with respect
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to natural water content. The wet soil was first air-dried, and subsequently grinded and
sieved. The soil particles passing through the U.S. Standard # 10 sieve (i.e., 2 mm
opening) was used in the testing program.

The soil was thoroughly mixed with a predetermined amount of water according to the
planned testing schedule before preparation of specimens for compaction and water reten-
tions test. The prepared sample was then stored in double plastic bags, and left for mois-
ture equilibrium for at least 2 weeks. Several researchers used similar procedures for equi-
libration for the moisture equilibrium for fine-grained soils (Marinho & Chandler, 1993,;
Cui & Delage, 1996; Vanapalli et al. , 1999; Tarantino & Tombolato, 2005). The water
content of the specimens were determined by taking a couple of specimens from different
parts of the bags after 3 weeks. The specimens were then placed into the compaction
mold and either statically or dynamically compacted according to the planned testing
schedule.

The specimens were again left for moisture equilibrium for a period of one week
after preparing the compacted specimens to be used for the determination of SWRC
measurements. The specimens were then placed into pressure plate apparatus after
saturating the high air-entry ceramic disc. The ceramic disc was simply saturated by
applying a water pressure of 50 kPa from the bottom of the disc for a period of 2 days.
The specimens were then saturated using a pressure of 20-30 kPa in the pressure plate
apparatus. Several trial studies showed typically a time period of 1 day was sufficient to
fully saturate the specimens. After the specimens were saturated in the pressure plate,
they were subjected to 25 kPa suction value, to drain the free water on the surface of
both the specimen and the ring. An applied air pressure of 25 kPa had little or no
influence on was not effecting the water within the soil pores since the air-entry pressure
for fine-grained soils is typically well over several hundreds of £ Pa.

The specimen volume and mass properties were determined after saturation. The
specimens were then subjected to air pressure values of 100, 200, 400 kPa for a time
period of 3 days (Fig. 4.3). The height and mass measurements were again determined
using a displacement gauge after equilibrating each applied suction value. Next, small
specimens, with a volume of approximately 3000-4000 mm? were extracted from these
specimens to continue the SWRC (Figs. 4.4 and 4.5). Fleureau et al. (2002) followed sim-
ilar procedures in their reseach for determining the SWRCs of Jossigny silt and FoCa clay.

There are three main reasons of extracting small size specimens from the prepared com-

pacted specimens in 50 mm diameter ring;
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Figure 4.3: Compacted specimens placed in pressure plate apparatus

e In the preliminary tests, it was noticed that the specimens tend to crack during
drying (i.e., after 500 k£ Pa suction) due to the size of the specimen being relatively
large. As a result, it was difficult to reliably determine the total volume of the
specimens. Using small specimens reduces cracking due to the shrinkage problem.

e The maximum air pressure that can be applied using pressure plate is 500 kPa,
(i.e., air-entry value of the ceramic disc). At this suction value, the specimens are

still close to saturated conditions. For this reason, there was a need to use other

Figure 4.4: Procedure and tools for ex- Figure 4.5: Extracted specimen

tracting the specimens
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techniques for the measurement of suction values in specimens above 500 kPa

e The testing period reduces significantly using sinall specimens. Also several small
specimens can be prepared from each specimen.

@ (b) (©)

Figure 4.6: Volume measurements using mercury

The prepared small specimens were then air-dried in a humidity controlled environ-
ment while the mass of the specimens were continuously monitored. The specimens
were put into sealed bags and left for moisture equilibrium for a period of 3-4 days af-
ter achieving the desired mass that was calcualted. The specimen volume and suction
measurements were then determined (Fig. 4.6).

The change in degree of saturation was determined as follows:

AS = Vl)fV'wi - VU,‘V’wf
- Vi, Vo,

(4.1)

where;

AS : change in degree of saturation
Ve, ¢ initial volume of voids

Ve,
Vi, © initial volume of water

: final volume of voids

Vi, : final volume of water

The volume of voids in the above equation can be determined using the total volume
and volume of solids. Then, the change in degree of saturation, AS was plugged in the
following equation for determining the change in void ratio, Ae:
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_ AwG, — ASe;

Ae S;

(4.2)

where;

Ae : change in void ratio

Aw : change in water content
G, : specific gravity

€; : initial void ratio

Sy : final degree of saturation

Figure 4.7: The procedure and tools for Figure 4.8: Extracted specimen for the
extracting the specimens for the psy- psychrometer measurements

chrometer measurements

The suction values of the specimens were then measured using a psychrometer. Since
the specimen holder size was 10 mm in diameter and 9 mm in height, a small specimen
extruder was used to obtain the specimens for suction measurements (Figs. 4.7 and 4.8).
Specimens of 50 mm in diameter were extracted from the compaction mould as shown
in Figs. 4.9 and 4.10 to be used for soil-water retention curve measurements.

4.3 Results and Analysis

The experimental results are reported in two sections. In the first section, the com-
paction results are summarized. In the second section, the water retention properties are

presented and discussed.
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Figure 4.9: Extracting the specimen af- Figure 4.10: Extracted specimen from
ter dynamic compaction the compaction mold

4.3.1 Compaction Results
Static Compaction Test

A total of 34 statically compacted specimens were prepared using different levels of com-
paction stresses, 1000, 2000 and 4000 kPa and water contents ranging from 13% to 29%
covering both the dry and wet of optimum water content conditions. The testing program
was planned to study a broad range of initial compaction water contents on the water
retention and compaction characteristics. The unit weight-water content compaction
curves associated with compaction vertical stresses are shown in Fig. 4.11. The contours
of equal degrees of saturation are also shown. The maximum dry unit weight for the soil
specimens tested was achieved by the 2000, 4000 kPa compaction curve at a degree of
saturation of about 92% and 88% respectively. All the data points that belong to the
1000 & Pa compaction curve lie on the dry of optimum side for the water content ranging
from 13% to 29%. These specimens were compacted with a constant strain rate of 0.8
mm/min as explained in Chapter 3. Figure 4.12 shows the force-displacement curves for
each specimen.

It is interesting to note from this graph that the ’close to saturation’ and ’close to dry’
specimens, with initial compaction water contents of 13.2% and 28% respectively, have
almost the same force-displacement relationship. Any further increase of force beyond
300 kg (or 1350 kPa) does not produce a significant displacement. This shows that the
trapped air in ’close to dry’ specimen, and trapped water in 'close to saturation’ specimen
prevent the further deformation of the specimens.

The energy that is imparted to the soil by statical compaction was also calculated
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Figure 4.11: Compaction curves for three different stress levels
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Figure 4.13: Energy Calculations

from the force-displacement curves of the specimens (Fig. 4.13):

i=1 i=1

The highest energy is imparted to the soil specimen compacted at optimum water content
with the same stress level(See Fig. 4.14).

The post-compaction suction values of the specimens compacted at the wet of optium
were first tried to be measured using axis-translation technique. However, it was found
that even the specimens compacted at the wet of optimum have suction values higher
than 500 kPa. Therefore all the post-compation suction values were determined using
psychrometer. The comparisons for the psychrometer and axis translation technique
were conducted on loosely compacted and close to saturated specimens. These results
show that psychrometer provides meaningful and comparable results for suction values
starting from 400 kPa.

Figure 4.15 shows the post-compaction suction values associated with each specimen.
At least two specimens were extruded from each compacted specimen to be used for
suction measurements. The suction values were typically ranging from 1700 £ Pa to 8500
kPa. At least three measurements were taken from a specimen to determine the suction
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Figure 4.14: Energy - initial compaction water content relationship

of that particular specimen. The variation of these measurements never exceeded £ 260
kPa. This value corresponds to + 2 pV for the psychrometer (See Fig 3.13 in Chapter
3).

Fig. 4.16 shows the degree of saturation and post-compaction suction of the com-
pacted specimen. These results are grouped for each compaction vertical stress. It is
interesting to note that the air-occlusion suction for the specimens compacted at the
same vertical stress is close to the post-compaction suction of the specimen at the cor-
responding optimum water content. This result shows that the transition from dry to
wet of optimum states corresponds to the transition from continuous to discontinuous
air phase. Similar observations were reported by other researchers (Olson & Langfelder,
1965; Tarantino & Tombolato, 2005).

Fig. 4.16 shows the relationship between the degree of saturation, S, versus suction,
1. This relationship looks like the suction values are increasing as the dry unit weight
decreases and as initial compaction water content increases. In other words, an increase in
dry unit weight causes an increase in the degree of saturation when the initial compaction
water content kept constant.

It is also possible to get a better representation of the suction trends by plotting
post-compaction suction values in 3D plots. Figure 4.17 shows 23 suction points on the
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Figure 4.15: The post-compaction suction values (The red points show the suction values

associated with optimum water contents, Yoptimum)

dry unit weight-initial compaction water content plane. With a simple algorithm that
uses an averaging method of d% (where d is the distance between the points) a 3D mesh
was obtained and a suction surface was plotted 4.18 (Williams et al. , 2004).

These suction values were then projected on the dry unit weight, compaction water
content plane, and plotted as contours (Figure 4.19). These results were discussed in a

later section.

Dynamic Compaction Tests

The soil specimens with 3 different water contents were compacted using standard proc-
tor energy. The post-compaction suction values of dynamically compacted specimens
(with standard proctor energy) were consistently lower than the specimens compacted
to the same dry unit weight with the same initial compaction water content. This result
suggests that it is the soil structure that governs the engineering behavior of compacted
fine-grained soils and not the compaction induced conditions. In other words, having the

same void ratio and same initial compaction water content does not necessarily mean
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Figure 4.16: The degree of saturation versus post-compaction suction data for individu-

ally compacted specimens

that the soil structure will be the same. Several other researchers also highlighted
this behavior (Cui & Delage, 1996; Vanapalli et al. ,1999; Tarantino & Tombolato,
2005). The specimens were compacted in three layers following ASTM D-698 standard.
To check the variation of suction and water content values in the compacted specimens,
small specimens were extracted from each lift right before the next lift was placed and
compacted. When the compaction is complete, two more specimens are taken from
the top and bottom of the dynamically compacted specimens. As a result, from each
dynamically compacted specimen, a total of 4 measurements have been determined. The
suction and water content profile of these compacted specimens are shown in Fig 4.21.
From this graph, a variation of 1.8% was observed in terms of water content, which
corresponds to a variation of 18% was determined in terms of suction for the specimens
compacted in the Proctor mould. These results support the findings of Bouabdallah
(1998). In fact, Fleureau et al. (2002) studies also demonstrates that in the case of
a dynamic compaction, several additional factors such as the metal of the mould or
the material on which it is placed during compaction, will influence the propagation of
the shock waves and lead to different results in addition to the factors that influence
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Figure 4.18: Suction contours for compaction curves as a 3D plot
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Figure 4.19: Compaction curves with suction contours

the specimens compacted using static compaction procedure (i.e., structure, mineralogy,
compaction energy, etc.).

4.3.2 Influence of Void Ratio

Figure 4.19 summarizes the post-compaction suction contours for the statically com-
pacted specimens measured using psychrometer. These suction contours are referred to
as positive when the angle of the contour measured in clockwise with respect to the
vertical axis is less than 90°. The contour is said to have a negative slope otherwise. Fig.
4.19 shows that the suction contours have negative slopes for the specimens compacted
at dry of optimum water content conditions. In other words, when the water content
is constant, an increase in dry unit weight increases the degree of saturation, thereby
causing a decrease in suction. However, the slope of the contours increases as the initial
compaction water content gets closer to the optimum water content. The suction contour
of 2000 kPa has a positive slope.

The positive slope of the contours of post-compaction suction can be explained by
considering the dependence of the main wetting water retention curve on void ratio. The
compacted soil reaches the highest degrees of saturation and is therefore subjected to
main wetting when the it is compacted under constant water content to 1000 £ Pa.
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Figure 4.20: Compaction curves with standard Proctor test results

The specimen moves to Aj, situated on the main wetting curve of the specimen
associated with the void ratio e4 (Fig. 4.22). Subsequent unloading causes a decrease
in degree of saturation, and the resulting path is therefore a scanning drying path to
A,. The specimen again reaches to A; along the scanning wetting path following the
reloading to a higher vertical stress.

At this point, any subsequent loading would result in an upward movement on the
main wetting curve reaching point Cj, if the soil has a constant void ratio. However, for
deformable soils plastic compression occurs and the main wetting curve moves upwards
towards higher degrees of saturation as the previous vertical stress is exceeded. Since
the main wetting curve represents the lower bound of the region of attainable states, it
drags the specimen to point B, situated on the curve corresponding to the void ratio
en.

Therefore, for deformable soils, compaction may cause an increase in the degree of
saturation of the specimen. However, such a behavior depends on the plasticity charac-
teristics of the soil. It should be noted that when the specimen is unloaded, the final
post-compaction suction value may be higher than the initial suction.

Figure 4.23 shows the influence of volume change on the the water content and suc-
tion. This figure shows the volume change is more pronounced during dryingfor the
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Figure 4.21: The water content and suction profiles of dynamically compacted specimens
with initial compaction water content (a) 17% (b) 24% (c) 28%

specimens comacted at wet of optimum in comparison to dry of optimum. This in turn,
may produce a significant difference between the degree of saturation versus suction re-
lationship as compared to gravimetric water content versus suction relationship. For
example, Figures 4.24 through 4.27 show the degree of saturation-suction-water content
relationship of specimens compacted at initial compaction water contents of 17% and
29% which compacted to 2000 and 4000 kPa stress values. This figure shows that for
the specimen compacted at the dry of optimum side (i.e., 17%), the degree of saturation
versus suction and gravimetric water content versus suction curves are almost parallel.
In other words, even though the specimen is shrinking during drying, the air-entry value
can still be determined just using water content-suction data. However, for the specimen
compacted at the wet of optimum, the degree of saturation versus suction and gravimet-
ric water content versus suction curves are not parallel. Therefore, the void ratio should
be determined in order to reliably estimate the air-entry value for these specimens. In
other words, any further estimation of air-entry value based on just gravimetric water
content versus suction relationship may provide erroneous results.

The above mentioned observation can also be presented using relationship between
degree of saturation and suction with and without considering the volume change cor-
rection. Figure 4.28 shows the SWRC for the specimen statically compacted to 4000
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Figure 4.22: Effect of void ratio on SWRC (modified after Tarantino & Tombolato, 2005)

kPa with an initial compaction water content of 29.5% with and without volume change
correction.

Figure 4.28 clearly shows the influence of volume change on the water retention
behavior or the Champlain sea clay specimen compacted at wet of optimum.

4.3.3 Influence of Initial Compaction Water Content

The influence of the initial compaction water content on the soil structure is well docu-
mented in the literature (Cui, 1993; Tinjum et al. , 1997; Vanapalli et al. , 1999). Much
attention has been paid to the understanding of the structure of compacted soils and
to the effects of water content changes on the structure (Fig. 4.29). Observations at
a microstructural level involving elemental clay platelets and their aggregations are im-
portant as they help to better understand influence of structure (Cui & Delage, 1996).
Previous studies (Brackley, 1975; Cui & Delage, 1996; Toll, 2000) show the development
of an aggregated fabric in soils compacted with dry of optimum moisture content. This
type of aggregation was not found to exist in the materials compacted on the wet side of
optimum moisture content. Lambe (1958) also stated that for a given compactive effort
and dry density, the soil tends to be more flocculated for compaction on the dry side
as compared to compaction on the wet side (i.e., the arrangement of particle is more
dispersive). In addition, Cui’s (1993) study using scanning electron microscope (SEM)



Experimental Results and Discussions 88

Initial comp. stress : 2000 kPa Initial comp. stress : 2000 kPa
1 y T N 7 1
Saturation Line —i———*, 17% X
0.9 x/ 19% X
£ os8 o 20% O}
©
v
o 0.7 ke l“v»:' g » ool
g I = — 1 19% * RN S
0.6 o A 23% ) o
I/ 26% W
SL=19.5% |290% O
0.5 e 05 .
5 10 15 20 25 30 35 40 0 2000 4000 6000 8000 10000
Gravimetric Water Content (%) Suction (kPa)

Figure 4.23: The drying paths for the specimens compacted to different initial water
contents

Initial comp. water content =17.3% e Initial comp. water content =29.5% 9
1 = 1 - -
» T ] s 2 0 =] 2
§ 08 \y\\'\ﬁ 30 &5 5 o8 =] 0 5
g E ® s £
2 06 kN %8 5 o6 AR % g
3 ANEE I NNEE
5 0.4 15 § 5 04 15 §
S 5 g 8 ., -
2 7 |ISvs Suction (2000 kPz) = i{s “E’ 2 " |[Svs. Suction (2000 kPs) ® 5 “E’
[a] 0 w vs. Suction (2000 kPa) _ % 0o = a] 0 w vs. Suction (2000 kPa) % 0o =
© ©
1 10 100 1000 10000 (5 1 10 100 1000 10000 5

Suction (kPa) Suction (kPa)

Figure 4.24: SWRCs for specimens com- Figure 4.25: SWRCs for specimens com-
pacted to 2000 kPa compaction stress pacted to 2000 kPa compaction stress
with an initial compaction water con- with an initial compaction water con-
tent of 17.3% tent of 29.5%



Experimental Results and Discussions

Initial comp. water content =17.5%

1 10

@ e 35
§ o8 dgg%\\\*iz a0
‘t-“' -

2 os ™ 25
3 X&-zo
s 04 15
8 1 10
S o2 :

@ S vs. Suction (4000 kPa) m {5
o o LW vs. Suction (4000 kPa) %

0
100 1000 10000

Suction (kPa)

Figure 4.26: SWRCs for specimens com-
pacted to 4000 kPa compaction stress
with an initial compaction water con-

tent of 17.5%

1
w
S o8
o
3 06
3]
o
5 04
o
5 0.2
D
(]

0

Gravimetric water content, w (%)

89

Initial comp. water content =29.8%

n {1 35
& 08 Ws;\‘.'\ 30
o Ne 25
% 0.6
5 \& 20
s 04 15
£ o2 ] 10
=4 ' Svs. Suction (4000 kPa) = {s
(=) 0 w vs. Suction !4000 kPa) X 0

1 10 100 1000 10000

Suction (kPa)

Figure 4.27: SWRCs for specimens com-
pacted to 4000 kPa compaction stress
with an initial compaction water con-
tent of 29.8%

Initial comp. water content =29.8%

A\,

AN

RSN
AN
\

N

NEAN

Without volume change correction

With volume change correction

TN

u \_

10 100

1000 10000100000 1.0 E+6
Suction (kPa)

Gravimetric water content, w (%)

Figure 4.28: The SWRCs for the compacted specimen with an initial water content of

29.5%



Experimental Results and Discussions 90

showed that the macrostructure was predominant in soils compacted at dry of optimum,
while the microstructure was more important in soils compacted at optimum or at a
water content higher than optimum.

Figure 4.29: Adsorbed water in clay structure

In clays, the water content controls the ease with which particles and particle groups
can be rearranged under the compactive effort (Mitchell, 1993). Increasing the moisture
content tends to increase the interparticle repulsions, thereby permitting a more orderly
arrangement of the soil particles to be obtained with a given amount of effort. In general,
an element of flocculated soil has a higher strength than the same element of soil at the
same void ratio but in a dispersed state (Lambe, 1958).

In the light of these explanations, SWRCs obtained from the experimental testing
program were analyzed. Figures 4.30 and 4.31 show the SWRCs for specimens with initial
compaction water contents corresponding to dry of optimum, close to optimum and wet
of optimum conditions (19.4%, 23.8%, 29.5%) for two different compaction efforts; 1000
and 2000 kPa. In addition the SWRCs of specimens compacted to an initial compaction
stress of 4000 kPa is shown in Fig. 4.32 for water contents 17.5%, 23.9%, 29.8%. The
specimen compacted at wet of optimum can hold more water at relatively high suctions.
This can be attributed to the clay volume being much larger, thus forming a clay paste
surrounding the quartz grains as a result of hydration (Delage et al. , 1997). Whereas
on the dry of optimum, due to high suctions, compaction may not entirely break the
structure down, causing large interaggregate pores resulting less water retention capacity
at high suctions (Cui & Delage, 1996; Vanapalli et al. , 1999).



Experimental Results and Discussions

Initial Compaction Stress: 1000 kPa

91

Initial Compaction Stress: 2000 kPa

;\? 1 ;\? | p—
w )
- 08 - 08
2 S
® 06 ® 06
2 2
B 04 B 04
° 19.4% X ° w=19.4%  x
[ L] w=13.4% (0] L] =19.47
o 021 yTo38%  x o 02nH o35y
D w=295% = D w=29.5% =
o 0 —— — a 0 — e
1 10 100 1000 10000 100000 1 10

Suction (kPa)

Figure 4.30: SWRCs of specimens com-
pacted to 1000 kPa initial compaction

stress

% ,

stress

Initial Compaction Stress: 4000 kPa

100 1000 10000 100000
Suction (kPa)

Figure 4.31: SWRCs of specimens com-
pacted to 2000 kPa initial compaction

1
3
< 08
n
c
o
-E 0.6
2
S
D o4
)
(b}
o
2 o2
a w=175% X
w=23.9% X
o [Lus208% m
1 10

100 1000 10000 100000

Suction (kPa)

Figure 4.32: SWRCs of specimens compacted to 4000 kPa initial compaction stress



Experimental Results and Discussions 92

4.3.4 Influence of Compaction Type and Effort

Figure 4.33 shows the SWRCs of the specimens compacted with similar initial water
content values but different compaction types (static and dynamic). These results shows
that the compaction type has an effect on the water retention characteristics of plastic
soils.

35
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Figure 4.33: The SWRCs of specimens compacted with static and dynamic procedure

In order to investigate the influence of compaction effort, three different energy levels
were used in the static compaction tests. In addition, to investigate the influence of
compaction effort, 3 specimens were dynamically compacted following ASTM standard
for Proctor test. Figures 4.34 through 4.37 show the SWRCs for specimens with initial
compaction water contents of 17%, 23%, 26% and 29% respectively for three different
compaction efforts; 1000, 2000 and 4000 kPa. From the results presented in these figures,
it can be deduced that the compaction effort has an influence on water retention char-
acteristics of the Champlain clay studied. However, this influence is marginal especially
upto 10000 kPa suction. Therefore, it is the initial compaction water content not the
compaction effort that controls the soil structure (Vanapalli et al. , 1999).

4.4 Hydraulic Conductivity

4.4.1 Saturated Hydraulic Conductivity Results

Several techniques are available in the literature for determining the hydraulic con-
ductivity function for unsaturated soils (Childs & Collis-George, 1950; Marshall, 1958;
Mualem, 1976; van Genuchten, 1980). All of them requires the SWRC and saturated
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hydraulic conductivity, K,,;, as input parameters. In this section, first, the measured
saturated hydraulic conductivity values along with the measurement technique were dis-
cussed. Next, the unsaturated hydraulic conductivity functions were estimated using
Mualem (1976) technique.

The primary factors affecting K, in a laboratory environment include the texture
(grain-size distribution) and structure (i.e., cracks, worm holes, root channels) of the soil
core or column, the temperature of the water, the ionic (salt) speciation and concen-
trations in the water and the presence of air bubbles in soil pores (Bouma et al. , 1971;
Klute, 1986; Benson & Gribb, 1997).

The saturated hydraulic conductivity is directly proportional to water viscosity, and
water viscosity is inversely proportional to temperature. Consequently, the measured
value of K, is affected by the water temperature. For example, an increase in water
temperature from 10 to 25°C will result in a 45% increase in K4, all other factors
remaining constant. Therefore, the K, values determined in this study were corrected
to a reference temperature of 20°C' using the following equation:

k20 = kIT 77_T (44)
720

where;

koo: the saturated hydraulic conductivity at temperature 20°C
T: temperature of the water in the test in degree celcius

kr: the saturated hydraulic conductivity at temperature T
nr/Meo: the viscosity correction

The ion (dissolved salt) speciation and concentration in the water can also affect Koo
through flocuculation or dispersion of clay within the porous medium. Flocculation of
clay will cause K,,; to increase by increasing the size and/or number of water conducting
pores. Whereas dispersion of clay will decrease K, by plugging pores with clay particles.
In fact, extensive clay dispersion can reduce the K, of a soil to virtually zero . The
water used for measuring the K, of a porous medium should therefore be either “native”
water extracted from the porous medium, or a laboratory “approximation” that has the
same major ion speciation and concentrations as the native water. Therefore, in this
research, local municipal tap water was used for saturating the specimens as well as the
Kot laboratory tests (Reynolds, 1993).

There appear to be three main difficulties associated with the measurement and
interpretation of saturated hydraulic conductivity (K,.) in saturated swelling clay soils
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with continuous macropores (Bouma, 1982):

e The K, value changes continuously with time as a result of soil swelling and
shrinkage (Benson & Gribb, 1997).

e The K,y value is a function of specimen size due to the effect of macropore conti-

nuity patterns.

e Bubbles of air entrapped within the porous medium physically block pores and
can thereby cause the measured K, to be less than when the material is fully
saturated.

The first problem mentioned above, was minimized by taking a specimen which was
wetted for at least 3 weeks, thus allowing little additional swelling during the K4 mea-
surement (Bouma, 1982). The third problem was alleviated by slow wetting of the spec-
imen from bottom up under 10-20 kPa of positive water pressure.

In this research the K, values of three compacted specimens were measured in
triaxial cell. The specimen preparation is illustrated in Figs. 4.38 and 4.39. Only the
outflow from the bottom of the specimen was measured during the experiments. The
height of the specimen used for hydraulic conductivity tests was approximately 10 mm.
A cell pressure of 200 kPa was applied during the tests. The top and bottom pressure
values were kept at 250 kPa and 245 kPa, respectively.

The measured K,, values with the initial compaction water content and dry unit
weight are shown in Fig. 4.40. The procedure suggested by Al-Dhahir (1969) was
followed for determining the Ky value from the outflow versus time data.

Figure 4.41 shows the experimental data obtained from the conductivity tests for the
specimen statically compacted to 4000 kPa with an initial compaction water content of
26%, which is close to optimum water content.

4.4.2 Prediction of Unsaturated Hydraulic Conductivity Func-

tions
This saturated hydraulic conductivity value, K, was then used along with the SWRC
to estimate the unsaturated hydraulic conductivity function. The following closed-from

equation, which is a combination of the model proposed by Mualem’s model (1976) and
van Genuchten (1980) water retention equation, was employed:

Ks.) = K,S." [1 - [1 - s(ﬁ)] (l’%)r (4.5)
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Figure 4.41: Outflow data for the specimen compacted at optimum water content

where K is the unsaturated hydraulic conductivity, S, is the relative saturation, K,
is a hydraulic conductivity acting as a matching point, and L is a lumped parameter
that accounts for the pore tortuosity and pore connectivity.

Generally, the saturated hydraulic conductivity, K,a, is used for K, since its mea-
surement is relatively simple. However, several investigators argue that K, may not
be suitable matching point since it is sensitive to macropore flow, whereas unsaturated
flow occurs in the soil matrix (van Genuchten & Nielsen, 1985; Luckner et al. , 1989).
They stated that a matching point at slightly unsaturated conditions would yield better
results.

Figure 4.42 shows the unsaturated hydraulic conductivity function, kyss« for the
specimen specimen statically compacted to 4000 kPa with an initial compaction water
content of 26%. In addition kynse: curves for 17% and 30% initial compaction water
content values are also presented (Figs. 4.43 and 4.44).

These figures underline the importance of volume corrections on the water retention
characteristics of compacted Champlain sea clay specimens. Figure 4.43 shows that
the volume change influence is marginal when the specimens are compacted at dry of
optimum. However, as the initial compaction water approaches optimum water content,
the volume change effect becomes predominant as shown in Figs. 4.43 and 4.44.
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Chapter 5

A Technique for the Estimation of
SWRC of Compacted Soils

5.1 Introduction

Several investigations have been devoted towards the development of prediction or esti-
mation techniques to obtain the §-1 relationship of soils. One branch of these techniques
include functional regression methods using empirical SWRC equations, where the fitting
parameters are related to textural parameters (Gupta & Larson, 1979; Vereecken et al. , 1992).
Another branch of methods estimate the SWRC based on physical characteristics of the
media (Arya & Paris, 1981; Haverkamp & Parlange, 1999; Aubertin et. al.,2003).These
models or techniques have been reviewed in journals, textbooks and monographs (Klute, 1986;
Fredlund & Rahardjo, 1993; Sillers et al. , 2001). The evolution and understanding of
the SWRC and of the corresponding prediction and estimation techniques have been
presented by Barbour (1998) in which he provided a historical perspective.

In many situations it is valuable to have estimates of the SWRC during early stages
of a project when there is not enough information readily available. The SWRC esti-
mation models, based on easy to obtain properties (i.e., grain size distribution, void
ratio, Atterberg limits, and dry density) may be utilized to guide the geotechnical
engineers throughout the preliminary analyses and design procedures (Fredlund, 2000;
Cété & Konrad, 2002). However, most of the methods mentioned above deal with non-
plastic soils or soils with low plasticity. There is limited published research on estimating
the SWRC for compacted plastic soils (Simms & Yanful, 2002; Marinho, 2005). In this
research an attempt is made to develop a simple technique to predict the SWRC of

100
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compacted plastic soils using conventional soil properties such as Atterberg limits and
volume-mass properties.

Figure 5.1a and b shows that a roughly bilinear relationship exists between suction
and gravimetric water content for plastic compacted soils both on arithmetic and semi-
logarithmic scale. A relatively steep gradient at low suction values or relatively high
water content values is followed by a smooth transition to a flatter gradient at high
suction values (Figure 5.1a). Even at low suction values, relatively large pores (or macro
pores) are unable to retain water against the applied suction. The steep portion of the
curve reflects the outflow of water from the macro pores. The primary reason responsible
for the release of water at low suction values is the liquid phase flow. The pore-water
in macro pores are mainly held by capillary tension. Approaching to the flatter portion
of the curve, the relatively small pores (or micro pores) are progressively emptied and
hydrated water layer covering the clay minerals starts reducing (Delage et al. , 1997;
Harrison & Blight, 2000). Thus, both the capillary tension effects and adsorption effect
the transition curve. Soil water continuity progressively diminishes over this range as air
filled channels begin to form within the soil voids. At relatively high suction values, the
water retention capacity is considered to be primarily due to the adsorptive forces and
the flow takes place predominantly in vapor phase.

In this chapter, data on SWRCs of compacted fine-grained soils along with their con-
ventional soil properties from published literature has been summarized. This database
is used to estimate the relationship between the key parameters of the SWRC such as
rate of desorption and the conventional soil properties. Finally, a technique is proposed
to estimate the SWRC of compacted plastic soils with only one point measurement (i.e.,
matric suction versus gravimetric water content). There is a good comparison between
the measured and the estimated SWRCs of compacted fine-grained soils for the soil
studied in this research and the compacted soils presented in the database.

5.2 Background

Several researchers studied the relationship between the indicator tests (i.e., Atter-
berg limits, shrinkage limit, stress history, compaction effort) and the parameters of
SWRC such as air-enrty value, rate of desorption and residual water content (Jucé, 1993;
Reddi & Poduri, 1997; Harrison & Blight, 2000; Aubertin et al. , 2003; Marinho, 2005).
For example, the influence of soil plasticity and soil stiffness on the SWRC is shown
schematically in Figs 5.2a and b.
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Fig. 5.2a shows that the slope of SWRC increases with liquid limit when a log scale
is used for representing the suction. Whereas, Fig. 5.2b shows the general behavior of

clay specimens with different stress histories or different preparation procedures.
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Figure 5.2: Plasticity effect on water retention characteristics (modified after Marinho,
2005)

Compacted plastic soils exhibit shrinkage during drying. Typically, plastic soils with
a liquid limit above 25% experience significant shrinkage when dried. This phenomena
is illustrated in Fig. 5.3 where the liquid limit, wy, and plastic limit, wp values for some
soils are presented (Marinho, 2005). These results suggest that the shrinkage limit by
itself may not be a sufficient parameter for identifying soils behavior.

Sanchez-Leal (2002) studies show that the behavior of compacted soils can be related
to clay hydration. Based on test results from 142 specimens, he postulated the correla-
tion between Modified Proctor Maximum Dry Density (MDD) and Optimum Moisture
Content (OMC) with a characteristic factor which is defined as follows:

(1+wp)F
= —— '1
Fo 1+G (5.1)
Dy
n _ re—— 5.2
Fup =5 (5.2)

where wy, is the liquid limit, F is the clay fraction, G is the gravel fraction, and
Deo/D1p is the uniformity coefficient.

Equations 5.1 and 5.2 are used for plastic soils and non plastic soils respectively.
Figures 5.4a and 5.4b show the correlation results for different types of clayey soils, and
it appears that there is a good relationship between MDD and OMC and F} factor,
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Figure 5.3: Relation between liquid limit and shrinkage limit for some soils

which takes into account the effect of clay quantity, F' and clay activity, wy. However,
the correlation results for non plastic soils are not satisfactory(Fig. 5.4b).

The influence of soil plasticity on the SWRC has been demonstrated in the literature
(Black, 1962; Mitchell & Avalle, 1984). Black (1962) showed that there is a relationship
between the water content and the plasticity index of different British clays and this
relationship can be uniquely related to different matric suction values, (uq — uy), for
different soils (Fig. 5.5). All data analyzed by Black (1962) were above the A line on the
plasticity chart and the relationship between the soil suction and water content presented
a well defined correlation with the plasticity index, Ip. McQueen & Miller (1974) also
postulated that the SWRC plotted water content against suction for most soils with a
liquid limit of more than 25% can be assumed to be a straight line between suctions of
100 and 10000 kPa, on a semi-log plot, regardless of the suction method used.

Burland (1990) introduced the concept of intrinsic properties for saturated clays,
which was based on the void ratio of samples prepared between the liquid limit, w; and
1.5wy. The relationship between water content and stress during isotropic ocnsolidation
can be obtained provided the specific gravity, G, is known. Reddi & Poduri (1997)
presented a study in which the void ratio, e at the liquid limit,w;, was used to obtain the
water retention properties of the soil at other states.

Through later studies, Juca (1993), Marinho & Chandler (1993) and Ridley & Romero
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Figure 5.4: MDD and OMC correlations with F, and Fy, factors for plastic and non

plastic soils

(1998) have presented the SWRCs of reconstituted compacted soils as a semi-logarithmic
plot. They found a linear relationship between log suction and water content for the soils
studied. The gradient of the curve for suction values greater than 100 kPa was termed the
suction capacity, C by Marinho & Chandler (1993). Harrison & Blight (2000) observed
that the relationship did not present good correlation for residual soils. Soils such as
residual soils are typically influenced by void size that may induce a change in suction
capacity.

Marinho (2005) reported that there was a well defined relationship between the slope
of the SWRC and the rigidity of the soil in relation to increase in suction. The results of
his study shows that there is an upper limit for the suction capacity, C. The upper limit
is related to the specimen prepared and tested from slurry. Whereas, the lower limit for

the suction capacity was related to the overconsolidated clays.

5.3 Analysis

5.3.1 The compilation of the SWRCs of compacted plastic soils

Along with the compacted Champlain sea clay specimens tested in this research, ad-
ditional data were obtained from the literature in which the procedure followed was
consistent with the approach used in this testing program. The properties of all these
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Figure 5.5: Moisture content and plasticity index relationship for various matric suction
values and for various plastic soils (modified after Black, 1962)

soils are summarized in Table 5.1. The plasticity information of the soils gathered is also
shown in plasticity chart (Fig. 5.6).

The relationship between the suction capacity, C and liquid limit, wy, is plotted using
the database including clay fraction as an additional parameter (Fig. 5.7). The suction
capacity, C versus liquid limit along with clay fraction graph for sixteen different soils in
Fig. 5.7 shows a better correlation in comparison to the suction capacity versus liquid
limit proposed by other investigators (Jucd, 1993; Marinho & Chandler, 1993). This can
be attributed to the introduction of clay fraction as an additional parameter. The above
relationship can be used as a valuable tool to estimate the SWRC of a compacted plastic
soils.

Figure 5.8 shows all the measured SWRCs in terms of gravimetric water content
versus suction in the experimental part of this study. The SWRCs (gravimetric water
content versus suction) of the plastic compacted specimens fall in a narrow range. This
result shows that the initial compaction water content, dry density, compaction effort
or volume change have only arginal influence on the gravimetric water content versus
suction relationship. The parameter that predominantly controls the gravimetric water
content change due to suction is the physico-chemical characteristics of compacted plastic
soils. Furhtermore, the SWRCs of the soils in the database also support that approach
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(Fig. 5.9).
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Figure 5.8: SWRCs of all the specimens studied in the research program

5.3.2 Estimation Technique

One method to estimate the entire SWRC would be to obtain several points (at least
two points) of gravimetric water content versus suction data, and apply one of the fitting
models presented in the literature review chapter. However, measuring suction beyond
500 kPa becomes difficult with conventional apparatus using axis-translation technique.

Another approach to obtain the SWRC is to use one point measurement of gravi-
metric water content in the matric suction range of 100 - 500 kPa which will provide
an estimation of the first part of the bilinear curve. From the present study, it has been
shown that the slope of desorption line can be obtained using the information based on
liquid limit and clay fraction. Furthermore, desorption line can be located if a point on
desorption line is known. The v, which is the intercept of the desorption line on the
suction axis (Fig. 5.10) can be estimated and used as one required point.

The value, 9, lies in a narrow band of suction for typical fine-grained compacted
soils. For the data on Champlain sea clay and database shown in Table 1, an average
value of 100000 kPa may be used for 1,. After locating desorption line, a corresponding
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Figure 5.9: The gravimetric water content versus suction relationship for the soils in the
database

gravimetric water content point for a suction value between 1000 - 3000 kPa is deter-
mined. This range is chosen since most of the compacted fine-grained soils exhibit linear
desorption characteristics within that suction range.

It is proposed that the SWRC of a statically compacted plastic soil can be estimated
using the procedure explained below.

e Step 1: The suction capacity, C is determined from liquid limit and clay fraction
(Fig. 8);

e Step 2: The suction capacity, C and 1, are used to estimate the water content at
a suction value of 1000 - 3000 kPa (Fig. 5.10);

e Step 3: One data point of suction versus water content is now determined using, say,
the axis translation technique or any other measurement techniques. In addition,
the saturated water content, w,at, is also easily determined.

This information on two data points, one estimated point on the desorption curve
(i.e. 1000-3000 kPa) and the other measured point in the range of 50 to 500 kPa are
then fitted using Brutsaert’s (1966) equation;
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Figure 5.10: The essential features for estimating the SWRC using the proposed method

Wo = Wy + [(ws — wr) (5.3)

T. 1., 7™]
1+ [2]7]
where: w,,: the gravimetric water content; w,: the saturated gravimetric water con-
tent; w,: is the residual gravimetric water content; a is the first fitting parameter; n; is
the second fitting parameter, and : is the suction in kPa.
Brutsaert (1966) model is used in this estimation technique as it requires only two
parameters to fit the SWRC. Thus, the entire SWRC can be estimated using this model
with the information of only two data points (i.e., one measured point in the matric

suction range of 100 and 500 kPa) and one estimated point in the suction range of 1000
to 3000 kPa).

5.4 Verification of the Proposed Technique

Figures 5.11, 5.12 and 5.13 show the SWRCs predicted using proposed method. For spec-
imens compacted at dry of optimum (Figs. 5.12 and 5.13) the prediction is more succesful
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when compared to the prediction for the specimens compacted at dry of optimum (Fig.
5.11).
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Figure 5.11: The estimated SWRC for the specimen compacted to 4000 kPa with an

initial compaction water content 29.8%

Figures 5.14 and 5.15 show the comparisons between the experimental data and the
one point estimation technique for the Indian Head Till (soil #16) and for the highly
plastic clay from the databank of University of Wisconsin (soil #14). In each case, there
was a satisfactory comparison between the measured and the estimated SWRC for all
the compacted soils summarized in Table 5.1.

The performance of the proposed method was also verified using the soils in the data-
base. Figures 5.14 and 5.15 show the SWRCs for Indian Head till (Vanapalli et al. , 1999)
and a plastic clay (Tinjum et al. , 1997). The comparisons between the predicted SWRC
and the experimental data point looks satisfactory.

In the experimental results section, it was shown that the dry density has a marginal
influence on the water retention characteristics on the compacted Champlain sea clay
studied in this research. Similar observations were reported in the literature (Wan et al. , 1995;
Delage et al. , 1996). This can be attributed to the fact that water sorption-desorption
phenomena occur within the intra-aggregate porosity, which is mainly controlled by
physico-chemical forces exerted by clay minerals present in the soil. Simms & Yan-
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ful (2002) also observed that the pore size distributions of the micropores are similar,
regardless of the compaction water content.
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Figure 5.15: Comparisons for Indian Head till (a) Indian Head till, soil #16 (w;= 13.2%,
dry of optimum) (b) Highly plastic clay, soil #14 (w;= 23%, Wet of optimum)

This intra-aggregate porosity is not influenced by the compaction process and there
is no substantial influence of the dry density. Contrary to sand and low plastic clay, for
which SWRC is mainly controlled by capillary effects, the rate of desorption of highly
plastic soils predominantly controlled by the physico-chemical effects. This explains the
unique relationship between the liquid limit, wy, clay fraction and the suction capacity,
C.

5.5 Limitation of the Proposed Model

The proposed equation gives succesful predictions for the compacted Champlain sea
clay specimens and the soils available in the database. However, the relationship that
one can obtain from this prediction method is gravimetric water content versus suction
relationship (See Chapter 4: Experimental Results and Discussions). Therefore, this
relationship can only be converted to degree of saturation versus suction relationship if
the soil has a rigid pore structure. In other words, the volume change should be negligible
for the proposed method to be applied.
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Table 5.1: Effective stress equations for unsaturated soils
Soil Type G, CF* (%) wi (%) wr (%) Reference USCS
1 Champlain sea clay 2.75 58 63 27 Author’s results CH
2 Selset clay 2.70 20 33 37 Bishop et al., (1964) CL
3 Mangla Shale 2.79 21 38 21 “ CH
4 London clay 2.75 100 7 29 Marinho et al.,(1993)  CH
5 Clay/Sand mix.(1) 2.74 90 69 24 « CH
6 Clay/Sand mix.(2) 2.72 70 54 19 “ MH
7  Clay/Sand mix.(3) 2.70 50 40 17 “ CL
8 Clay/Sand mix.(4) 2.69 30 24 18 “ CL
9 Grey clay 2.711 72 71 36 Jucs (1993) MH
10 Gaudalix clay 2.66 35 33 194 « CL
11 Clayey sand 2.64 6 28 20 “ CL
12 Soil B n/a 40 49 26 Tinjum et al. (1997) CL
13 Soil C n/a 28 27 15 “ CL
14 Soil F n/a 53 67 21 “ CH
15 Soil M n/a 44 32 14 “ CL
16  Indian Head Till  2.72 30 35.5 16.68  Vanapalli et al. (1999) CL

CF : Clay Fraction



Chapter 6

Conclusions and Recommendations

6.1 Conclusions

The following conclusions may be derived from the test results on the compacted Cham-

plain sea clay:

e The type of compaction (i.e., static or dynamic compaction) has a considerable
influence on the measured post-compaction suction values and the SWRC behavior
of the compacted Champlain sea clay regardless of the initial compaction water
content or the dry unit weight.

e The compaction effort is found to have marginal influence on the SWRC behavior
the compacted Champlain sea clay as compared to the influence of initial com-

paction water content.

e The compaction curve along with the post-compaction suction contours provides
valuable information about the stress state of the soil. The suction contours have
negative slopes for the specimens compacted with water content values that are
dry of optimum. The slope of the contours increases with an increase in the initial
compaction water content. These contours may even possess positive slopes for the
specimens compacted close to optimum or wet of optimum water contents based
on the compressibility characteristics of the soil.

e The volume change (i.e., shrinkage) of the compacted specimens influences the
SWRCs depending on the initial compaction water content. For the specimens
compacted with water content values dry of optimum, the volume change with
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respect to suction has only a marginal effect. Whereas, for the specimens compacted
at the wet of optimum, the volume change has a substantial effect on the SWRC
behavior. As a result, the prediction or estimation of the engineering properties
(i.e., for example unsaturated hydraulic conductivity function) should be conducted
using the appropriate SWRC.

e It is found that the gravimetric water content versus suction relationship is pre-
dominantly governed by the clay hydration. Accordingly, the rate of desorption for
compacted plastic soils can be estimated using liquid limit, wy,, and clay fraction
CF.

e The technique proposed for estimating the drying portion of SWRC of compacted
plastic soils using liquid limit, wy,, and clay fraction C'F' provided good comparisons
between the measured and estimated SWRC for the soil studied in this research
program and the soils present in the database.

e The psychrometer is found to give meaningful results for suction values starting
from 400 kPa. The maximum suction value that was measured using this equip-
ment 8541 k Pa.

6.2 Recommendations for Further Research

Further research on the following topics related to the engineering behavior of compacted
clay soils and the prediction methods are suggested:

e The compaction curve obtained by (static compaction method) along with the post-
compaction suction values should also be determined for other types of compaction

procedures (i.e., dynamic compaction and kneading).

e The estimation technique should be extended to incorporate additional factors such
as stress history of the soil. The database should be expanded and categorized with
respect to the compaction procedure and plasticity information.

e The SWRC relationship should be estimated in terms of degree of saturation versus
suction taking account of volume change behavior using conventional properties and

one measured data point of suction and degree of saturation.



Appendix A

Appendix

A.1 SWRCs of All the Compacted Specimens

This section includes the soil-water retention curves in terms of degree of saturation-
gravimetric water content-suction.
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Figure A.1: SWRCs of the specimen Figure A.2: SWRCs of the specimen
compacted to 1000 kPa with an initial compacted to 2000 £Pa with an initial
comp. water content 14.2% comp. water content 14.2%

A.2 Hydraulic Conductivity Test Results

This section includes the saturated and unsaturated hydraulic conductivity graphs.

118



Appendix

Initial comp. water content =17.3%

1
g *% 35
c
s os »\\5\ 30
g 25
2 06
K 1 20
s 04 X 15
€ o2 ] 10
& T ° I[Svs. Suction (1000 kPa) ® 5
Qo 0 w vs. Suction (1000 kPa) _ % 0

1 10 100 1000 10000

Suction (kPa)

Gravimetric water content, w (%)

Figure A.3: SWRCs of the specimen

compacted to 1000 kPa with an initial
comp. water content 17.3%

Initial comp. water content =19.4%

@ 35
s o8 ;W\\!\\ 30
©
3 o6 Y 25
3 \,\ 1 20
S 0.4 15
8 . 10
& 7 [[Svs. Suction (1000 kPa) = 5
[a] w vs. Suction (1000 kPa) %
= — — 0
1 10 100 1000 10000

Suction (kPa)

Figure A.5: SWRCs of the specimen
compacted to 1000 kPa with an initial

comp. water content 19.4%

Gravimetric water content, w (%)

Degree of Saturation, S

0.8

0.6

0.4

0.2

119

Initial comp. water content =17.3%

_\<1,"".\

>

\\"\q,_\_ 30

135

{125

‘S\ 20
15

N
10

S vs. Suction (2000 kPa) ]

w vs. Suction g2000 kPa) X

15

1 10 100 1000
Suction (kPa)

0
10000

Gravimetric water content, w (%)

Figure A.4: SWRCs of the specimen
compacted to 2000 kPa with an initial
comp. water content 17.3%

Degree of Saturation, S

0.8

0.6

0.4

0.2

Initial comp. water content =19.4%

\q"'-\

T n

N

i35

20

15
10

S vs. Suction (2000 kPa) ]

w vs. Suction !2000 kPa) ¥

5

1 10 100 1000

Suction (kPa)

0
10000

Figure A.6: SWRCs of the specimen
compacted to 2000 kPa with an initial
comp. water content 19.4%

Gravimetric water content, w (%)



Appendix

Degree of Saturation, S

Initial comp. water content =23.8%

T e, |
0.8 N\ \\ 30
06 N 25
20
0.4 \ 15
10
0.2 Svs. Suction (1000 kPa) = {5
0 w vs. Suction g1000 kPa! X 0
1 10 100 1000 10000

Suction (kPa)

Gravimetric water content, w (%)

Figure A.7: SWRCs of the specimen
compacted to 1000 kPa with an initial
comp. water content 23.8%

Degree of Saturation, S

Figure A.9: SWRCs of the specimen
compacted to 1000 kPa with an initial

0.8

0.6

0.4

0.2

Initial comp. water content =26.7%

I {1 35
\)‘\‘\\&'Q 30

{125

\- 20

15

10

S vs. Suction (1000 kPa) [] {5

w vs. Suction (1000 kPg) ___* 0

1 10 100 1000 10000

Suction (kPa)

comp. water content 26.7%

Gravimetric water content, w (%)

Degree of Saturation, S

Initial comp. water content =23.8% ;\;

1 L
{3 =

0.8 ~te 130 §
c

0.6 N 25 8
\X( 20 %

0.4 15 $
10 2

0.2 = ®
S vs. Suction (2000 kPa) L] {5 £

w vs. Suction (2000 kPg) __ * S

0 0 &
1 10 100 1000 10000 (5

120

Suction (kPa)

Figure A.8: SWRCs of the specimen
compacted to 2000 kPa with an initial
comp. water content 23.8%

Degree of Saturation, S

0.8

0.6

0.4

0.2

Initial comp. water content =26.7%

;.__.\
—

AN

SN

\ ]

S vs. Suction (2000 kPa) a

w vs. Suction !2000 kPa) _ %

1 10 100 1000
Suction (kPa)

I3

35 3
0 &
125 §
(&3

20 3
®

15 =
10 8
B

5 E
0 &
10000 (5

Figure A.10: SWRCs of the specimen
compacted to 2000 kPa with an initial
comp. water content 26.7%



Appendix

Initial comp. water content =29.5%

S

1 ~—
n e | 2 %)
o \\( 35 = o
& 038 <~ 30 § &
5 25 5 €
2 06 o 2
£ o2 0 g 8
® 7 |[Svs. Suction (1000 kPa) ® 1s 8 2
o 0 w vs. Suction (1000 kPa) % 0o S a

©

1 10 100 1000 10000 (3

Suction (kPa)

Figure A.11: SWRCs of the specimen Figure A.12: SWRCs of the specimen
compacted to 1000 kPa with an initial compacted to 2000 kPa with an initial

comp. water content 29.5%

Initial comp. water content =29.5%

1w

0.8

——

0.6

ﬂ&*\

[N

\.

0.4

0.2

10

Initial Compaction Water Content: 19.5%

S vs. Suction (2000 kPa) []
0 w vs. Suction !2000 kPa) _ % 0
100 1000 10000

Suction (kPa)

1.10*
_ /
{72
€ 1.10%
3 .}v.
L
8 -
B -6 e
2 1.10
O K_ =50107 cm/s
1.107 i

0.1 0.2

0.3

— 12
12 112 1/min
tt +h ( )

0.4

comp. water content 29.5%

Figure A.13: The outflow data for the dry of optimum specimen

121

35
30

1 25

20
15
10
5

Gravimetric water content, w (%)



Appendix 122

Initial Compaction Water Content: 30.2%
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Figure A.14: The outflow data for the wet of optimum specimen

A.3 X-ray Diffraction Results
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