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ABSTRACT
Stinson, Gregory Taylor. M.S. The University of Memphis. May 2014.
Maximum Collapse Potential of Remolded West Tennessee Loess. Major Professor:
Roger Meier, Ph.D.
The research program incorporates concepts involving collapsible soil behavior
and unsaturated soil mechanics in an attempt to obtain a better understanding of
collapsible soil behavior in general. Although previous research has focused on these
areas of study separately, it appears that the two topics have never been fully
incorporated together during a research investigation. In order to evaluate maximum
collapse potential, 18 collapse tests were conducted on specimens with varying initial
conditions. From the collapse test results, contour plots expressing maximum collapse
potential were developed for both soils on a typically plot of dry density as a function of
moisture content. The state variable that is considered of greatest relevance to unsaturated
soils, matric suction, is determined for each collapse test specimen to see if a correlation
between maximum collapse potential and the state variable exists. Recommendations for
future research on collapsible soils will also be presented.
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1
1.1

INTRODUCTION
Background
Loess is a windblown deposit comprised primarily of silt particles that form a

naturally collapsible soil structure. It is one of the most well-known collapsible soils due
to its widespread occurrence throughout the world. In the United States, significant loess
deposits can be found around the West Tennessee area. In this particular region
unsaturated loess constitutes the bluffs located along the eastern side of the Mississippi
River Valley. The bluffs demonstrate an open, porous structure that is capable of
maintaining nearly vertical slopes reaching heights of 50 feet or more in some locations.
According to Miller, Djerbib, and Jefferson, and Smalley (1998), the vertical, open
structure of loess is maintained as a result of various bridging and bonding systems that
develop between the main structural silt particles. These various binding systems can be
attributed to clay bonding, carbonate cementation, and soil suction (Barden, McGown,
and Collins 1974). The binding systems are present in naturally deposited loess as well as
remolded, compacted loess and allow the soil to exhibit high shear strength in unsaturated
conditions (i.e. low to moderate moisture contents). However, loess is considered a
problematic soil because when partial or full wetting occurs to a specimen that bears an
overburden pressure it may become susceptible to collapse. The previous binding
strength that existed among the soil particles diminishes as the soil becomes saturated
causing the soil structure to become unstable. This phenomenon can be particularly
devastating for engineering structures that incorporate poorly compacted loessial soils in
the West Tennessee area.
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Research has shown that collapse can occur in naturally deposited soils and
remolded, compacted soils (Lawton 1986). Any soil that remains in a stable state while
unsaturated but is susceptible to significant volume change when partial or full wetting
occurs is considered a collapsible soil. Pereira and Fredlund (2000) suggested that four
factors are necessary for a soil structure to produce collapse:
1. An open, partially unstable, unsaturated fabric.
2. A high enough overburden pressure so that the structure is metastable.
3. A sufficient amount of soil suction or the presence of a bonding or cementing
agent that stabilizes the soil in the unsaturated condition.
4. A source from which water can be drawn into the soil, which reduces the soil
suction or softens or destroys the binding agent, thereby causing shear failures at
the interaggregate or intergranular contacts.
It is important to note that naturally occurring collapsible soils and the same soil when
remolded will exhibit differences in soil structure and chemical composition. This means
that the soil will display differences in collapse behavior depending on whether it’s a
naturally deposited soil or a remolded soil. According to Booth (1977), there may be a
greater tendency of collapse in soils that have been remolded. Ismael, Jeragh, Mollah,
and Khalidi (1987) also suggest that disturbance of naturally deposited soils may result in
a significantly higher collapse potential. These differences are not addressed in this
research because the experimental program will focus specifically on remolded,
compacted soil specimens.
The collapse behavior of remolded, compacted soil depends primarily on two
parameters: soil type and established state variables after compaction. The soil type will

2

vary depending on mineralogy, soil gradation, and shape and orientation of grains within
the soil mass. Depending on the soil type, true and apparent cohesion may also manifest
among soil particles. These binding mechanisms will likely occur in remolded,
compacted soils in the form of soil suction and clay bonding. These conditions alone
could control the potential collapse behavior of the soil (Howayek, Huang, Bisnett, and
Santagata 2011). After compaction, the integrity of the soil structure will rely heavily on
molding moisture content, dry density, and the overburden pressure applied to the
specimen. For any given degree of compaction and molding moisture content, there is a
critical overburden pressure at which maximum collapse will occur (Lawton 1986). This
condition is satisfied when the overburden pressure is equal to the preconsolidation
pressure, p'c, of the soil, which is the maximum overburden pressure the soil has
sustained in the past. This result has been verified through other research programs
conducted on collapsible soils (Booth 1977; Adrian 2012).
Previous research programs have concluded that although a remolded, compacted
soil can display collapse behavior there are certain compaction conditions where the soil
will not collapse. According to Lawton, Fragaszy, and Hetherington (1989), there are
three conditions where a remolded, compacted collapsible soil either decreases or ceases
to produce collapse:
1. The amount of collapse generally decreases with increasing molding moisture
content, increasing molding dry density, and decreasing overburden pressure.
2. There are combinations of initial dry density, molding moisture content, and
overburden pressure at which no volume change will occur when the soil is
inundated.
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3. There is a critical degree of saturation for a given soil above which negligible
collapse will occur regardless of the magnitude of the pre-wetting overburden
pressure. This critical degree of saturation corresponds to the line of optimums,
which is formed by the points of optimum moisture content and maximum dry
density corresponding to a multiplicity of compaction efforts.
During this research the conditions presented above will be investigated to verify that
each is true for the loessial soils being tested; however, once this determination has been
made, the focus will then be directed toward remolded, compacted specimens that
produce appreciable volume change.
A defining characteristic of collapsible soils is that they are initially in an
unsaturated state. An unsaturated soil is a multiphase system comprised of three phases of
matter: solids, liquids, and gases (Lu and Likos 2004). Classical saturated soil mechanics
cannot be applied to unsaturated soils due to the addition of gas (i.e. air) within the soil.
For saturated soils, volume change is the result of a change in effective stress, σ′, which
can be defined as (σ – uw), where σ is the total normal stress and uw is the pore-water
pressure. This uses a single stress state variable to describe volume change. The first
proposed general theory of consolidation for an unsaturated soil was suggested by Biot
(1941). He concluded that there needed to be a separation between the effects of total
stress and pore-pressure (Fredlund, Rahardjo, and Fredlund 2012). Over the years, this
initial suggestion has evolved into unsaturated soil behavior being related to two
independent stress state variables: net normal stress (σ – ua) and matric suction (ua – uw),
where ua is the pore-air pressure. Numerous equations have been suggested in an attempt
to combine the two stress state variables into a single-valued effective stress with the
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hope of a smooth transition between saturated and unsaturated soil mechanics. Other
research has suggested that independent stress and suction variables must be
implemented when evaluating the behavior of unsaturated soils (Fredlund and
Morgenstern 1977). Each approach has its advantages and disadvantages.
Of the two stress state variables, matric suction is of greatest relevance to
unsaturated soil mechanics. The matric suction experienced by a given soil relies heavily
on the soil’s structure and water content. This is of particular interest because the
collapsibility of a soil also relies on these variables. Research has suggested that collapse
is related to the reduction of matric suction during inundation and could possibly control
the collapse behavior of a soil if no other binding mechanisms are present. Tadepalli and
Fredlund (1992) conducted research on various remolded and undisturbed soil specimens
and found there is a one-to-one relationship between matric suction and total volume
change (i.e. total collapse) for a soil.
This research is an investigation of remolded, compacted loess from West
Tennessee. Concepts involving unsaturated soil mechanics and collapsible soil behavior
will be analyzed in an attempt to obtain a better understanding of the collapse behavior of
remolded, compacted loessial soils. Two different types of loessial soils will be
incorporated in the laboratory testing program. One soil is uniformly graded with siltsized particles. The other is gap-graded with silt-sized and sand-sized particles. More
information is provided about each soil’s grain-size distribution and classification in
Chapter 4. During the laboratory testing program various specimens will be molded and
compacted on the dry side of the line of optimums and the focus will be directed towards
molding conditions that produce appreciable volume change when saturated. Collapse
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tests will be conducted on each compacted specimen to record the maximum collapse
potential each specimen exhibits at its preconsolidation pressure. Final contour plots
expressing collapse potential of each soil will be provided on a typical plot of dry density
as a function of moisture content. Initial matric suction values for each soil specimen will
also be determined with the hope that a relationship between maximum collapse potential
and initial matric suction can be established.
1.2

Objectives
Two loessial soils will be used during the laboratory testing program. The soils

exhibit different grain-size distributions and therefore should produce differences in
collapse behavior. The state variables that will be of particular interest during this
investigation will be molding dry density, molding moisture content, preconsolidation
pressure, and initial matric suction of each specimen. The objectives of the laboratory
testing program are as follows:
1. Develop a reliable static compaction procedure that can be used to establish
compaction curves for various compaction pressures.
2. From the compaction curves, select various moisture-density conditions on the
dry side of the line of optimums at which to compact specimens for collapse
testing.
3. Conduct collapse tests on each specimen to determine the collapse potential of
each specimen as a function of the overburden pressure.
4. Record the maximum collapse potential of each specimen and develop contour
plots for each loessial soil on a typical plot of dry density as a function of
moisture content.
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5. Conduct null tests on various specimens from each compaction curve to
determine the initial matric suction of each compacted specimen and relate that to
maximum collapse potential.
6. Evaluate the difference in collapse behavior exhibited by the two loessial soils
and determine if any conclusions can be drawn.
7. Compare the final results with related research.
Research related to the collapse behavior of soils has focused specifically on three
primary factors influencing collapse behavior; namely, dry density, moisture content, and
applied overburden pressure. These factors have also been evaluated in unsaturated soil
mechanics on the basis of how each affects the soil-water characteristic curve. Although
both research areas have vastly improved the understanding of collapse behavior and
unsaturated soil mechanics, it appears that past research has failed to incorporate both
topics simultaneously. This is especially true for remolded loessial soils.
This thesis is unique because it attempts to describe the collapse behavior of
loessial soil specimens by incorporating the state variable that is often considered of
greatest relevance to unsaturated soil mechanics (i.e. matric suction). Loessial soils have
been studied for many years, but predicting the collapse behavior still remains an active
subject for discussion and research. It is quite possible that the final results of this
research could be incorporated in engineering projects around West Tennessee that
require the use of loess as compacted fill.
1.3

Outline of Chapters
Chapter 1 presents an introduction to loessial soils, soil collapse behavior, and

unsaturated soil mechanics. A detailed summary of the goals and objectives for this
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research are provided as well. Chapter 2 presents a literature review of previous problems
encountered with collapsible soils and findings related to the collapse behavior of soils. A
literature review on unsaturated soils is also provided to give the reader a basic
understanding of various concepts that apply to this research. Chapter 3 describes the
testing methods and equipment that will be incorporated during this investigation.
Chapter 4 presents the results of soil classification tests and provides various static
compaction curves obtained for each soil. The rest of the chapter presents the details of
the research program. Chapter 5 presents the results of the research program. Chapter 6
discusses the results and attempts to provide a clarified interpretation. Chapter 7 presents
final conclusions from the research and recommendations for future research.
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2

LITERATURE REVIEW
In this chapter, an attempt is made to summarize collapsible soils and unsaturated

soil mechanics. The information provided in this chapter is crucial for developing a
research program to study the collapse behavior of remolded West Tennessee loess and to
interpret the final results of the research.
2.1

Introduction to Collapsible Soils
In many areas of the United States and other parts of the world, problems related

to collapsible soils have been reported. The most pronounced cases appear in arid and
semi-arid regions; however, cases have also been reported in other climatic regions as
well. In the United States, well documented cases of collapsing soils have been reported
in California, Arizona, Louisiana, throughout the Midwest, and at a number of other sites
(Luttenegger and Saber 1988). Collapsible soils in Colorado and Utah have become such
a prevalent issue that the Colorado Geological Survey has developed a database of maps
indicating locations where soils may be susceptible to collapse. Lawton (1992) estimated
that the total cost of damages resulting primarily from collapse settlement and resulting
litigations for various projects in southern California was near $100,000,000. In southern
Africa, numerous accounts of failure in road embankments have been reported due to
collapse that occurred after extended periods of heavy rainfall (Booth 1977). High speed
railroads located in northern France have reported loess deposits that appeared to be
sensitive to changes in moisture content and produced collapse (Delage, Cui, and Antoine
2005). Ismael et al. (1987) reported construction problems associated with the collapse of
compacted sands in Kuwait which included settlement and cracking of the ground floor
slabs of many buildings, failure and erosion of slopes, and settlement and cracking of
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highway pavements. Cases of collapse have also been reported in Brazil, Egypt, Russia,
China, and many other countries (Al-Rawas 2000). In order to prevent problems
associated with collapsible soils, geotechnical engineers need to be able to identify soils
that are likely to collapse and to determine the amount of collapse a soil may undergo.
There are numerous soil types that can potentially fall under the category of
collapsible soils. Collapse can occur in compacted soils and naturally deposited soils such
as aeolian deposits (i.e. deposited by wind), alluvial deposits (i.e. deposited by water),
colluvial deposits (i.e. deposited by gravity), and residual deposits (i.e. deposits that are
weathered in place). Figure 2-1 provides a diagram of various soil types that can fall
under the general category of collapsible soils.
Throughout the years, various research programs have been conducted in an
attempt to develop procedures for identifying and classifying collapsible soils. Table 2-1
provides a summary of reported criteria for identifying collapsible soils based on
different parameters. Most of these criteria attempt to evaluate a soil’s potential for
collapse based on void ratio, dry unit weight, degree of saturation, Atterberg limits,
natural moisture content, and percentage of fine-grained soils. Some of these criteria also
provide classifications to estimate the severity of collapse based on calculated numerical
values or previous experimental findings. While these criteria are certainly useful, they
should only be considered as potential indicators of whether or not a particular soil is
collapsible. Most of these criteria were developed for soils that were obtained locally and
the same results may not be applicable to other soils. It is important to note most of these
criteria were developed incorporating remolded or compacted soils, and do not take into
consideration a soil’s natural fabric (Luttenegger and Saber 1988).
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Figure 2-1. Diagram of collapsible soils (Rogers, Dijkstra, and Smalley 1994)
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Table 2-1. Reported criteria for identifying and classifying collapsing soils (Luttenegger and Saber 1988)
Investigator
Denisoz

Year
1951

Criteria
Coefficient of collapse: K = (void ratio at liquid limit) / (natural void ratio)
• K = 0.5 – 0.75: highly collapsible soils
• K = 1.0: noncollapsible loam
• K = 1.5 – 2.0: noncollapsible soils
If dry unit weight is less than 12.6 kN/m3, settlement will be large
If dry unit weight is greater than 14.1 kN/m3, settlement will be small
KD = (natural moisture content – plastic limit) / (plasticity index)
• KD < 0: highly collapsible soils
• KD > 0.5: noncollapsible soils
• KD > 1.0: swelling soils

Priklonski

1952

Clevenger

1958

Gibbs

1961

Soviet Building
Code

1962

Feda

1964

KL = (natural moisture content / natural degree of saturation) – (Plastic limit / plasticity index)
• For natural degree of saturations < 100%, if KL > 0.85: it is a collapsing soil

Benites

1968

Handy

1973

A dispersion test in which 2 g of soil are dropped into 125 mL of distilled water and timed
until the specimen is dispersed; dispersion times of 20 – 30 seconds were obtained for
collapsing Arizona soils.
Iowa loess with clay (< 0.002 mm) contents:
• 16 % clay: high probability of collapse
• 16-24% clay: probability of collapse
• 24-32% clay: less than 50% probability of collapse
• > 32% clay: usually safe from collapse

Collapse Ratio: R = (saturation moisture content) / (liquid limit)
• This was also presented graphically
L = (natural void ratio – void ratio at liquid limit) / (1 + natural void ratio)
• For natural degree of saturations < 60%, if L > -0.1: it is a collapsing soil
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Various laboratory testing methods have been proposed to quantify the collapse
potential of soils using one-dimensional oedometer tests. Although these procedures
incorporate the same testing device, the exact testing procedure and definition of collapse
potential varies depending on the method used. Some of the most common testing
methods used to estimate a soil’s collapse potential are as follows:
1. Double oedometer tests (Jennings and Knight 1975)
2. Single oedometer tests (Luttenegger and Saber 1988)
3. Single point, multiple specimen tests (Noorany 1992)
Of the three methods, the double oedometer and single oedometer methods are used most
for collapse testing. Section 3.2 discusses these methods in greater detail and presents
two of the most common definitions used to calculate the collapse potential of a specimen
for the collapse pressure under consideration.
As discussed previously, most research related to collapsible soils incorporates
remolded, compacted soils. This primarily stems from the fact that obtaining undisturbed
soil samples may cost too much or may be too time consuming. The benefits associated
with remolding and compacting soil specimens is that a specimen can be molded to a
desired dry density and moisture content, and various methods can be utilized to compact
specimens. The following passage presents previous research that has incorporated
remolded, compacted soil specimens to study the collapse behavior of soils.
Barden et al. (1973) conducted collapse tests on various remolded clay soils
ranging from low to high clay content. They concluded that soil specimens compacted at
moisture contents below the Proctor optimum moisture content exhibited collapse,
whereas specimens compacted at moisture contents above the Proctor optimum moisture
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content exhibited no collapse. Foss (1973) conducted collapse tests on residual clays
compacted at constant moisture content and varying densities to study the effect of dry
density on the amount of collapse. He concluded there was a linear relationship between
the dry density and the percentage of collapse. Popescu (1986) compacted loess
specimens at constant density and varying moisture contents to study the effect of
moisture content on the amount of collapse. The relationship between moisture content
and percentage of collapse was essentially linear. Booth (1977) investigated the
influences of molding dry density, molding moisture content, and soil type on the
collapse potential of soil specimens. He focused primarily on the collapse soil specimens
exhibited when inundated at 442 kPa. Lawton (1986) developed contour plots expressing
the percent volume change soil specimens exhibited with respect to each specimen’s
compaction percentage relative to the Modified Proctor maximum dry density. Much like
Booth (1977), he focused specifically on the volume change specimens exhibited when
inundated at 440 kPa. Steadman (1987) studied the effect of clay content on the
collapsibility of soils. Based on his results, he found that for low fines contents
(approximately 10%) the maximum collapse was very small for all soils. For increasing
percentages of fines (20% and 30%), collapse increased substantially in a linear fashion.
He also concluded that soils containing equal parts of silt and clay collapsed more than
soil containing only clay or silt as the fine material. Lawton, Fragaszy, and Hetherington
(1992) explored mechanisms causing collapse as well as the parameters affecting the
magnitude and occurrence of collapse in compacted specimens. They concluded that
potential post-compaction changes in density, moisture content, and overburden pressure
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must be evaluated if a reasonable estimation of collapse potential is to be determined in
the field.
To understand the behavior of collapsible soils, one must also understand the
basic concepts of unsaturated soil mechanics. The following sections present an
introduction to various concepts that will allow the reader to better understand the
research from an unsaturated soil mechanics point-of-view.
2.2

Introduction to Unsaturated Soil Mechanics
The mass of a soil consists of solid particles that are distributed randomly with

voids located in between. The voids are continuous and can be filled by air, water, or
partly by both. Considering the percentage of void space occupied by water, which is
expressed as the degree of saturation, S, soils can be subdivided into three groups
(Fredlund and Rahardjo 1993):
1. Dry soils, where all the voids are occupied by air (i.e. S = 0%).
2. Saturated soils, where all the voids are occupied by water (i.e. S = 100%)
3. Unsaturated soils, where the voids are occupied by air and water simultaneously.
Dry and saturated soils consist of two phases of matter and can be analyzed using the
traditional framework of saturated soil mechanics. When a soil becomes unsaturated it
consists of three phases of matter, which makes understanding and analyzing its behavior
much more complicated. Although the understanding of unsaturated soil mechanics has
lagged significantly behind saturated soil mechanics, rapid advancement over the past
half century has provided the geotechnical engineering community with a better
understanding of what causes unsaturated soils to behave the way they do.
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Soils located above the water table would be completely dry if the water
contained in the voids were subjected to no other force than that due to gravity (Murthy
2002). However, due to a phenomenon known as soil suction, water has the ability to be
drawn above the water table or to be retained, without drainage, after infiltration occurs
through the ground surface. Soil suction is the state variable of greatest importance to
unsaturated soil mechanics and it is essentially a soil’s potential ability to attract water.
There are three primary components that contribute to a soil’s ability to attract water,
namely, capillarity, short-range adsorption, and osmotic suction. Short-range adsorption
and osmotic suction occur in both saturated and unsaturated soils, whereas capillarity is
unique to unsaturated soils.
2.2.1

Capillarity
The pores in a soil are analogous to a complex network of small-diameter tubes

that have the ability to draw and retain water above the water table. This phenomenon is
known as capillarity and exists in all unsaturated soils to some extent. To understand the
general concept of capillarity, Figure 2-2 provides a simple model of a single glass
capillary tube that is introduced to a water compartment. The glass tube represents a
continuous soil pore and the water compartment is similar to a water table located within
a soil profile. When the air-filled capillary tube is placed into the water compartment,
surface tension develops between the glass tube and the air-water interface. This causes
the water to rise in the glass tube until equilibrium is established between the capillary
forces (upward forces) and gravitational forces (downward forces). The air-water
interface exhibits a U-shaped meniscus as a result of these forces reaching equilibrium.
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Applying these basic concepts, the height of capillary rise for the model can be computed
as:

hc =

2Ts cos α
ρ d gr

(2-1)

where:
hc = height of capillary rise,
Ts = surface tension of water,
α = contact angle between the meniscus and the glass walls,
ρw = unit weight of water,
g = gravitational acceleration, and
r = radius of capillary tube.
From Equation 2-1, it can be inferred that the height of capillary rise in a soil will depend
primarily on the radius of the soil pores. As a result, soil such as clay will experience a
greater height of capillary rise than sand would under similar environmental conditions
because clay soil has smaller pores that attract water more strongly than a sand soil with
larger pores.
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Figure 2-2. Simple model of capillarity (after Fredlund et al 2012)

The concept of capillarity can also be used to describe how matric suction
develops between soil particles due to capillary effects. Capillary effects allow water
menisci to form between soil particles creating compressive normal forces between them.
Figure 2-3 illustrates two soil particles held together by a water meniscus. The matric
suction acting on the soil particles is the difference between the pore-air pressure and
pore-water pressure acting on the meniscus. Equation 2-2 suggests that matric suction can
be written in terms of the surface tension of water and the radius of curvature, Rs, of the
U-shaped meniscus:

ua − uw =
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2Ts
Rs

(2-2)

Figure 2-3. Grains held together by capillary forces (Adrian 2012)

The radius of curvature of the meniscus connecting two soil particles becomes smaller as
the moisture content decreases. Thus, according to Equation 2-2, a soil that exhibits very
low moisture content will experience high matric suction.
2.2.2

Soil suction
One of the most important parameters used to describe the moisture stress

condition in an unsaturated soil is soil suction. Soil suction is a state variable resulting
from various physical and physicochemical suction mechanisms that govern the
mechanical behavior of unsaturated soils as well as the flow regime within the soil (Lu
and Likos 1994). The total soil suction, ψ, experienced by a particular soil is made up of
two primary components: matric suction (ua – uw) and osmotic suction (π). The
mathematical relationship between the two components of soil suction can be written as
follows:

ψ = (u a − u w ) + π
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(2-3)

Matric suction is defined as the difference between the pore-air pressure and pore-water
pressure of the soil. Osmotic suction is a function of the amount of dissolved salts
contained in the pore water of the soil. Although soil suction is expressed mathematically
as the sum of matric suction and osmotic suction, the two components are considered to
act in an independent manner and are typically analyzed separately.
Most research related to geotechnical engineering will focus primarily on matric
suction when conducting laboratory experiments. It is normally considered that the
strength of an unsaturated soil is determined by the matric suction, even though any
presence of dissolved salts within the soil water can cause some fundamental change in
its mechanical behavior (Alonso, Gens, and Josa 1990). Matric suction arises in an
unsaturated soil from the combined effects of capillarity and short-range adsorption. The
effects of capillarity were presented previously in Section 2.2.2. Short-range adsorption
effects are present within a soil due to electrical and van der Waals forces that occur at
the soil-water interface (Lu and Likos 2004). The capillary forces are the dominant
suction mechanism when a soil is in the funicular regime. The funicular regime is present
in an unsaturated soil when all the soil pores are connected by continuous films of water
and air pores are found between the continuous films. This regime occurs when a soil has
high water content and, as a result, low suction. Short-range adsorption forces are the
dominant suction mechanism when a soil is in the pendular regime. The pendular regime
occurs in an unsaturated soil when the water phase becomes discontinuous. In this regime
the value of suction for an unsaturated soil can reach up to 1,000,000 kPa depending on
the soil type (Fredlund et al. 2012). Figure 2-4 illustrates two sets of soil particles. The
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one on the left is in the funicular regime and the one on the right is in the pendular
regime.

Figure 2-4. Funicular Regime (left) and Pendular Regime (right)
(Mitchell and Soga 2005)

The effects of osmotic suction on the mechanical behavior of a soil are typically
not considered for geotechnical engineering problems. Although osmotic suction is a
significant component of total soil suction, changes in osmotic suction are generally less
significant and consequently receive less attention (Fredlund et al. 2012). Figure 2-5
illustrates changes in total, matric, and osmotic suction, as water content varies in a clay
soil specimen. As the water content increases in the soil specimen, the changes in total
and matric suction are almost congruent; whereas, only subtle changes occur in osmotic
suction. This means that a change in total suction is essentially equivalent to a change in
matric suction. Generally, osmotic suction is only considered when the salt content of a
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soil is altered by chemical contamination or deliberate chemical change (Fredlund et al.
2012).

Figure 2-5. Total, matric, and osmotic suction measurements on compacted Regina clay
(Fredlund et al. 2012)

2.2.3

Soil-water characteristic curve
The soil-water characteristic curve relates the amount of water in a soil to the soil

suction. For geotechnical engineering purposes the suction is typically expressed in terms
of matric suction. The amount of water in a soil is typically defined in one of three ways:
gravimetric water content (w), volumetric water content (θw), and degree of saturation
(S). Gravimetric water content is a common term used in geotechnical engineering and
relates the mass of water in a given soil sample (Mw) to the mass of soil solids in the
sample (Ms):
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w=

Mw
Ms

(2-4)

Volumetric water content relates the volume of water in a given soil sample (Vw) to the
total volume of the soil sample (VT):

θw =

Vw
VT

(2-5)

Degree of saturation relates the volume of water in a given soil sample (Vw) to the volume
of voids in the soil sample (Vv):

S=

Vw
Vv

(2-6)

Table 2-2 presents the advantages and disadvantages of the terms previously described
for generalized soil mechanics.
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Table 2-2. Advantages and disadvantages of different methods for describing the amount of water in soil
(after Fredlund et al. 2012)
Designation
Gravimetric water content, w

Advantages
•
•
•
•

Volumetric water content, θ

•
•

Degree of Saturation, S

•
•

Disadvantages

Consistent with usage in classical soil
mechanics
Most common means of measurement
Does not require a volume measurement
Reference value is a "mass of soil" which
remains constant

•

Is the basic form that emerges in the
derivation of transient seepage and fluid
storage in unsaturated soils
Commonly used in databases of results
obtained in soil science and agronomy

•
•

•

•

Most clearly defines the air-entry value
•
Appears to be the variable most closely
•
controlling unsaturated soil property functions
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Does not allow differentiation between
change in volume and change in degree of
saturation
Does not yield the correct air-entry value
when the soil changes volume upon drying
Requires a volume measurement
Rigorous definition requires a volume
measurement at each soil suction
Is the designation least familiar and least
used historically in geotechnical
engineering
Requires a volume measurement
Although volume measurements are
required, the degree of saturation variable
does not quantify overall volume change

Figure 2-6 illustrates a typical soil-water characteristic curve for a silt soil.
Volumetric water content is used to describe the amount of water in the soil and defining
characteristics of the soil-water characteristic curve are presented. This figure shows that
the soil-water characteristic curve for a given soil is not a single curve. The adsorption
curve (wetting curve) and the desorption curve (drying curve) differ as a result of
hysteresis. Two key transition points on the SWCC are the air-entry value and the
residual water content. The air-entry value is the suction value required to allow air to
begin displacing water in a soil. It demarks the transition a soil makes from a saturated
state to the funicular regime. The residual water content is the point where a soil requires
much larger suction values in order to remove additional water from the soil. It demarks
the transition a soil makes from the funicular regime to the pendular regime. The residual
air content is the difference between the adsorption and desorption curves, at saturation,
due to hysteresis. Full saturation is typically impossible to reach on the adsorption curve
due to the entrapment of occluded air bubbles.

Figure 2-6. Typical soil-water characteristic curve for silt soil (Fredlund et al. 2012)
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3

TESTING METHODS
This chapter provides an overview of some of the laboratory testing procedures

selected for the research program. The three main testing techniques discussed are
compaction, conventional collapse testing, and null testing. For each testing technique,
the device selected for performing the test is discussed. Advantages and disadvantages
for each testing technique are presented as well.
3.1

Compaction
Compaction is a mechanical process that uses the application of mechanical

energy to increase the density of a soil. This process allows for the elimination of air and
rearrangement of soil grains within a soil mass. In the laboratory, compaction can be
utilized to develop compaction curves and create soil specimens for testing. A
compaction curve represents several soil specimens, from the same soil sample that are
compacted at different moisture contents while applying the same compaction effort (i.e.
energy). Each soil specimen will achieve a unique density that is a function of its
moisture content during compaction. Each data point on a compaction curve represents
one compaction test.
The shape of a compaction curve depends on three primary components: soil type,
method of compaction, and compaction effort applied to each specimen. Each
compaction curve will yield a peak that corresponds to the maximum dry density a soil
can achieve for the given compaction effort. The water content at which the maximum
dry density occurs is often referred to as the optimum moisture content. For any given
soil, a family of compaction curves can be established by varying the compaction effort.
Each compaction curve will display its own unique maximum dry density and optimum
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moisture content. A line or curve can be drawn to connect the peaks of several
compaction curves for a given soil sample. This line is referred to as the line of optimums
and is almost parallel to the zero air voids line, which corresponds to 100% degree of
saturation. It is impossible for a soil specimen to be compacted on or past the zero air
voids line.
Various techniques can be incorporated in the laboratory to compact soil
specimens. Most techniques fall under one of the following categories: impact, kneading,
static, or vibratory compaction. Two of the most common types of compaction used in
the laboratory are impact and static compaction. Impact compaction is the type of
compaction utilized when performing Standard and Modified Proctor tests. This method
involves the use of a standard weight that is repeatedly dropped on the soil sample. The
height of drop, number of drops, and number of soil layers are adjusted to achieve the
desired compaction effort. The compaction effort applied using impact compaction can
be calculated as:

E=

(N b )(N l )(Wh )(h )
Vm

where:
E = compaction effort (energy per unit volume),
Nb = number of blows per soil layer,
Nl = number of soil layers,
Wh = weight of hammer used to impact the soil,
h = drop height of the hammer, and
Vm = volume of the mold.
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(3-1)

Static compaction is an easy and effective way to compact remolded soil
specimens for laboratory testing. During static compaction, a uniform pressure is applied
to the soil and maintained long enough for the soil to compact under the pressure. The
final pressure applied to the soil can also be referred to as the soil’s preconsolidation
pressure. During the remolding process, a soil’s previous stress history is essentially
destroyed. Thus, the vertical overburden pressure applied during the static compaction
process is the maximum vertical overburden pressure that the soil specimen has sustained
(i.e. the specimen’s preconsolidation pressure).
Static compaction is typically accomplished by placing soil in a steel mold and
applying a uniform pressure with either an unconfined compression device or a
pneumatic loading system. Unlike impact compaction, static compaction effort is
typically expressed in terms of the pressure required to compact the specimen rather than
the compaction energy expended. If the compaction effort applied during compaction is
desired, it can be calculated as:

W = Fd

(3-2)

where:
W = work done to compact the soil
F = force acting on the soil
d = displacement of the soil during compaction
Once the work done to compact the specimen has been calculated the compaction effort
can be calculated as:
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E=

W
Vm

(3-3)

Static compaction is the preferred method of compaction for oedometer
specimens. Due to an oedometer specimen’s relatively small size, it is unconventional to
use impact compaction. A potential downfall associated with static compaction is that
soil specimens are more likely to contain entrapped air, whereas the method of impact
compaction causes less air to become entrapped within the specimen. This downfall will
affect the final results of this research program and is discussed in more detail in Chapter
5 and Chapter 6.
3.2

Conventional Collapse Testing Methods
Most research on collapsible soils is conducted using some form of oedometer

testing. Oedometer tests are designed to simulate one-dimensional deformations similar
to what a soil might experience in the field. These tests can be particularly useful for
evaluating the volume change an unsaturated soil undergoes when saturated. Oedometer
testing can be conducted on undisturbed or reconstituted specimens as well as saturated
or unsaturated specimens. Specimen preparation consists of confining the soil inside a
metal ring that has a diameter-to-height ratio greater than 2.5 to minimize side wall
friction. The confining ring allows only vertical displacement to take place. Once the
specimen has been prepared, incremental loading can be applied to the specimen. During
loading, vertical displacement of the specimen and time needed for collapse may be
recorded.
In general, two types of tests have been used for studying collapse: single
oedometer tests and double oedometer tests. Although there are only two distinct tests,
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multiple variations in test procedures have been suggested (Lutenegger and Saber 1988).
As the name implies, a single oedometer test is conducted on a single specimen. This test
can be conducted in a relatively short period of time. The specimen is typically tested at
its in situ moisture content. Incremental loads are then applied to the specimen and
deformation is recorded for each loading increment until equilibrium is established. At a
desired vertical load, once the specimen has ceased vertical deformation, it is inundated
with water to induce collapse. The change in void ratio that occurs can then be used to
calculate the collapse potential of the specimen at the given applied stress. Figure 3-1
illustrates the results of a single oedometer test on a plot of void ratio as a function of
vertical pressure, P.

Figure 3-1. Single oedometer test (after Lutenegger and Saber 1988)
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A double oedometer test consists of testing two “identical” specimens, one at the
in situ moisture content and one at saturation. This test takes roughly twice as long as a
single oedometer test. Each specimen is incrementally loaded to define the consolidation
curve. In theory, the difference in void ratio between the two curves defines the amount
of collapse that would occur at any given overburden pressure if the soil were to become
saturated. Figure 3-2 illustrates the results of a double oedometer test.

Figure 3-2. Double oedometer test (after Lutenegger and Saber 1988)

It is assumed that the deformation during inundation will be the same whether the
sample is loaded first or wetted first. Results have shown this may not be the case;
however, these discrepancies can be quantified. Replicating “identical” soil specimens for
the double oedometer test can be difficult. Although the density and moisture content of
the specimens can be almost exactly the same, grain orientation and pore distribution are
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impossible to control within the specimen. These differences could produce minor flaws
in the assumption of “identical” specimens. The process of pre-saturating a specimen and
then loading has sometimes produced greater collapse than a single oedometer test
(Booth 1977). This occurs because pre-wetting allows the soil specimen to become
almost completely saturated; whereas, a soil specimen that is quickly inundated under a
load will not have time to establish the same degree of saturation because collapse will
occur almost instantaneously. Despite this, double oedometer tests are attractive because
only two tests are needed to determine collapse potential of a specimen under a range of
loads.
Conventionally, two equations have been used to calculate the collapse potential a
soil specimen will exhibit during single oedometer and double oedometer tests. Abelev
(1948) suggested that the collapse potential of a soil at any given vertical stress can be
calculated as:

CP =

∆e
1 + ei

(3-4)

where:
CP = collapse potential
Δe = change in void ratio upon wetting
ei = void ratio at beginning of saturation
Knight (1963) suggested a similar equation for collapse potential; however, the void ratio
at the beginning of saturation is replaced by the initial void ratio before testing (eo).
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CP =

∆e
1 + eo

(3-5)

From Equation 3-4 and Equation 3-5, it can be seen that the primary difference
between the definitions of collapse potential are the selection of initial void ratio used for
normalizing the volumetric strain (Lutenegger and Saber 1988). Equation 3-4 defines
collapse potential only as a result of collapse, whereas Equation 3-5 defines collapse
potential as a result of collapse and compression that occurs during loading up to the
collapse stress under consideration. Since this research focuses specifically on the
maximum collapse potential of soil specimens compacted at different values of
preconsolidation pressure, the compression that occurs during loading up to each
specimen’s preconsolidation pressure will be ignored and Equation 3-4 will be used to
calculate the maximum collapse potential of each specimen.
3.3

TerraLoad Device
The TerraLoad device, manufactured by DGSI, is a pneumatic loading device that

can be used to apply loads instantaneously and to maintain those loads indefinitely on an
oedometer test specimen. The device allows loads to be applied by compressed air via a
piston coupled to a rolling diaphragm, which virtually eliminates friction as the piston
travels (TerraLoad Device Instruction Manual 1991). The device consists of four main
components: a pneumatic loading device, a fixed-ring or floating-ring oedometer, an
LVDT for measuring vertical displacement, and a digital indicator for measuring applied
air pressure. The pneumatic loading device is controlled by two precision air regulators.
For a 2.5-inch-diameter specimen, one regulator controls low pressures between 0 and
300 kPa and the other controls high pressures between 300 and 3000 kPa. Depending on
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the testing method being incorporated, a fixed-ring or floating-ring oedometer can be
used. A fixed-ring oedometer allows for compression of the specimen to occur from the
top toward the bottom, whereas a floating-ring oedometer allows for compression of the
specimen to occur from the top and bottom towards the center. Both oedometers consist
of two porous stones and a load cap that fits a ball bearing on top of it. The cross head of
the loading frame has an indentation that fits the ball bearing to insure proper alignment
of the oedometer during loading. Figure 3-3 depicts the TerraLoad device with a floatingring oedometer.

Figure 3-3. TerraLoad device and floating-ring oedometer

3.4

Axis Translation Technique
The axis translation technique is conventionally used to measure or control the

matric suction in an unsaturated soil specimen. In an unsaturated soil, matric suction is
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defined as the difference between the pore-air pressure and pore-water pressure, where
the pore-air pressure is usually atmospheric (ua = 0) and the pore-water pressure is
negative with respect to atmospheric pressure. This means that matric suction is
essentially the negative value of the pore-water pressure exhibited by an unsaturated soil.
The measurement of negative pore-water pressure has practical limitations because as
water pressure drops below -100 kPa water tends to cavitate in the measuring systems
(Olson and Langfielder 1965). The axis translation technique consists of elevating the
pore-air pressure in an unsaturated soil while the pore-water pressure is maintained at a
measurable value, typically atmospheric. Maintaining the pore-water pressure at
atmospheric pressure prevents cavitation from occurring and allows for matric suction
values of 1500 kPa or more to be measured and controlled.
In order to perform the axis translation technique, a high-air-entry ceramic disk is
required. The ceramic disk is used to separate the air and water phases of a soil specimen.
If a specimen is placed in good contact with a saturated high-air-entry material, positive
air pressure may be applied to the pore-air on one side, while allowing the pore-water to
drain freely through the material under atmospheric pressure maintained on the other side
(Lu and Likos 2004). The separation of the air and water pressure is maintained as long
as the applied air pressure does not exceed the air-entry value of the ceramic disk. The
air-entry value of a high-air-entry disk can be as high as 1500 kPa for ceramic disks and
as high as 10,000 kPa for special cellulose membranes (Lu and Likos 2004).
There are various laboratory testing devices that incorporate the use of the axis
translation technique while providing other features that allow for the measurement of
unsaturated soil properties. These devices consist of tempe pressure cells or pressure
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plates that incorporate high-air-entry ceramic disks. The GCTS Fredlund device is a
pressure plate device that has the ability to measure and control the matric suction of an
unsaturated soil, through use of the axis translation technique, while performing a onedimensional loading test. The following section will discuss the GCTS Fredlund device
and its application for unsaturated soil testing.
3.5

GCTS Fredlund Device
The Fredlund GCTS SWC-150 device implements a pressure plate cell that uses

the axis translation technique to control matric suction in a soil specimen. This device has
the ability to define the drying and wetting soil-water characteristic curves using a single
soil specimen or measure and control a soil specimen’s matric suction during oedometer
testing. Matric suction values ranging from zero to 1500 kPa can be obtained. The device
consists of three main components: a pressure chamber, a pressure control panel, and a
loading frame. The pressure chamber is stainless steel and has ports at the top and bottom
that allow for independent control of the pore-air and pore-water pressure. An indentation
is present within the pressure chamber base to fit a high-air-entry ceramic disk. The soil
specimen is placed on top of the ceramic disk. The pressure control panel contains two
pressure regulators. One regulator controls low air pressures between 0 and 200 kPa and
the other controls high air pressures between 200 and 1500 kPa. The control panel also
has two burettes that are used to measure the amount of water entering or leaving the soil
specimen as air pressure is changed. The loading frame has a pneumatic loading cylinder
that can apply vertical loads to simulate overburden pressures. Vertical loads up to 10 kN
can be applied using the pneumatic loading cylinder. Incorporating all three components
allows a user to define various stress paths by applying different combinations of matric
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suction and vertical stress. The pressure chamber and pressure control panel can be used
separately from the loading frame to determine a soil sample’s initial matric suction or to
define the soil-water characteristic curve for a given soil specimen. Figure 3-4 depicts the
GCTS device that was used during testing and Figure 3-5 provides a schematic drawing
of the GCTS device without the loading frame.

Figure 3-4. GCTS device used for laboratory testing
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Figure 3-5. Schematic of GCTS device without loading frame
(GCTS Operating Instruction Manual 2007)

GCTS supplies other components that can be used during testing to acquire more
accurate results. A hanging column can be used to more accurately apply low matric
suction values ranging from 1 to 5 kPa. A small heater may also be attached to the top of
the pressure chamber to limit vapor condensation inside the cell by maintaining the cell
slightly above ambient temperature. This feature becomes important when testing occurs
over a long period of time (i.e. over a period of multiple days or longer).
3.6

Null Test
Null tests use a pressure plate device and the axis translation technique to

determine the initial matric suction of an unsaturated soil specimen. The soil specimen is
placed on a saturated high-air-entry ceramic disk that has a higher air-entry value than the
estimated matric suction of the specimen. An air pressure is then applied to the specimen
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that is close to the estimated matric suction. The overall volume change and water
volume changes are monitored to insure water is not entering or leaving the soil
specimen. If water is leaving the specimen, then the air pressure is too high and must be
lowered. If water begins to enter the specimen, then the air pressure is too low and must
be raised. Once equilibrium is established and no overall volume change or water volume
changes have occurred, the initial matric suction has been determined.
Previous research has used null testing to determine how the initial matric suction
of a soil specimen is affected by variations in molding moisture content, molding dry
density, and method of compaction (Olson and Langfelder 1965; Krahn and Fredlund
1972; Vanapalli, Fredlund, and Pufahl 1999). From each of these research programs, it
was determined that there is a distinct relationship between decreasing moisture content
and increasing matric suction for compacted specimens. Olson and Langfelder (1965)
conducted the most extensive research program pertaining to this particular issue. Their
research incorporated five different soil types with different static compaction pressures
ranging between 290 to 876 kPa. The variations in applied static compaction pressure
were shown to have essentially no influence on the relationship between molding
moisture content and matric suction. Thus, they concluded that for a given soil, matric
suction is almost independent of dry density and primarily a function of the molding
moisture content. Figure 3-6 presents the experimental results for statically compacted
Peorian loess.
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Figure 3-6. Negative pore-water measurements on compacted specimens using null-type
axis-translation technique (Olson and Langfelder 1965)

Olson and Langfelder (1965) also concluded that samples subjected to kneading
compaction achieved significantly less negative pore-water pressures than samples
subjected to static compaction. This is believed to result from specimens subjected to
kneading compaction achieving a more dispersed soil structure than specimens subject to
static compaction. A soil specimen with a dispersed soil structure will not entrap as much
air as a specimen with a flocculated soil structure.
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4

RESEARCH PROGRAM
This chapter presents the materials and methods used for the experimental

program. The chapter provides a summary of relevant information for the two soils used
during testing, including grain-size distribution, index properties, classification, and
compaction behavior. The methods used to prepare the test specimens, conduct double
oedometer tests, and null tests are provided as well.
4.1

Preliminary Testing
Loess was acquired from a river bluff located at Eagle Lake Wildlife Refuge just

north of Memphis and about a mile east of the Mississippi River. The approximate spatial
coordinates of the location were 35º15'4" N, 90°3'45" W. The bluff appeared to be made
up of two different loess deposits. The lower section of the bluff was red in color, and the
upper section of the bluff was brown in color. The loess was collected from the two
sections of the bluff by scraping the bluff with a shovel and placing the soil in burlap
sample bags. The soil was then brought back to the University of Memphis Thomas S.
Fry Soil Mechanics Laboratory where it was spread out and broken up to allow for
drying. The soil was allowed to dry for roughly a week and then was passed through a
No. 4 sieve. Soil that did not pass through the No. 4 sieve was broken down by a rubber
mallet and sieved again. During this process great care was taken to remove any organic
material from the soil such as leaves, twigs, or roots. The final air-dried moisture content
of both soils was between two and three percent. For the remainder of the thesis the two
loessial soils will be referred to as Eagle Lake Red and Eagle Lake Brown.
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Figure 4-1. Bluff at Eagle Lake Wildlife Refuge

4.2
4.2.1

Classification Testing Results
Grain-size distribution
Sieve analyses and hydrometer tests were performed in accordance with ASTM D

422 to determine the grain-size distribution for each soil. The results suggest that Eagle
Lake Red is gap-graded whereas Eagle Lake Brown is uniformly graded. The grain-size
distribution data obtained from the sieve analysis and hydrometer tests were modeled as
logarithmic cumulative distribution functions (LOG CDFs) using a non-linear curvefitting algorithm available in SoilVision Version 4.21.001 (2005). The curve-fitting
algorithm incorporates a mathematical equation suggested by M.D. Fredlund, Fredlund,
and Wilson (2000) that can model any grain-size distribution. This equation is a modified
form of the Fredlund and Xing (1994) soil-water characteristic curve equation. Since the
soil-water characteristic curve represents the distribution of voids in a soil, it bears an
inverse relationship to the distribution of soil particles (Fredlund et al. 2012). In a given
soil mass the voids plus the soil particles add up to the total soil volume. Thus, this
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modified equation approach appears justified. The modified equation and the curvefitting algorithm allow for uniformly graded soils to be modeled using a unimodal
equation and gap-graded soils to be modeled using a “stacked” unimodal equation (i.e.
bimodal equation). Figure 4-2 illustrates the grain-size distribution data obtained for both
soils along with the modeled curves obtained from SoilVision.
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Figure 4-2. Grain-Size Distribution for Eagle Lake Red and Eagle Lake Brown Loess

Using Figure 4-2, information needed to classify each soil in accordance with the Unified
Soil Classification System was determined. This information is provided in Table 4-1.
The soil classifications are provided in Section 4.2.2 along with the Atterberg limits and
specific gravity results.
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Table 4-1. Gradation data for Eagle Lake Red and Eagle Lake Brown loess
Classification

Eagle Lake Red

Eagle Lake Brown

% Clay (< 0.0005 mm)

22.96%

22.58%

% Silt (0.005 mm < x < 0.074 mm)

48.59%

74.67%

% Sand (0.074 mm < x < 4.75 mm)

28.45%

2.75%

D30 (mm)

0.0102

0.0091

D60 (mm)

0.0297

0.0237

The arithmetic particle-size probability density function can be obtained for each
soil by taking the derivative of each best-fit equation (M.D. Fredlund et al. 2000). This
was accomplished by taking small increments of the change in percent finer by weight
and dividing by the corresponding increments of the particle size for each best-fit line.
The results were then converted so that each particle-size probability density function
could be plotted as a logarithmic probability distribution function (LOG PDF). A
unimodal probability distribution will display a single mode (single peak) and a bimodal
probability distribution will display two modes (two peaks). Each peak represents the
most frequent particle size(s). Eagle Lake Red loess is bimodal in distribution so its
logarithmic probability density function displays two peaks located in the silt and sand
regions of Figure 4-3. Eagle Lake Brown loess is unimodal in distribution so its
logarithmic probability density function displays a single peak located in the silt region of
Figure 4-4.
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Figure 4-3. Logarithmic CDF and logarithmic PDF for Eagle Lake Red loess
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Figure 4-4. Logarithmic CDF and logarithmic PDF for Eagle Lake Brown loess
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4.2.2

Atterberg limits and soil classification
Atterberg limits and specific gravity of each soil were determined in accordance

with ASTM D 4318 and ASTM D 854, respectively. Table 4-2 provides these results
along with the classification of each soil.

Table 4-2. Atterberg limits and USCS classification for Eagle Lake Red and Eagle Lake
Brown loess
Location

Specific
Gravity

Liquid
Limit

Plastic
Limit

Plasticity
Index

USCS
Classification

Eagle Lake
Red

2.69

26

18

8

CL

Eagle Lake
Brown

2.70

30

23

7

CL-ML

4.3

Preparation of Soil Prior to Compaction
For all specimens, the soil was air-dried, sieved through a No. 4 sieve, mixed with

the desired quantity of distilled water, and stored in double plastic bags prior to
compaction. The amount of distilled water used depended on the air-dried moisture
content of the soil and the mass of the soil to be mixed. Typically, the amount of soil used
for one specimen ranged between 120 and 150 grams. The soil and water were mixed
using a mortar and pestle and a metal spatula. The mixing process began by adding a
small amount of water to the soil. The soil was then mixed and crushed with the pestle.
This process was repeated several times until the desired amount of water had been added
to the soil. After mixing, the soil was placed in double plastic bags and allowed to stand
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for a day prior to compaction. This standing time is typically referred to as the soil
specimen’s curing time and it ensures even distribution of the water throughout the soil.
4.4

Developing Static Compaction Curves
Three compaction curves were developed for both soils using static compaction.

To develop each curve, soil specimens were mixed at different moisture contents and
then compacted using the same static compaction pressure. The selected compaction
pressures for Eagle Lake Red were 135 kPa, 292 kPa, and 584 kPa, and the selected
compaction pressures for Eagle Lake Brown were 157 kPa, 292 kPa, and 584 kPa. It was
initially intended to use the same compaction pressure for both soils; however, Eagle
Lake Brown specimens became difficult to remold using a compaction pressure of 135
kPa. At this compaction pressure, Eagle Lake Brown specimens would fall apart when
handled after compaction. This made it difficult to develop reproducible specimens using
this compaction pressure. Thus, the compaction pressure was increased until reproducible
soil specimens were obtained.
For each statically compacted specimen, an amount of mixed soil was selected so
the final compaction height of each specimen would be maintained around one inch,
which is the height of the confining ring used for oedometer testing. This insured that the
soil specimens molded for oedometer testing would achieve approximately the same
densities as the compaction curve specimens did when molded at the same moisture
content. Once the appropriate amount of soil and water had been mixed and allowed to
cure, the mixed soil was placed into a 2.5-inch-diameter mold. The mold had previously
been sprayed and rubbed with canola oil to minimize friction from developing between
the mold and soil during compaction. After leveling the soil, a plunger was pushed into
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the mold using the pneumatic cylinder attached to the loading frame on the GCTS
Fredlund device. At the start of compaction, the compaction pressure was increased
uniformly to its final magnitude during a two minute period and then held constant for
another three minutes. After this five minute period, the mold was removed from the
GCTS loading frame and the final height of each specimen was determined.
The height of each specimen was determined using a LVDT. The plunger used to
compact each specimen had a height of three inches and the mold had a height of four
inches. Thus, the soil specimen would be compacted to a height of one inch if the top of
the plunger was flush with the top of the mold. The difference in height between the
plunger and the mold after compaction was recorded by taking a total of four LVDT
readings around the edge of the plunger and four LVDT reading around the edge of the
mold. The readings were averaged and the difference in height between the plunger and
mold was determined. If the plunger was lower than the edge of the mold the difference
was subtracted from one inch and if it was above the edge of the mold it was added to
one inch. The final height of each compacted specimen typically ranged between 0.95
and 1.1 inches. After compaction and height recording, each specimen was carefully
removed from the mold and its moist mass was recorded. Each specimen was then placed
in an oven at 230 °F and allowed to dry for roughly 24 hours so the dry mass could be
determined. The recorded data allowed for the moisture content and dry density of each
specimen to be calculated. This data allowed for compaction curves to be developed for
both soils.
Figure 4-5 and Figure 4-6 provide the experimental data obtained from
conducting static compaction tests on Eagle Lake Red and Eagle Lake Brown specimens,
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respectively. Each set of data points, corresponding to a specific compaction pressure,
were modeled using a forth order polynomial regression. Conventionally, this is an
acceptable method for modeling compaction curves (Bodman and Constantin 1965;
Olson and Langfelder 1965). The figures also show the zero air voids curve and curves

Dry Density (kg/m3)

for 90%, 80%, 70%, 60%, and 50% degrees of saturation for each soil.

1950
1900
1850
1800
1750
1700
1650
1600
1550
1500
1450
1400
1350

Compaction Pressure = 584 kPa
Compaction Pressure = 292 kPa
Compaction Pressure = 135 kPa

10

12

14

16

18
20
22
24
Moisture Content (%)

26

Figure 4-5. Eagle Lake Red Static Compaction Curves
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Figure 4-6. Eagle Lake Brown Static Compaction Curves

Figure 4-5 and Figure 4-6 were plotted on the same scale so that differences
between the two sets of compaction curves could be easily identified. For a given
compaction pressure, it is evident that Eagle Lake Red specimens achieve greater dry
densities than Eagle Lake Brown specimens. This is partly due to the different grain-size
distributions exhibited by each soil. When compacted at the same pressure, a gap-graded
soil is capable of achieving a greater packing density than a uniformly graded soil
because it has a wider range of particle sizes available for packing. The range of particle
sizes a soil has available for packing may also influence the shape of a soil’s compaction
curve. Focusing on the dry side of the line of optimums, it can be seen that Eagle Lake
Red’s compaction curves are steeper than Eagle Lake Brown’s compaction curves. As
specimens are compacted at higher moisture contents, the gap-graded soil compacts more
efficiently than the uniformly graded soil due to the range of particles available for
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packing. Thus, as specimens are compacted at higher moisture contents, a greater change
in dry density occurs for the gap-graded soil than it does for the uniformly graded soil.
From the Figure 4-5 and Figure 4-6, it can be seen that Eagle Lake Red specimens
achieve dry densities that range between 1463 and 1792 kg/m3 and Eagle Lake Brown
specimens achieve dry densities that range between 1415 and 1665 kg/m3. The range of
dry densities for both soils are similar to that found in naturally deposited loess in the
Memphis area. Naturally deposited loess in the Memphis area typically exhibits dry
densities between 1440 and 1600 kg/m3. This means the specimens that were selected for
collapse testing, from the static compaction curves, are not compacted to unreasonable
densities just to produce appreciable collapse.
4.5

Molding Soil Specimens for Double Oedometer Testing
For each compaction curve presented in Section 4.4, it was determined that

oedometer specimens would be molded as close as possible to the 50%, 60%, and 70%
degree of saturation curves for each soil. Each oedometer test specimen had to be
compacted into a confining ring that had a height of one inch and a diameter of 2.5
inches. This was accomplished using the same static compaction techniques provided in
Section 4.4; however, a few modifications were made to obtain specimens with the
desired dimensions. A mold was used that allowed a confining ring to be inserted into the
bottom of the mold and soil to be inserted into the top of the mold. The confining ring
was sprayed with canola oil to minimize friction between the ring and soil during
compaction. Using the static compaction curves and volume-mass relationships, a
mixture of soil and water was determined that would produce a specimen with a height
slightly greater than one inch for each specimen. The compaction pressure was increased
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uniformly to its final magnitude during a two minute period and then held constant until
the deformation rate was equal to or less than 0.0001 in/min. This was typically
accomplished after a time period of forty minutes. Although the time each specimen was
subjected to a static pressure differed from Section 4.4, it was determined that each
specimen still acquired approximately the same dry density for the given compaction
moisture content. After the compaction process was completed the confining ring and
compacted soil specimen were removed from the mold. At this point, each specimen had
excess soil protruding from the confining ring. The excess soil was carefully trimmed
using a wire saw until the soil specimen was flush with the confining ring. After
trimming, the moist mass of the soil and the mass of the confining ring were recorded and
the specimen was ready for oedometer testing.
Table 4-3 and Table 4-4 provide a summary of the initial conditions of the molded
double oedometer specimens for Eagle Lake Red and Eagle Lake Brown, respectively.
Figure 4-7 and Figure 4-8 depict where the double oedometer specimens fell in relation to
the compaction curves developed in Section 4.4. It should be noted that for both soils
discrepancies were obtained between the initial conditions for the “identical” unsaturated
and saturated specimen. This is most likely attributed to the trimming process that took
place after each specimen was compacted or can be attributed to natural variability of
soil. For all double oedometer tests, the difference in initial specimen conditions for
“identical” specimens never varied by more than ± 2%.
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Table 4-3. Summary of double oedometer tests – Initial conditions for Eagle Lake Red
Loess

ER1

Compaction
Pressure (kPa)
584

ER2

584

ER3

584

ER4

292

ER5

292

ER6

292

ER7

135

ER8

135

ER9

135

Dry Density (kg/m3)

Test

1950
1900
1850
1800
1750
1700
1650
1600
1550
1500
1450
1400

Specimen
Condition
Unsaturated
Saturated
Unsaturated
Saturated
Unsaturated
Saturated
Unsaturated
Saturated
Unsaturated
Saturated
Unsaturated
Saturated
Unsaturated
Saturated
Unsaturated
Saturated
Unsaturated
Saturated

wo (%)

ρd (kg/m3)

So (%)

eo

11.50
11.50
13.51
13.51
14.19
14.43
13.52
13.52
15.35
15.67
16.54
16.83
15.15
15.36
17.40
17.50
18.54
18.54

1633
1636
1682
1680
1707
1707
1570
1560
1608
1613
1648
1636
1482
1473
1528
1519
1588
1577

47.76
47.99
60.66
60.47
66.34
67.37
50.97
50.23
61.40
63.14
70.38
70.23
50.02
50.01
61.58
61.11
71.91
70.62

0.6475
0.6446
0.5990
0.6011
0.5754
0.5762
0.7132
0.7240
0.6726
0.6674
0.6322
0.6446
0.8147
0.8262
0.7599
0.7704
0.6937
0.7061
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Figure 4-7. Location of double oedometer specimens for Eagle Lake Red Loess
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Table 4-4. Summary of double oedometer tests – Initial conditions for Eagle Lake Brown
Loess

EB1

Compaction
Pressure (kPa)
584

EB2

584

EB3

584

EB4

292

EB5

292

EB6

292

EB7

157

EB8

157

EB9

157

Test

Specimen
Condition
Unsaturated
Saturated
Unsaturated
Saturated
Unsaturated
Saturated
Unsaturated
Saturated
Unsaturated
Saturated
Unsaturated
Saturated
Unsaturated
Saturated
Unsaturated
Saturated
Unsaturated
Saturated

wo (%)

ρd (kg/m3)

So (%)

eo

13.93
14.11
15.94
16.27
18.04
18.36
15.25
15.39
17.41
17.28
18.91
19.08
16.53
16.73
19.22
19.32
20.40
20.52

1555
1549
1585
1585
1614
1608
1496
1497
1519
1515
1568
1563
1435
1434
1487
1481
1503
1504

51.12
51.31
61.37
62.49
72.32
73.01
51.11
51.69
60.50
59.70
70.73
70.77
50.64
51.13
63.57
63.39
69.19
69.62

0.7358
0.7427
0.7034
0.7030
0.6734
0.6789
0.8054
0.8040
0.7770
0.7817
0.7218
0.7278
0.8811
0.8832
0.8163
0.8230
0.7961
0.7958

1750

Dry Density (kg/m3)

1700
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Figure 4-8. Location of double oedometer specimens for Eagle Lake Brown Loess
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4.6

Double Oedometer Testing
Double oedometer tests were conducted on nine specimen pairs from each soil to

determine the maximum collapse potential each specimen exhibited at its
preconsolidation pressure (i.e. compaction pressure). Two “identical” specimens were
prepared for each test. One specimen was tested at its compaction moisture content and
the second specimen was saturated prior to loading. Two devices were used during the
double oedometer tests. The GCTS Fredlund device was used to test unsaturated
specimens and the TerraLoad device was used to test saturated specimens. Both devices
were calibrated for apparatus flexibility in accordance with ASTM D 2435 after which
only minor differences were displayed when using both devices to test identical
specimens.
After molding two “identical” specimens into confining rings as described in
Section 4.5, the specimens were ready to begin oedometer testing. To obtain the saturated
loading curve for each specimen, the specimen and ring were placed in a floating-ring
oedometer with porous stones on the top and bottom of the specimen. Filter paper was
placed between the stones and specimen to prevent intrusion of the soil into the stones.
After the specimen was placed in the floating ring oedometer, the oedometer was
centered on the TerraLoad device. The device was then adjusted so that the ball bearing
sitting on the top of the oedometer was secured in the indentation located on the bottom
of the load frame cross head. The ball bearing was considered secure in the indentation
when it could no longer be moved between the load cap and cross head indentation. At
this point, the LVDT used for measuring vertical displacement of the specimen was set to
zero. The specimen was then inundated with distilled water up to a level slightly below
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the top of the specimen to allow water to permeate up from the bottom of the specimen.
Immediately after inundation, the specimen would attempt to swell so small loads were
applied to prevent the specimen from swelling out of the ring. This was accomplished by
adjusting the low pressure regulator on the TerraLoad consolidation device so that the
LVDT reading was maintained at zero. The specimen was then loaded in increments that
doubled each time, except for when the applied pressure was near the specimen’s
molding pressure. Smaller increments of loading were used when the specimen’s molding
pressure was approached to better define the preconsolidation pressure. The Appendix
specifies the exact loading increments used for each specimen. For each loading
increment, the specimen was allowed to deform until the deformation rate was equal to or
less than 0.0002 in/hr. This was typically attained after a constant load had been applied
over a three to four hour period.
To obtain the unsaturated curve, the specimen and ring were placed in the
pressure chamber of the GCTS Fredlund device. The high-air-entry ceramic disk
typically used in the pressure chamber had to be replaced by two porous stones that were
approximately the same height as the ceramic disk. This substitution had to be made
because if the dry high-air-entry disk was used it would attract water from the specimen.
The pore-diameter of the porous stones are much larger than the pore-diameter of the
high-air-entry disk, and this prevents the attraction of water from the soil specimen. Filter
paper was placed on the top and bottom of the specimen to replicate the procedures used
for the saturated test. A metal disk, slightly smaller in diameter than the specimen, was
then placed on top of the specimen and the pressure chamber was assembled. Figure 4-7
depicts the inside of the pressure chamber setup before assembly. Once the pressure
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chamber had been assembled, it was centered below the load frame. The pneumatic
cylinder was then used to apply load increments similar to the ones used for the
“identical” saturated specimen. It should be noted that the ports attached to the pressure
chamber were not utilized for this test. After each pair of tests (saturated and
unsaturated), the weights of the specimens at the end of testing and after oven drying
were recorded.

Figure 4-7. Pressure chamber before assembly

4.7

Null Testing
Null testing was conducted on various soil specimens, for each soil, so that the

relationship between matric suction and moisture content could be determined (refer to
Figure 3-5). The procedure of remolding and compacting soil specimens was exactly the
same as the one used for double oedometer testing. Before conducting a null test, specific
steps were taken to insure that the GCTS Fredlund device was prepared properly for
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testing. The pressure control panel and the pressure chamber of the GCTS Fredlund
device were used during testing, whereas the loading frame was not necessary. At least
24 hours prior to testing, the high-air-entry ceramic disk selected for testing was
submerged in distilled water to ensure that it would be completely saturated before
testing began. Before placing the saturated disk into the indentation located in the bottom
of the pressure chamber, the valves connecting the burettes and the pressure chamber
were opened. Distilled water was then added so that the bottom surface of the indentation
was completely saturated and then the disk was gently pushed into the indentation. The
water level in the burettes would increase due to this process. An air pump was then
applied to the top of the burettes to flush any air bubbles that had become trapped under
the disk. After all air bubbles had been removed, preparation of the GCTS Fredlund
device was completed and null testing could begin.
A specimen that had just completed the compaction and trimming process was
placed in good contact with the disk and the pressure chamber was assembled as quickly
as possible. A load platen was placed on top of the soil specimen to ensure good contact
was maintained between the disk and specimen during testing. Once the device was
assembled, the low-air-pressure regulator was increased slightly to 10 kPa. This caused
the water level in both burettes to slightly increase because small amounts of water would
typically accumulate on the top of the disk during assembly of the pressure chamber. At
this point, the height of the water in the burettes was recorded and this reading was used
as the null water level during testing. The null water level is simply the height of water in
the burettes that is monitored to determine if a soil specimen’s matric suction is
increasing or decreasing. The estimated matric suction of the specimen was then applied
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using the air pressure regulators. If water began to enter the specimen (a decrease in
water level in the burettes) the air pressure was increased and if water began to exit the
specimen (an increase in water level in the burettes) the air pressure was decreased. For
each air pressure adjustment, it took approximately 30 minutes for a soil specimen to
reach equilibrium. This process was repeated until a pressure was obtained that
maintained the null water level. This value was recorded and the pressure chamber was
disassembled as quickly as possible. The specimen was then weighed to ensure no
significant change in the initial weight had taken place. Typically, each specimen
weighed within 0.20 grams of the initial weight before testing. This correlates to a
deviation of approximately 0.1% in the initial and final moisture content of each
specimen. It is important to note that the height of each specimen was monitored during
testing; however, there were never any issues of significant change in height because the
burettes were constantly monitored and the air pressure was changed accordingly if even
the slightest change in the burettes’ water level occurred.
Another important aspect of null testing consisted of determining which high-airentry ceramic disk and what estimated matric suction value should be used for each
specimen. As presented previously, the high-air-entry disk used during testing must have
an air-entry-value greater than the initial matric suction of the specimen being tested.
Determining the proper disk was accomplished by testing the specimen that would have
the lowest moisture content for each soil. Since matric suction is primarily dependent on
the moisture content of a specimen, the specimen with the lowest moisture content should
have the highest matric suction regardless of the compaction pressure used to compact
the specimen. For both soils, a 1-bar (100-kPa) disk was initially used. This assumption
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was based on null tests conducted on soil samples similar to the ones used during this
research (Adrian 2012). For Eagle Lake Red, the 1-bar stone sufficed for all but one of
the null tests. At the highest compaction pressure and lowest degree of saturation, the air
pressure needed to stabilize the water level exceeded 100 kPa. Thus, a new test was run
with a 3-bar stone and it was determined that the initial matric suction of the specimen
was approximately 140 kPa. For Eagle Lake Brown, the air pressure applied during null
tests never exceeded 100 kPa, so the 1-bar stone sufficed for all of the tests.
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5

PRESENTATION AND ANALYSIS OF RESULTS
The collapse behavior of two loessial soils was investigated using the laboratory

research program described in Chapter 4. This chapter presents the results of the collapse
tests conducted on remolded, compacted specimens from these soils. It also presents the
initial matric suction results obtained for each collapse test specimen.
5.1

Double Oedometer Results
The double oedometer testing procedure was selected for collapse testing because

only two oedometer tests were needed to determine the collapse potential of a specimen
under a range of overburden pressures. Thus, the collapse potential of a specimen could
be determined at its preconsolidation pressure as well as any other overburden pressure
applied during testing. This information can be used to validate that a soil specimen
exhibits its maximum collapse potential at its preconsolidation pressure.
The following subsections present the double oedometer results for Eagle Lake
Red and Eagle Lake Brown, highlighting the effect of overburden pressure on the
measured collapse potential of each test. The results of double oedometer tests can be
presented in many ways. For this research program, the results are presented in figures
that display the change in void ratio a specimen undergoes due to an increase in
overburden pressure. This method of presentation was selected because the equation used
to calculate the collapse potential of a specimen, at a given overburden pressure,
incorporates the void ratio of the unsaturated and saturated specimens at the overburden
pressure under consideration. The vertical offset of the unsaturated and saturated curves
at any overburden pressure reflects the potential change in void ratio that would occur if
the unsaturated specimen were inundated at that overburden pressure. If the saturated
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curve is positioned above the unsaturated curve, an increase in void ratio (swelling) is
predicted. If the saturated curve is located below the unsaturated curve, a decrease in void
ratio (collapse) is predicted. For all double oedometer tests, wetting ultimately led to
some degree of collapse potential and the maximum collapse potential of each test
occurred at approximately each specimen’s preconsolidation pressure.
5.1.1

Eagle Lake Red oedometer results
As discussed in Chapter 4, nine pairs of double oedometer tests were conducted

on specimens of Eagle Lake Red. The selected compaction pressures were 584 kPa, 292
kPa, and 135 kPa. For each compaction pressure, specimens were molded as close as
possible to the 50%, 60%, and 70% degree of saturation curves. These initial compaction
specifications caused all specimens to fall on the dry side of the line of optimums, which
corresponds to a degree of saturation of approximately 93%. Figure 5-1, Figure 5-3, and
Figure 5-5 each depict three pairs of double oedometer test results. The three pairs of
tests in each figure were compacted using the same compaction pressure and as a result
had the same preconsolidation pressure. Below each figure, a corresponding figure
depicting collapse potential as a function of overburden pressure is provided for each test.
From these figures, the collapse potential at each overburden pressure was calculated
using Equation 3-4, which defines collapse potential only as a result of collapse. It is
interesting to note that in some cases the unsaturated and saturated curves intersect at a
low overburden pressure. This intersection point represents the point at which a soil
specimen transitions from exhibiting swelling potential to exhibiting collapse potential.
For the figures depicting collapse potential as a function of overburden pressure, if an
overburden pressure yielded a swelling potential it was not included in the final results.
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Figure 5-1. Double oedometer results for Eagle Lake Red (p'c = 584 kPa)
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Figure 5-2. Collapse potential as a function of overburden pressure for Eagle Lake Red
(p'c = 584 kPa)
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Figure 5-3. Double oedometer results for Eagle Lake Red (p'c = 292 kPa)
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Figure 5-4. Collapse potential as a function of overburden pressure for Eagle Lake Red
(p'c = 292 kPa)
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Figure 5-5. Double oedometer results for Eagle Lake Red (p'c = 135 kPa)
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Figure 5-6. Collapse potential as a function of overburden pressure for Eagle Lake Red
(p'c = 135 kPa)

65

Several observations can be made from the double oedometer results provided for
Eagle Lake Red. From the figures of void ratio as a function of overburden pressure, the
preconsolidation pressure exhibited in each unsaturated test appears to be in good
agreement with the compaction pressure used for each specimen. Another interesting
feature of the unsaturated curves is that the curves are essentially congruent for a given
compaction pressure. For all tests, the slope of the virgin compression curve for the
unsaturated specimen is steeper than the slope of the virgin compression curve for the
saturated specimen. This suggests that for each double oedometer test the unsaturated and
saturated curves will merge at some high overburden pressure. This is expected to occur
because as the void ratio of the unsaturated and saturated specimen begins to decrease,
the volume of the voids in each specimen is decreasing. As a result, the overall soil
structure of each specimen is essentially becoming the same as the void ratio of each
specimen is approaching zero. Although it can be seen that this merger has begun to take
place for some of the double oedometer tests, it was not possible to completely define this
merger for all specimens due to air pressure supply limitations.
For some of the tests, the saturated curve is initially positioned slightly above its
corresponding unsaturated curve. This could either be attributed to the swelling nature of
the soil when inundated at low vertical pressures, or it could be attributed to a slight
difference in the initial conditions of each “identical” specimen. It is most likely
attributed to a slight difference in the initial conditions since an attempt was made to
prevent swelling for all saturated tests. Although a difference in the initial conditions of a
test could produce error in the calculated collapse potentials for a specimen, it appears
that this difference will not have a huge impact on the calculated maximum collapse
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potential. This is because all of the saturated specimens merge to the same virgin
compression curve.
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Figure 5-7. Saturated oedometer test for Eagle Lake Red

For all pairs of tests, the potential for wetting induced collapse varied as a
function of the overburden pressure being applied. As the overburden pressure increased,
the collapse potential of each specimen increased to a maximum value and then began to
decrease. This maximum value occurred at approximately each specimen’s
preconsolidation pressure. Only one test indicated a maximum collapse potential at a
value other than the preconsolidation pressure. This occurred for ER8 and since the
difference between this maximum collapse potential and the collapse potential at the
specimen’s preconsolidation pressure was small, 0.1%, it was considered to be due to
slight experimental error and was ignored. Thus, for Eagle Lake Red it appears that the
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maximum collapse potential does occur at each specimen’s preconsolidation pressure.
Table 5-1 provides a summary of the collapse potential calculated at each specimen’s
preconsolidation pressure as well as the average initial moisture content, dry density, and
degree of saturation of each test.

Table 5-1. Summary of double oedometer tests for Eagle Lake Red

5.1.2

Test

w (%)

ρd (kg/m3)

So (%)

CP (%)

ER1

11.50

1635

47.88

8.60

ER2

13.51

1681

60.57

5.26

ER3

14.31

1707

66.86

2.42

ER4

13.52

1565

50.60

9.36

ER5

15.51

1611

62.27

5.11

ER6

16.69

1642

70.31

3.23

ER7

15.26

1478

50.02

10.28

ER8

17.45

1524

61.35

5.89

ER9

18.54

1583

71.27

3.15

Eagle Lake Brown oedometer results
As discussed in Chapter 4, nine pairs of double oedometer tests were conducted

on specimens of Eagle Lake Brown. The compaction pressures of 584 kPa and 292 kPa
remained the same for this soil; however, the lowest compaction pressure was increased
from 135 kPa to 157 kPa. As discussed in Chapter 4, a compaction pressure of 135 kPa
was not sufficient to compact reproducible specimens for Eagle Lake Brown. This was
likely attributed to the soil’s unimodal grain-size distribution. Specimens were compacted
as close as possible to the 50%, 60%, and 70% degree of saturation curves, and all
specimens fell on the dry side of the line of optimums. For Eagle Lake Brown, the line of
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optimums corresponds to a degree of saturation of approximately 92%. Figure 5-8, Figure
5-10, and Figure 5-12 each depict the double oedometer results for the previously
specified compaction pressures. Below each figure, a corresponding figure depicting
collapse potential as a function of overburden pressure is provided for each test. All
values of collapse potential were calculated using Equation 3-4. As with Eagle Lake Red,
if an overburden pressure yielded a swelling potential it was not included in the final
results.
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Figure 5-8. Double oedometer results for Eagle Lake Brown (p'c = 584 kPa)
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Figure 5-9. Collapse potential as a function of vertical pressure for Eagle Lake Brown
(p'c = 584 kPa)
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Figure 5-10. Double oedometer results for Eagle Lake Brown (p'c = 292 kPa)
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Figure 5-11. Collapse potential as a function of vertical pressure for Eagle Lake Brown
(p'c = 292 kPa)
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Figure 5-12. Double oedometer results for Eagle Lake Brown (p'c = 157 kPa)
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Figure 5-13. Collapse potential as a function of vertical pressure for Eagle Lake Brown
(p'c = 157 kPa)

Many of the same observations made for Eagle Lake Red can be made for Eagle
Lake Brown’s oedometer test results. This is encouraging and suggests that the collapse
behavior recorded for both soils is not coincidental. From these results, the
preconsolidation pressure exhibited by each specimen appears to be in good agreement
with the initial compaction pressure used for each soil. For specimens with corresponding
compaction pressures, the unsaturated curves are essentially congruent. For all tests, the
slope of the virgin compression curve for the unsaturated specimen is steeper than the
slope of the virgin compression curve for the saturated specimen. Similar to the Eagle
Lake Red tests, this merger was not definable for all oedometer tests due to the limitation
in maximum applicable overburden pressure. Although the saturated curves for a given
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compaction pressure began at varying degrees of saturation, they all merged to a single
virgin compression curve as seen in Figure 5-14.
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Figure 5-14. Saturated oedometer test for Eagle Lake Brown

For all pairs of tests, the collapse potential of each specimen increased to a
maximum value that corresponded to it preconsolidation pressure and then began to
decrease. All results for this soil were in agreement that the maximum collapse occurs at
each specimen’s preconsolidation pressure. Table 5-2 provides a summary of the
calculated maximum collapse potential at each specimen’s preconsolidation pressure as
well as the average initial moisture content, dry density, and degree of saturation or each
test.
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Table 5-2. Summary of double oedometer tests for Eagle Lake Brown

5.2

Test

w (%)

ρd (kg/m3)

So (%)

CP (%)

EB1

14.02

1552

51.22

5.47

EB2

16.11

1585

61.93

3.00

EB3

18.18

1611

72.67

0.98

EB4

15.32

1497

51.40

5.91

EB5

17.35

1517

60.10

3.67

EB6

19.00

1566

70.75

2.10

EB7

16.63

1435

50.89

6.13

EB8

19.27

1484

63.48

3.84

EB9

20.44

1503

69.41

2.50

Initial Matric Suction Results
The initial matric suction of each specimen used for double oedometer testing was

determined through the use of a pressure plate device that utilized the axis translation
technique to conduct null tests. For this testing procedure it was not imperative to mold
identical specimens to the ones used for double oedometer testing. Instead, various
specimens were molded and compacted over a range of moisture contents so that the
relationship between moisture content and matric suction could be determined for both
soils. The relationship obtained for each soil was then modeled using an exponential
regression. From the equations obtained for each regression model, the initial matric
suction of each double oedometer test specimen was then approximated. Figure 5-15 and
Figure 5-16 present the results of each null test conducted for Eagle Lake Red and Eagle
Lake Brown, respectively. Each figure also illustrates the exponential regression model
along with its corresponding equation. Below each figure, a table is provided with the
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approximated initial matric suction values for each double oedometer test presented in
Section 5.1.
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Figure 5-15. Null test results for Eagle Lake Red loess

Table 5-3. Approximated initial matric suction values for Eagle Lake Red double
oedometer tests
Test

Matric Suction (kPa)

ER1

113

ER2

67

ER3

54

ER4

67

ER5

40

ER6

29

ER7

43

ER8

24

ER9

18
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Figure 5-16. Null test results for Eagle Lake Brown Loess

Table 5-4. Approximated initial matric suction values for Eagle Lake Brown double
oedometer tests
Test

Matric Suction (kPa)

EB1

68

EB2

48

EB3

34

EB4

55

EB5

39

EB6

30

EB7

44

EB8

29

EB9

14

In agreement with Olson and Langfelder (1965), it was found that for the range of
specimens tested, the initial matric suction results for each soil were independent of dry
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density and primarily a function of moisture content. For both soils, it appears that as the
molding moisture content of specimens increase, the regression models are trending
toward a constant matric suction value. This observation suggests that at high moisture
contents the air voids within specimens are becoming discontinuous and occluded air
bubbles are beginning to form. Thus, the pore-water pressure within a specimen is only
slightly negative. On the other hand, as the moisture content of specimens decrease, the
regression models suggest that matric suction begins increasing significantly. This
observation suggests that as the molding moisture content of specimens decrease, the air
voids within specimens are becoming continuous and as a result the radius of curvature of
the U-shaped meniscus connecting silt particles is becoming smaller. Referring to
Equation 2-2, as the radius of curvature of the U-shape menisci become smaller; the
matric suction of a soil begins to increase significantly.
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6

ANALYSIS AND DISCUSSION OF RESULTS
The results of the laboratory research program are analyzed and discussed in this

chapter so that a better understanding of the maximum collapse behavior exhibited by
each soil can be obtained. The results for both soils are compared to see if any
correlations can be made. The results are also compared with previous results observed in
the literature for remolded, compacted collapsible soils. Any problems that may have
been encountered during the testing procedures or with testing equipment are discussed.
6.1

Analysis of double oedometer results
In Chapter 5, it was verified through a series of double oedometer tests that a

remolded, compacted soil specimen will exhibit maximum collapse potential at its
preconsolidation pressure. For both soils, similar observations were made pertaining to
the trends displayed by the double oedometer results. The only notable difference in
results appeared to be the magnitude of collapse potential displayed. Eagle Lake Red
specimens appeared to exhibit greater collapse potential than Eagle Lake Brown
specimens. This was especially true for specimens with a molding degree of saturation of
approximately 50%. The final results of the double oedometer tests for Eagle Lake Red
and Eagle Lake Brown were summarized in Table 5-1 and Table 5-2, respectively. Both
tables present the average initial conditions for each pair of “identical” specimens before
testing began along with the maximum collapse potential recorded during testing. The
following subsections use this information to develop contour plots of equal maximum
collapse potential as a function of molding moisture content and dry density. In order to
develop the contour plots, regression models were incorporated, highlighting the effects
of initial specimen conditions on the maximum collapse potential for specimens with
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corresponding compaction pressures. At the end of each subsection, the final contours are
presented for each soil on the static compaction curve plots previously presented in
Chapter 4. Each plot depicts the forth order polynomial regressions used to model soil
specimens with the same initial static compaction pressure. The results of the regression
models incorporated in this section along with the contour plots will be discussed in
greater detail in Section 6.2.
6.1.1

Eagle Lake Red
From the information provided in Table 5-1, it was determined that for a given

compaction pressure the relationship of collapse potential as a function of molding
moisture content, dry density, and degree of saturation could be modeled quite well using
linear regression models for the range of specimens tested. Figure 6-1, Figure 6-2, and
Figure 6-3 depict the variation in maximum collapse potential as a function of molding
moisture content, dry density, and degree of saturation, respectively, for specimens with
approximately the same initial compaction pressure. In each figure, linear regression
models are provided for compaction pressures of 584 kPa, 292 kPa, and 135 kPa. It
should be noted that in order to develop the linear regression models, it was assumed that
all specimens tested for a given compaction pressure had the same preconsolidation
pressure. In reality, specimens compacted with the same initial compaction pressure may
not have had identical preconsolidation pressures; however, it was shown in Chapter 5
that the final preconsolidation pressures of each specimen did not vary greatly. For the
linear regression models shown in Figure 6-1 and Figure 6-2, the corresponding
equations for each model are provided as well. These equations were used to develop
contours of equal maximum collapse potential for the range of compaction pressures used
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during testing. All regression models were forecast to the location at which soil
specimens, for a given compaction pressure, would cease to exhibit any collapse
potential. It can be concluded that collapse will no longer take place regardless of the
overburden pressure applied to specimens that are molded and compacted past these
moisture-density conditions. In other words, if a double oedometer test was conducted on
any of these specimens, the unsaturated and saturated curves would fall directly on top of
one another. Although the regression models presented in Figure 6-3 were not used to
develop contour plots, they provide useful insight that can be used to describe the
maximum collapse potential displayed for the range of specimens tested.
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Figure 6-1. Linear regression models of collapse potential as a function of moisture
content for Eagle Lake Red
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Figure 6-2. Linear regression models of collapse potential as a function of dry density for
Eagle Lake Red
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Figure 6-3. Linear regression models of collapse potential as a function of degree of
saturation for Eagle Lake Red
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From the figures presented above, there are various observations that can be made
pertaining to how the initial conditions of a specimen will affect the magnitude of
maximum potential collapse. Figure 6-1 shows that for a given compaction pressure there
is a distinct relationship between increasing molding moisture content and decreasing
collapse potential. Another interesting feature is that the linear regression models appear
to be essentially parallel. Figure 6-2 shows that for a given compaction pressure there is a
distinct relationship between increasing dry density and decreasing collapse potential.
Thus, for a given compaction pressure, as the molding moisture content and dry density
increases and, as a result, the degree of saturation increases, the maximum collapse
potential decreases. This makes sense because as the moisture-density condition of ascompacted specimens increases along a specific compaction curve, the volume of air
within the specimens decreases. Thus, the open structure of as-compacted specimens
decreases and, as a result, maximum collapse potential decreases. Although there is a
slight difference in the collapse potential displayed by specimens with approximately the
same degree of saturation, it did not vary greatly. For the range of specimens tested, it
appears that a specimen’s molding degree of saturation had the largest impact on the
maximum collapse potential recorded. This can be seen more clearly in Figure 6-3 as
well as in the contour plot of equal maximum collapse potential shown in Figure 6-4.
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Figure 6-4. Contour plots of maximum collapse potential for Eagle Lake Red

The contour plots of equal maximum collapse potential shown in Figure 6-4 were
developed using the linear regression models of maximum collapse potential as a
function of moisture content (Figure 6-1) and maximum collapse potential as a function
of dry density (Figure 6-2). Figure 6-5 illustrates how this was accomplished. Referring
to Figure 6-5, for a compaction pressure of 584 kPa and a maximum collapse potential of
6%, a value of moisture content and a value of dry density can be determined from the
linear regression models. These two values represent a single point on the 6% maximum
collapse potential contour shown in Figure 6-4. Repeating this process for the range of
data shown in Figure 6-1 and Figure 6-2 allowed for the contours of equal maximum
collapse potential to be developed.
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Figure 6-5. Method used to develop contour plots

From Figure 6-4, it can be seen that some of the contours of equal maximum
collapse potential did not fall exactly on the forth order polynomial regression models
obtained for static compaction pressures of 135 kPa and 584 kPa. This occurred because
some of the double oedometer specimens deviated slightly from their corresponding
static compaction curve. This can be seen more clearly by referring to Figure 4-7. There
are three primary reasons why the deviations may have occurred. The deviations could
have taken place due to the natural variability of soil. Another possible reason could be
attributed to the fact that the compaction technique used to develop the static compaction
curves was slightly different than the technique used to compact double oedometer
specimens. This would mainly be attributed to the trimming of excess soil after
compaction of the double oedometer specimens was completed and would not have been
directly related to the actual compaction process. The final reason could be that the actual
preconsolidation pressure of the soil was not approximately equal to the pressure applied
to compact the specimen. This would likely have been attributed to the rate at which the
soil specimens were loaded. Because the loading frame used to compact specimens had to
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be manually operated, there is a possibility that due to operator error the specimens were
loaded too quickly to their final compaction pressure. This appears to make the most
sense because the two specimens that exhibit the largest deviation from their
corresponding compaction pressure (ER8 and ER9) appear to be under-compacted.
Adrian (2012) determined that if a specimen was loaded too quickly to its final
compaction pressure it would exhibit a lower preconsolidation pressure than the actual
final pressure applied.
6.1.2

Eagle Lake Brown
From the information provided in Table 5-2, it was once again determined that for

a given compaction pressure the relationship of collapse potential as a function of
molding moisture content, dry density, and degree of saturation could be modeled quite
well using linear regression models. Figure 6-6, Figure 6-7, and Figure 6-8 depict the
variation in maximum collapse potential as a function of the molding moisture content,
dry density, and degree of saturation, respectively, for specimens with the same initial
compaction pressure. In each figure, linear regression models are provided for
compaction pressures of 584 kPa, 292 kPa, and 157 kPa. For the linear regression models
shown in Figure 6-6 and Figure 6-7, the corresponding equation for each model is
provided as well. These equations were used to develop contours of equal maximum
collapse potential for the range of compaction pressures used for Eagle Lake Brown. As
for Eagle Lake Red, all regression models were forecast to the location at which soil
specimens, for a given compaction pressure, would cease to exhibit any collapse
potential.
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Figure 6-6. Linear regression models of collapse potential as a function of moisture
content for Eagle Lake Brown
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Figure 6-7. Linear regression models of collapse potential as a function of dry density for
Eagle Lake Brown
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Figure 6-8. Linear regression models of collapse potential as a function of degree of
saturation for Eagle Lake Brown

From the figures presented above, it appears that the same observations made for
Eagle Lake Red can be made for Eagle Lake Brown. From Figure 6-6, there is once again
a distinct relationship between increasing moisture content and decreasing maximum
collapse potential for a given compaction pressure. The regression models shown in this
figure appear to be essentially parallel. Figure 6-7 also shows that for a given compaction
pressure there is a decrease in collapse potential as the as-compacted dry density of a
specimen increases. Thus, for a given compaction pressure, as the molding moisture
content and dry density increases, and, as a result, the degree of saturation increases, the
amount of maximum collapse potential decreases. Although there is a slight difference in
the collapse potential displayed by specimens with approximately the same degree of
saturation, it did not vary greatly. For the range of specimens tested, it appears that a
specimen’s molding degree of saturation had the largest impact on the maximum collapse
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potential recorded. This can be seen more clearly in Figure 6-8 as well as in the contour
plot of equal maximum collapse potential shown in Figure 6-9. It should be noted that
some of the contours of equal maximum collapse potential do not fall directly on the
lower and upper compaction curve boundaries due to the same reason discussed for Eagle
Lake Red. The contours of equal maximum collapse potential shown in Figure 6-9 were
developed using the same method previously described for Eagle Lake Red.
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Figure 6-9. Contour plots of maximum collapse potential for Eagle Lake Brown

6.2

Discussion of contour plots
Overall, the trends in the data presented previously for Eagle Lake Red and Eagle

Lake Brown are consistent, in terms of the influence of molding moisture content, dry
density, and degree of saturation. Due to the consistency, both contour plots exhibited
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similar features. Although there was a limited range of specimens tested when
considering all the possible moisture-density conditions each soil could achieve, it
appears that one final conclusion can be made for both soils. Referring to Figure 6-4 and
Figure 6-9, it can be concluded that the amount of maximum collapse potential increases
as both the molding moisture content and dry density reduce for specimens. This same
conclusion was made by Booth (1977) and Lawton (1986) while studying the collapse
potential of remolded specimens at a constant overburden pressure. From this
observation, it can also be concluded that as a reduction in molding moisture content and
dry density occurs for both soils, Eagle Lake Red specimens begin to exhibit larger
maximum collapse potentials than Eagle Lake Brown specimens. This is most likely
attributed to the difference in grain-size distribution between the two soils. In Section 4.4,
it was previously explained that the grain-size distribution of a soil will affect the shape
of a soils compaction curve. It makes sense that it would also affect the amount of
collapse a soil could exhibit, especially at low void ratios. For a given compaction
pressure, when a gap-graded soil is inundated at a low void ratio, it has the potential to
exhibit a larger maximum collapse potential than a uniformly graded soil. After
inundation takes place and overburden pressures are applied to a specimen, the soil
particles of a gap-graded soil are capable of collapsing into a greater packing density than
a uniformly graded soil. This occurs because a gap-graded soil can achieve a greater
packing density than a uniformly graded soil because it has a wider range of particle sizes
available for packing. This observation was also confirmed by Adrian (2012).
Due to the limited range of specimens used during the laboratory research
program, it is unknown what the contours of equal maximum collapse potential will look
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like as the compaction pressure of specimens is increased and decreased. The following
passages will attempt to approximate what the trend in contours would look like if a
wider range of specimens could have been used during the laboratory research program.
This was accomplished by evaluating results from previous research along with the slight
trends that appear for Eagle Lake Red and Eagle Lake Brown.
As soil specimens were compacted with decreasing compaction pressure, the
contours of equal maximum collapse potential appear to be trending parallel to the degree
of saturation curves. This observation suggests that at lower compaction pressures the
maximum collapse potential of a specimen will depend primarily of its degree of
saturation. This is believed to be a result of the air permeability of a soil specimen during
and after compaction. Olson (1963) suggested that for a given compaction curve, the air
permeability of a soil decreases as an increase in moisture content occurs. Eventually,
enough water may be added to the soil so that the air voids within the soil become
discontinuous and air becomes trapped. When the air voids become completely
discontinuous, the air permeability of the soil drops to zero and no further densification is
possible. Thus, for a given compaction pressure it can be concluded that specimens with
lower degrees of saturation will exhibit high air permeability after compaction because
the air voids within the specimens are continuous. When inundation of these specimens
take place, the large air voids allow water to easily permeate into the specimen causing
collapse to take place. As specimens are compacted to higher degrees of saturation, the
air voids become discontinuous and inundation of the specimen leads to less collapse. At
some point, specimens will reach a degree of saturation at which inundating the specimen
will have no effect because water cannot permeate into the specimen to displace
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entrapped air. According to Olson (1963), this should theoretically occur for specimens
compacted along the line of optimums because the line of optimums is where a specimen,
for a given compaction pressure, achieves optimum density. However, previous research
has indicated that it does not coincide with the line of optimums (Booth 1977; Lawton
1986). Rather, at lower compaction pressures, a soil will stop exhibiting maximum
collapse potential dry of the line of optimums. It should be pointed out that both Eagle
Lake Red and Eagle Lake Brown appear to stop exhibiting maximum collapse potential
for specimens that are dry of the line of optimums.
Another trend noticed in the contour plots was as compaction pressure increases,
it appears that for both soils the contours of equal maximum collapse potential are
trending toward specific values of dry density. This is more noticeable for Eagle Lake
Red than it is for Eagle Lake Brown due to the range of dry densities under investigation;
however, the contour of zero percent maximum collapse potential for Eagle Lake Brown
does suggest this trend is occurring. There are two possible explanations for this trend.
The first would be that at some point a soil will achieve its maximum density. At this
point, no further densification of the soil could take place regardless of the amount of
water added to the soil. Thus, no collapse could possibly take place. The second
explanation involves considering that a double oedometer test specimen could produce
maximum collapse potential as well as maximum swelling potential during a double
oedometer test. It has already been concluded that if a specimen exhibits collapse
potential the maximum value will occur at its preconsolidation pressure. On the other
hand, if a specimen exhibits swelling potential, it only makes sense that the maximum
value will occur when the specimen is inundated with no overburden pressure being
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applied. This has been verified by previous research programs (Gilchrist 1963; Feng,
Gan, and Fredlund 1998). Thus, for a soil that can potentially exhibit swelling and
collapse it only makes sense that the soil will exhibit a transition phase between the two
extremes. A similar observation was made by Lawton (1986) while studying the collapse
potential of specimens when inundated at a constant overburden pressure. This could be
the case for both Eagle Lake Red and Eagle Lake Brown. Although swelling potential
was not considered during this research testing program and it was actually prevented,
specimens from both soils did initially attempt to swell when inundated. Thus, for both
soils there should theoretically be a zone of moisture-density conditions where specimens
exhibit a maximum collapse potential as well as a maximum swelling potential. As
specimens in this zone approach higher maximum swelling potentials the maximum
collapse potential will trend toward zero and a double oedometer specimen will begin to
only exhibit maximum swelling potential.
6.3

Analysis and Discussion of Initial Matric Suction Results
In Chapter 5, the initial matric suction of each collapse test specimen was

approximated using the exponential regression models developed for each soil. These
approximated values were provided in Table 5-3 and Table 5-4 for Eagle Lake Red and
Eagle Lake Brown, respectively. Using this information along with the maximum
collapse potential recorded for each specimen, an attempt was made to determine if the
maximum collapse potential of a soil specimen was related to its initial matric suction.
Figure 6-10 and Figure 6-11 depict regression models of maximum collapse potential as a
function of initial matric suction for Eagle Lake Red and Eagle Lake Brown,
respectively. Each regression model corresponds to specimens compacted with
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approximately the same initial compaction pressure. Both figures suggest that for the
range of specimens tested, as the matric suction of an as-compacted specimen decreases,
the maximum collapse potential decreases. However, the figures also suggest that the
maximum collapse potential of a specimen decreases with an increase in initial
compaction pressure. This means that for the range of specimens tested for both soils, the
initial void ratio of a specimen has a greater impact on the maximum collapse potential
than the initial matric suction does. In summary, the maximum collapse potential of a soil
specimen is dependent on its matric suction and independent of its void ratio. This means
that the matric suction of a soil specimen simply allows for the specimen to maintain an
open structure. The open structure (i.e. void ratio) of a specimen is what dictates a

Maximum Collapse Potential (%)

specimen’s magnitude of maximum collapse potential and collapse in general.
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Figure 6-10. Influence of initial matric suction on collapse potential of specimens with
constant compaction pressures for Eagle Lake Red
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Figure 6-11. Influence of initial matric suction on collapse potential of specimens with
constant compaction pressures for Eagle Lake Red
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7

CONCLUSIONS AND RECOMMENDATIONS
This chapter provides a summary of the steps taken to complete the thesis

objectives along with the main conclusions that were drawn. Recommendations for future
research on collapsible soils are provided as well.
7.1

Objectives Revisited
The objectives listed in Chapter 1 have successfully been completed. The

following passages provide an overview of the objectives, how they were completed, and
problems encountered during the laboratory research program.
Objective 1 was to develop a reliable static compaction procedure that could be
used to establish compaction curves for various compaction pressures. Section 4.4
discusses how the static compaction curves were developed. The compaction curves
appeared to be reliable throughout the laboratory research program. Most of the double
oedometer specimens fell approximately on their corresponding compaction curves. The
only oedometer specimens that deviated much for their corresponding compaction curve
were ER8 and ER9. Section 6.1.1 discusses why these double oedometer specimens may
have deviated from their corresponding compaction curve.
Objective 2 was to select various moisture-density conditions on the dry side of
the line of optimums at which to compact specimens. For both soils, it was decided that
collapse tests would be conducted on specimens molded as close as possible to the 50%,
60%, and 70% degree of saturation curves. For a given compaction pressure, specimens
molded to these degrees of saturation showed significant differences in the recorded
maximum collapse potential.
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Objective 3 was to conduct collapse tests on the selected specimens to determine
the collapse potential of each specimen as a function of overburden pressure. The double
oedometer testing procedure was selected because only two tests were needed to
determine the collapse potential of a specimen under the range of loads used for testing.
The results of the double oedometer tests are provided in Section 5.1.
Objective 4 was to use the recorded maximum collapse potential of each
specimen to develop contour plots for each soil on a typical plot of dry density as a
function of moisture content. From the double oedometer results, the maximum collapse
potential of each specimen was recorded at its preconsolidation pressure. These results
along with the average initial conditions of each specimen were used to develop
relationships of collapse potential as a function of molding moisture content and dry
density. The relationships for both soils were modeled as linear regressions. The final
contour plots that were developed from these relationships are shown in Section 6.1.
Objective 5 was to conduct null tests on various specimens from each compaction
curve to determine the initial matric suction of each collapse test specimen and determine
if it directly relates to maximum collapse potential. Null tests were conducted on various
specimens using a pressure plate device that utilized the axis translation technique. The
relationship obtained for both soils suggested that matric suction was primarily a function
of molding moisture content and independent of molding pressure for the range of
specimens tested. These relationships were modeled using exponential regression and the
regression models were used to approximate the initial matric suction of each double
oedometer specimen. This information was then compared with the maximum collapse
potential of each specimen.
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Objective 6 was to evaluate the difference in collapse behavior of each soil and
determine if any conclusions could be drawn. This objective was discussed in Section
6.1.3.
Objective 7 was to compare the results with related research on remolded,
compacted soils. In Chapter 6, the results of the laboratory research program are
compared with previous findings. The main problem associated with making
comparisons with related research was that the definition of collapse potential used
during this research program was different than previous research. The definition of
collapse potential used during this research program has never been incorporated in
collapsible soil studies and, as a result, set this research apart.
7.2

Overall Conclusions
•

For the range of specimens tested, West Tennessee loess is collapsible when
remolded and compacted dry of the line of optimums.

•

The maximum collapse potential of remolded, compacted loess specimens occurs
at each specimen’s preconsolidation pressure.

•

For the range of specimens tested, a specimen may initially attempt to swell at
low overburden pressures. As the overburden pressure applied to the specimen is
increased, the collapse potential begins to increase to a maximum value that is
exhibited at the specimen’s preconsolidation pressure. Once overburden pressures
greater than the preconsolidation pressure are being applied, collapse potential
begins to decrease until the virgin compression curves of the unsaturated and
saturated specimen merge.
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•

The maximum collapse potential increases as both the molding moisture content
and dry density decrease. At low compaction pressures, the amount of maximum
collapse a specimen may display will depend primarily on the degree of saturation
of the specimen and the air permeability of the specimen after compaction.

•

A loessial soil with a gap-graded grain-size distribution exhibits larger
magnitudes of maximum collapse potential, at lower degrees of saturation, than a
uniformly graded loessial soil. This is most likely because a gap-graded soil is
capable of achieving a greater packing density than a uniformly graded soil
because the gap-graded soil has a wider range of particle sizes available for
packing once collapse has been induced.

•

The maximum collapse potential of West Tennessee loess is dependent on the
reduction in matric suction and independent of the initial void ratio of a soil.

7.3

Recommendations
•

In order to obtain a better understanding of the maximum collapse potential of a
soil, extended research should be conducted on a wider range of moisture-density
conditions. This would include specimens that are in the occluded air phase, the
funicular regime, and the pendular regime.

•

The moisture-density conditions used in this laboratory research program fell
below Standard Proctor optimum density for both soils. Although it is unlikely
collapse would occur above Standard Proctor optimum density, there is a
possibility that significant swelling potential may begin to occur. Further research
should attempt to investigate the relationship between maximum collapse
potential and maximum swelling potential for a given soil. However, precautions
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should be taken when using the double oedometer testing procedure to record
swelling potential. Previous research has indicated that double oedometer testing
may overestimate a soil specimens swelling potential (Lawton 1986).
•

Similar research should be conducted on soil specimens that are compacted using
different compaction techniques (i.e. static, kneading, and impact compaction).
Booth (1977) and Lawton (1986) incorporated different compaction techniques
while studying the collapse potential of soils at a constant overburden pressure.
Both studies provide excellent discussions on how these compaction techniques
can be accomplished.

•

If possible, similar research should be conducted on undisturbed specimens to
determine the difference between remolded and naturally deposited loess
behavior.

•

If possible, loess deposits from other areas of the world should be compared with
the collapse behavior exhibited by West Tennessee loess.

•

X-ray diffraction techniques should be incorporated to determine the mineralogy
of loess deposits in the West Tennessee area. This information should then be
used to determine if mineralogy has any effect on the magnitude of collapse a soil
exhibits.
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APPENDIX
ER1
Unsaturated
Saturated
Pressure (kPa) Void Ratio Pressure (kPa) Void Ratio
7
0.6475
23
0.6446
23
0.6396
26
0.6432
45
0.6404
45
0.6347
90
0.6384
90
0.6107
180
0.6322
180
0.5483
358
0.6164
358
0.4811
584
0.5806
584
0.4446
1077
0.4890
1077
0.3916

CP (%)
---1.69
5.14
8.37
8.60
6.54

ER2
Unsaturated
Pressure (kPa) Void Ratio
7
0.5990
23
0.5954
45
0.5945
90
0.5898
180
0.5833
358
0.5664
584
0.5347
1077
0.4576

Saturated
Pressure (kPa) Void Ratio
23
0.6011
26
0.5987
45
0.5963
90
0.5848
180
0.5611
358
0.4899
584
0.4540
1077
0.3999

CP (%)
---0.32
1.40
4.88
5.26
3.96

ER3
Unsaturated
Pressure (kPa) Void Ratio
7
0.5754
23
0.5694
45
0.5675
90
0.5588
180
0.5485
358
0.5288
584
0.4906
1077
0.4234

Saturated
Pressure (kPa) Void Ratio
20
0.5762
26
0.5745
45
0.5695
90
0.5588
180
0.5428
358
0.4955
584
0.4545
1077
0.4067
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CP (%)
---0.00
0.37
2.17
2.42
1.17

ER4
Unsaturated
Pressure (kPa) Void Ratio
7
0.7132
23
0.7049
45
0.7084
90
0.7070
180
0.6989
292
0.6779
538
0.5805
1077
0.4801

Saturated
Pressure (kPa) Void Ratio
20
0.7240
23
0.7184
45
0.7007
90
0.6340
180
0.5599
292
0.5209
538
0.4664
1077
0.4110

CP (%)
--0.45
4.28
8.18
9.36
7.22
4.67

ER5
Unsaturated
Saturated
Pressure (kPa) Void Ratio Pressure (kPa) Void Ratio
7
0.6726
20
0.6674
23
0.6612
23
0.6640
45
0.6590
45
0.6520
90
0.6514
90
0.6290
180
0.6365
180
0.5627
292
0.6035
292
0.5215
538
0.5178
538
0.4621
1077
0.4333
1077
0.4034

CP (%)
--0.42
1.36
4.51
5.11
3.67
2.08

ER6
Unsaturated
Pressure (kPa) Void Ratio
7
0.6322
23
0.6214
45
0.6198
90
0.6139
180
0.5990
292
0.5658
538
0.4857
1077
0.4091

Saturated
Pressure (kPa) Void Ratio
20
0.6446
23
0.6424
45
0.6340
90
0.6172
180
0.5575
292
0.5153
538
0.4627
1077
0.4059
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CP (%)
----2.59
3.23
1.55
0.23

ER7
Unsaturated
Pressure (kPa) Void Ratio
7
0.8147
23
0.8083
45
0.8052
90
0.7972
135
0.7760
270
0.6753
538
0.5482
1077
0.4532

Saturated
Pressure (kPa) Void Ratio
14
0.8262
23
0.7948
45
0.7025
90
0.6283
137
0.5935
270
0.5299
538
0.4731
1077
0.4201

CP (%)
-0.75
5.69
9.40
10.28
8.67
4.85
2.28

ER8
Unsaturated
Saturated
Pressure (kPa) Void Ratio Pressure (kPa) Void Ratio
7
0.7599
17
0.7704
23
0.7443
23
0.7655
45
0.7388
45
0.7236
90
0.7264
90
0.6231
135
0.6895
135
0.5901
270
0.5812
270
0.5245
538
0.4798
538
0.4678
1077
0.4104
1077
0.4115

CP (%)
--0.87
5.99
5.89
3.59
0.81
--

ER9
Unsaturated
Pressure (kPa) Void Ratio
7
0.6937
23
0.6871
45
0.6852
90
0.6712
135
0.6459
270
0.5590
538
0.4690
1077
0.4051

Saturated
Pressure (kPa) Void Ratio
17
0.7061
23
0.6988
45
0.6825
90
0.6258
135
0.5940
270
0.5331
538
0.4815
1077
0.4334
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CP (%)
--0.16
2.72
3.15
1.66
---

EB1
Unsaturated
Pressure (kPa) Void Ratio
7
0.7358
23
0.7278
45
0.7250
90
0.7189
180
0.7088
360
0.6943
584
0.6679
1077
0.6074

Saturated
Pressure (kPa) Void Ratio
26
0.7427
32
0.7402
45
0.7372
90
0.7194
180
0.6725
360
0.6129
584
0.5767
1077
0.5338

CP (%)
----2.13
4.81
5.47
4.58

EB2
Unsaturated
Saturated
Pressure (kPa) Void Ratio Pressure (kPa) Void Ratio
7
0.7034
23
0.7030
23
0.6930
26
0.7010
45
0.6898
45
0.6926
90
0.6878
90
0.6781
180
0.6737
180
0.6567
360
0.6578
360
0.6123
584
0.6339
584
0.5848
1077
0.5762
1077
0.5410

CP (%)
---0.58
1.01
2.74
3.00
2.23

EB3
Unsaturated
Pressure (kPa) Void Ratio
7
0.6734
23
0.6578
45
0.6583
90
0.6539
180
0.6448
360
0.6330
584
0.6092
1077
0.5542

Saturated
Pressure (kPa) Void Ratio
23
0.6789
26
0.6781
45
0.6735
90
0.6639
180
0.6508
360
0.6237
584
0.5934
1077
0.5473
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CP (%)
-----0.57
0.98
0.45

EB4
Unsaturated
Pressure (kPa) Void Ratio
7
0.8054
23
0.7918
45
0.7889
90
0.7818
180
0.7628
292
0.7297
538
0.6648
1077
0.5908

Saturated
Pressure (kPa) Void Ratio
26
0.8040
29
0.8010
45
0.7915
90
0.7334
180
0.6673
292
0.6276
538
0.5826
1077
0.5321

CP (%)
---2.72
5.42
5.91
4.94
3.69

EB5
Unsaturated
Saturated
Pressure (kPa) Void Ratio Pressure (kPa) Void Ratio
7
0.7770
20
0.7817
23
0.7648
23
0.7801
45
0.7569
45
0.7679
90
0.7501
91
0.7426
180
0.7348
179
0.6789
292
0.7013
292
0.6389
538
0.6394
538
0.5933
1077
0.5697
1077
0.5397

CP (%)
---0.43
3.22
3.67
2.81
1.91

EB6
Unsaturated
Pressure (kPa) Void Ratio
7
0.7218
23
0.7066
45
0.7021
90
0.6964
180
0.6790
292
0.6591
538
0.6050
1077
0.5455

Saturated
Pressure (kPa) Void Ratio
26
0.7278
29
0.7252
45
0.7144
90
0.6956
180
0.6523
292
0.6243
538
0.5764
1077
0.5299
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CP (%)
---0.05
1.59
2.10
1.78
1.01

EB7
Unsaturated
Pressure (kPa) Void Ratio
7
0.8811
23
0.8692
45
0.8620
90
0.8524
157
0.8143
281
0.7362
538
0.6370
1077
0.5615

Saturated
Pressure (kPa) Void Ratio
20
0.8832
23
0.8778
45
0.8420
90
0.7511
157
0.7031
281
0.6521
538
0.6063
1077
0.5624

CP (%)
--1.07
5.47
6.13
4.84
1.88
--

EB8
Unsaturated
Saturated
Pressure (kPa) Void Ratio Pressure (kPa) Void Ratio
7
0.8163
20
0.8230
23
0.8041
23
0.8164
45
0.7933
45
0.7912
90
0.7767
90
0.7224
157
0.7449
157
0.6778
292
0.6817
293
0.6322
539
0.6147
538
0.5872
1078
0.5448
1077
0.5369

CP (%)
--0.12
3.06
3.84
2.94
1.71
0.51

EB9
Unsaturated
Pressure (kPa) Void Ratio
7
0.7961
23
0.7845
45
0.7769
90
0.7569
157
0.7310
270
0.6642
538
0.5791
1077
0.5143

Saturated
Pressure (kPa) Void Ratio
20
0.7958
23
0.7894
45
0.7699
90
0.7250
157
0.6879
270
0.6478
538
0.5954
1086
0.5456
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CP (%)
--0.39
1.81
2.49
0.99
---

