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Abstract

An increase in population levels has led to extensive land development and increased construction
on problematic soils. Problematic soils such as collapsible soils are the main reason for many
geological hazards that lead to significant maintenance costs. The existing gaps in knowledge
regarding the characterization and remediation of collapsible soil have resulted in the amplification
of these collapse-associated hazards. Although many studies have investigated collapsible soil, its
behavior is not yet fully understood. Few studies have focused on the micro-mechanism of the soil
structure during the collapse; consequently, the current methods used to characterize collapsible
soil are not entirely reliable. It is essential to bridge this gap to understand collapsible soils better
in order to reduce maintenance costs and save lives.

With these research gaps in mind, this dissertation focused on characterizing collapsible soil by
understanding the micro-mechanism of collapse, analyzing the pore-size distribution, and studying
the relationship between the Soil Water Characteristic Curve (SWCC) and the micro-mechanics
of collapse. Further, the outcomes of the study have been used to identify the influence of the pore
water pH level on soil collapse. The results also aid in determining the feasibility of using a green
stabilizer to control soil collapsibility.

The results showed that the initial moisture content and therefore suction has the highest influence
on the collapsibility of the soil. A transformation technique was proposed to constantly update the
SWCC. This method showed a satisfactory correlation between total applied pressure and suction
of the soil during consolidation of the soil. Further studies showed that infiltration of acidic pore
water into the soil results in destruction of the micro/macro pores of the soil which leads to the
collapsibility of the soil without any additional load. Finally, the results proved that the acidic

environment developed in the soil due to the high solubility of MgCl: in the water, force the soil



to go under more settlement. It is shown that 7% MgCl. solution causes the soil to experience 50%

of its collapsibility prior to any loading after 28 days of curing.



Lay Summary

The foundations of all structures lie in the soil. It is essential for the soil beneath the structure to
possess enough strength to withstand all load from the structure. However, not all types of soils
have adequate properties and high strength.

This research focuses on a particular type of weak soil that undergoes sudden settlement due to the
infiltration of water. The primary goal of this study is to establish a better understanding of this
type of soil and enhance its properties to reduce its settlement. The soil behavior was studied
through micro-structural analysis of soil. In addition, the effect of groundwater with alternated pH
levels on the soil collapse was analyzed. Lastly, a green stabilizer was proposed to remediate the
collapse problem of the soil. The outcomes of this research provide better understanding of the

soil collapse, effect of pH on collapsibility, and a chemical to stabilize the soil.
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Chapter 1: Introduction

1.1 Overview

Collapsible soils are the origin of many geological hazards in civil engineering projects.
Construction on this type of problematic soil has always been a challenge for geotechnical
engineers due to existing gaps in knowledge on this topic. This chapter provides brief
background information about collapsible soil and the motivations for choosing this research
topic. This chapter also presents the four objectives that were identified and defined to advance
knowledge about collapsible soils. Finally, the chapter ends with the required tasks to establish

each of the research objectives.

1.2 Motivations

An increase in population levels has resulted in the extensive land development and increased
construction on problematic soils. Therefore, it is essential for geotechnical engineers to have
sufficient knowledge to deal with all types of the soils, including collapsible soils. Although
collapsible soils can withstand high amounts of load in an unsaturated condition, the settlements
associated with the penetration of water into the system often lead to expensive repairs (Gaaver,
2012). A sudden reduction in volume, due to an increase in the water content, has caused
construction on this type of soil to remain as one of the most costly geological hazards in
geotechnical engineering. There are many examples of construction failure associated with
collapsible soils that have led to tremendous maintenance costs. The development of huge cracks
on the Khoda Afarin Channel in Iran (Noutash et al., 2010) and building foundation failure in
Mexico are examples of the problems caused by the settlement of collapsible soil. The cost of

maintenance of the Khoda Afarin Channel in Iran and the building foundation failure in Mexico



was estimated to be $0.2 million and $0.5 million US dollars, respectively (Houston et al., 2001;
Noutash et al., 2010). Therefore, the identification, characterization and, prediction of the
collapse potential of the soil as well as proposing new solutions to mitigate the problems related
to collapsible soils are crucial issues for geotechnical engineers.

Although the study of collapsible soils started as early as 1820s (Smalley et al., 2001), the lack of
knowledge on the micromechanics of soil collapse has prevented researchers from fully
understandingthe collapse phenomena. In addition, variability in the types and chemical
components of these soils has amplified this problem. Therefore, this dissertation aims to
advance the current knowledge on collapsible soils and help researchers better understand the

behavior of collapsible soils.

1.3 Objectives

The primary goal of this research study is to develop a better understanding of the behavior of
collapsible soils to predict the collapse settlement and minimize the geological hazards associated
with this type of problematic soil. In order to achieve this goal, the following objectives must be
met:
1) Characterize natural collapsible soil to develop an understanding of the micro-mechanism
of collapse
2) Determine the relationship between the micro-mechanism of collapse and the Soil Water
Characteristic Curve (SWCC) of natural soil
3) Identify the influence of pore water pH level on the collapse settlement
4) Understand the effect of Magnesium Chloride as a green stabilizer on controlling the
collapse settlement

These objectives are accomplished by implementing the following primary tasks:
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1)

2)

3)

4)

Study the macro-mechanism of soil collapse by determining the one factor that is
responsible for the collapse. This task was done by analyzing the effects of factors, such as
dry density, moisture content, and surcharge pressure, on the soil while keeping all the
other factors constant. A series of oedometer tests were performed under this task.

Study the micro-mechanism of soil collapse by analyzing the pore-size distribution and
identifying its correlation with soil suction under different experimental conditions. A
pressure plate test was performed on the SWCC of natural collapsible soil.

Investigate the effect of pore water pH level on collapse potential by analyzing the change
in the pore-size distribution of the soil. This task was done by performing image analysis
on SEM photos of the soil, under varying levels of pH and exposure time, before and after
the tests.

Performe the feasibility study to identify the effectiveness of green soil stabilizer
(Magnesium Chloride, MgCl2) on controlling the collapse. Oedometer tests were
performed with samples prepared with different percentages of MgCl> solution for five

different curing durations.

Thesis organization

In order to fulfill the objectives mentioned above, this dissertation consists of six chapters, as

follows:

Chapter One presents a brief background on the unsaturated soils with a focus on problematic

soil. Further, it highlights the importance of studying the behavior of problematic soils and the gap

of knowledge in this area. This chapter emphasizes the objectives of this study that can advance

the knowledge of collapsible soils. Finally, the tasks needing to be accomplished to achieve the

objectives are listed.



Chapter Two reviews background information and previous studies on collapsible soil to
characterize and understand the collapse mechanism. Empirical methods to predict the collapse
are also presented in this chapter. Finally, chapter ends with background information about the
current techniques to remediate the collapse.

Chapter Three refers to the first part of laboratory work, and it focuses on the first and second
objective of this dissertation. Preliminary geotechnical experiments were performed to measure
the index properties of the collected soil. Moreover, SEM images of the soil’s structure were taken
to study the micro-structure of the soil. In addition, SWCC of the soil was measured and verified
with the analytical model. Finally, a correlation between total applied load, global void ratio, and
suction of the soil was provided and verified under varying soil conditions such as dry density,
moisture content, and surcharge load.

Chapter Four presents the results for the third objective of this study by investigating the effect
of pore water pH level on the collapsibility of the soils. It studies the microstructure of the soil
exposed to the pore water with different levels of pH and exposure time. The pore-size distribution
of the soil was measured and associated with the results of a single oedometer test.

Chapter Five reviews a brief background of the chemical soil stabilizing methods and focuses on
the fourth objective of this dissertation. This chapter analyzes the effect of one of the most common
soil stabilizers and de-icing agents, Magnesium Chloride (MgCl>), on the collapse potential of the
soil. The collected soil was mixed with different percentages of MgCl. under different curing
times, and the collapse potential of the mixture was measured using the oedometer tests.
Chapter Six contains a summary of this dissertation and presents the outcomes of each
objective. Moreover, this chapter presents the limitations of this study and the recommendations

for future studies in this area of research.



Chapter 2: Literature Review

2.1 Overview

Expansion, dispersion, and collapsibility of soil give rise to many geotechnical difficulties
including inadequate bearing capacity, the potential for unacceptable settlements, and slope
instability. Soil composition, mineralogy, structure, and nature of the pore fluid are the factors
responsible for such characteristics (Briscolland and Chown, 2001). The present study is focused
on collapsibility problems of soil.

This chapter reviews background information and the previous studies on characterizing
collapsible soils. Empirical methods to predict the collapse are also presented in this chapter.
Finally, this chapter ends with background information about the current techniques to remediate

the collapse.
2.2  Collapsible soils

Collapsible soils have been the subject of many studies for more than 70 years. As the name
indicates, this type of soil undergoes a sudden volume change when the water content increases;
this change, which occurs with or without the presence of additional loading, causes the soil
particles to move to a denser structure (Sultan, 1969; Jennings and Knight, 1957). Due to the
sensitivity of this type of the soil to water, collapsible soils are also called moisture-sensitive soils
(Houston et al., 2002).

Cementing agents that exist in the structure of collapsible soils stabilize the open and partially
unstable fabric, and thereby give the soil high bearing capacity in the unsaturated state (Rust et al.,
2010). However, the addition of water to the system, along with high pressure on top of the soils,

softens the inter-particle bindings and leads to a critical reduction in volume (Barden et al., 1973).
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Common features associated with collapsible soils are: high porosity, high void ratio, sensitivity
to water, low dry density, low inter-particle bonds, loosely cemented and geologically younger

deposits. Figure 2-1 is a schematic view of the characteristics of collapsible soils.
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Figure 2-1: Schematic view of the characteristics of collapsible soils before and after the collapse

Various types of natural soil with the same features mentioned above can be categorized as
collapsible soils. Researchers have shown that even the compacted soils, at the dry side of optimum
water content, have an open and meta-stable structure that undergoes settlement in the presence of
additional water and load (Sun et al., 2007; Pereira and Fredlund, 2000; Lawton et al., 1989).

Rogers (1994) provided a classification for all different soils with their collapsibility behavior.



Figure 2-2 shows the classification of collapsible soils which include both compacted and natural

soils, such as Alluvial, Aeolian, Residual, and Colluvial deposits.

Collapsible soils

Compacted soils at dry
side of optimum Natural
| | | | | |
Residual Sediment Slide structure
| |
| | | | I
Water Air fall Gravity
| |
1 1 1 1 1 I
Quick clay Alluvial Flood Loess Volcanic Colluvial

Figure 2-2: General classification of collapsible soils. “Republished with permission of Springer
Science and Bus Media B V, from Types and distribution of collapsible soils, C.D.F Rogers, 1995;

permission conveyed through Copyright Clearance Center, Inc.”

Loess is one of the most common types of collapsible soils. Covering more than 10 percent of
earth’s landmass, Loess is composed of sub-angular silt-size particles that are the result of air-fall
sedimentation (Indraratna et al., 2005; Rogers, 1995). Loess is an Aeolian deposit often found in
arid and semi-arid regions (Houston et al., 2002); Aeolian collapsible soils can also be found in
environments with medium rainfall, where the impermeable top layers’ crust protects the lower
layers of soil from saturation. The mid-west United States is an example of such an environment,

where fine Aeolian deposits experience a large amount of collapse (Clemence and Finbarr, 1981).



Loess is a reddish-brown silt-size soil with adequate strength and stiffness in the dry-state; it has
a relatively low dry density and cohesion (Rogers, 1995). This type of soil commonly comprises a
significant amount of sand and silt with a small portion of clay (Bigdeli et al., 2015; Al-Rawas,
2000; Clevenger, 1958). The metastable structure of Loess soil consists mainly of calcium
carbonate (calcite) as cementitious material for inter-particle binding; this binding is created during
the post-depositional processes as a result of weathering (Tabarsa et al., 2018; Smalley et al.,

2006a; Smalley and Vita-Finzi, 1968).

2.3  Factors affecting collapse

Traditionally, macromechanics methods to study soil collapse only considered one factor such as
dry density, moisture content, atterberg limits, or loss of suction responsible for the collapse
(Barden et al., 1973; Dudley, 1970). The concepts of soil mechanics were used to study the
collapsible soil in the macromechanics methods. Most of the work carried out on the parameters
that govern collapse behavior had focused on initial dry density, water content, degree of
saturation, and applied load. Brief background is provided below on the factors affecting collapse.
2.3.1 Index properties of soil

Soil type: As explained previously, the structure of collapsible soils consists of silt-size particles
bound together with clayey-bridge (Lawton et al., 1989). In the unsaturated state, the clayey-bridge
works as a cementitious agent between the soil particles which increases the shear strength of the
soil. The higher the amount of clayey material, the higher the void ratio of the soil. Upon the
addition of water to the system, the clayey-bridges dissolve and the soil experiences collapse.
Therefore, a higher amount of clayey content results in a greater amount of collapse (Basma and
Tuncer, 1992). However, Lawton et al. (1989) showed that after a certain point, the addition of

clay to the soil leads to expansibility behavior. Later studies on collapsible soils with a high amount



of clay (more than 30%) proved that clay content is not the key factor and there is no monotonic
relation to the collapse potential of soil (Li et al., 2016; Ruilin and Lizhong, 1999; Krayev, 1969).
Dry unit weight: This feature has a significant effect on the collapse potential of soil (Bigdeli and
Siddiqua, 2016; Houston et al., 2002; Rogers, 1995). Generally, higher values of dry unit weight
result in a denser structure with a lower void ratio. In addition, densifying the soil forces the
particles to rearrange into a more stable structure by destroying the weak cementitious inter-
particle bonds (Basma and Tuncer, 1992). Therefore, when additional water infiltrates the system,
the influence of weak bindings on the collapsibility is less profound (Vanapalli et al., 1999).
Water content: Collapse triggering saturation degree varies between different types of soil. This
factor depends on the initial moisture content of the soil as well as the applied pressure on soil
structure. Increasing the moisture content of the soil results in dissolution of cementitious agents
and therefore weakening the meta-stable structure of collapsible soils (Chen et al., 2006);
consequently, the structure of soil fails and triggers the collapse. It is noteworthy that an increase
in moisture content and applied load increases the collapse potential to a certain point beyond
which no substantial settlement happens (Li et al., 2016). This collapse behavior is explained by
the fact that there is a maximum densification level for any type of soil, including collapsible soils
(Basma and Tuncer, 1992).

2.3.2 Properties of the pore fluid

Population over-burst has necessitated the world for rapid urbanization and industrialization. This
has resulted in a significant increase in acid precursor emissions and environmental pollution
(Pankaj et al., 2012). One of the most critical problems caused by industrialization is acid rain.
Stalin and Muthukumar (2002) identified that acid precursor emissions could reduce the pH level

of precipitation to as low as 5.6. They reported severe acidification of soil due to acid rain which



altered the physico-chemical properties of the studied soil (Pankaj et al., 2012; Stalin and
Muthukumar, 2002). Acidification of the environment has been the subject of many studies in
Eastern Canada (Scott et al., 2010), and awareness of acid rain and deposition of acid precursors
in soil have recently increased in Western Canada (Hazewinkel et al., 2008; Shewchuk, 1983).
Studies on the effect of acid rain on the properties of lime and cement stabilized soils reported a
tremendous change in the strength of the soil (Kamon et al., 1996). A high concentration of
Hydrogen ions in the soil changes the cation exchange capacity and chemical reactions (Gupta and
Singh, 1997). Sunil et al. (2006) reported that soil pollution as a result of landfill leachate changes
the pH level of the soil and consequently alters the mechanical properties of compacted clay by
rearranging the clay particles.

A low pH level of the pore fluid can also affect the structure of the soil and result in shifting the
grain-size-distribution of the soil toward the silt fraction and increasing the angularity of the
particles (Pankaj et al., 2012). In addition, studies on the effect of various pH levels on the structure
of montmorillonite indicate a significant increase in micropores and mesopores and decrease in
surface area of the soil structure (Pin-Hua et al., 2006; Lebron et al., 2002; Altin et al., 1999). New
studies are focused on the effect of initial pH level, initial solute concentration, and temperature
of the pore fluid on the adsorption capacity of loess (Wang et al., 2009).

2.3.3 Suction of soil

Stress state principal of soils can be used to describe the mechanical behavior of soils in both
saturated and unsaturated conditions (Li et al., 2016). Terzaghi (1943) was the first one who
introduced the principle of effective stress equation for saturated soils. Later, this equation was
modified to be used for unsaturated soils (Bishop, 1959). Stress state principal has been widely

acknowledged to describe the collapse mechanism of unsaturated soils by introducing net normal

10



stress and matric suction as the two stress state variables (Sun et al., 2007a & b; Khalili et al.,
2004; Sun et al., 2004; Fredlund and Morgenstern, 1977). other researchers have proven the
application of the effective stress principle to describe the behavior of collapsible soils (Khalili et
al., 2004; Barden et al., 1973; Bishop and Donald, 1961). The outcome of these studies has shown
that the reduction in the matric suction of a soil due to wetting results in the change in effective
stress and loss of strength (Pereira and Fredlund 2000; Fredlund and Morgenstern 1977). Tadepalli
and Fredlund (1991) and Tadepalli et al. (1992) verified the one-to-one relationship between
matric suction and total volume change due to collapse. It is shown that any increase in moisture
content of a collapsible soil not only decreases the matric suction, it also affects some other
phenomena such as dissolving soluble salts which are considered to act as bonds in unsaturated
soil (Houston et al. 1988; Guan 1986). As a result, more collapse can be generated due to the

solubility of the bonds and loss of strength.

2.4  Collapse mechanism

The topic of collapsible soil has been the subject of many studies. In general, all the studies on this
topic can be classified into three main categories:

e Macromechanics methods or traditional methods in which the concepts of soil mechanics
are used and only one factor, such as dry density, Atterberg limits, moisture content or loss
of suction was considered as the main reason behind the collapsibility of the soil (Barden
et al.,, 1973; Dudley, 1970). In addition, many empirical equations were developed to
correlate the amount of soil collapse to soil properties (Noor et al., 2013; Ayadat and
Hanna, 2007; Gibbs and Bara, 1967; Feda, 1964; Clevenger, 1958).

However, variety in the chemical components and microstructure of collapsible soils has

limited the use of empirical methods to local soil only.
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e Micromechanics methods in which soil collapse is studied based on pores distribution in
the soil structure. Recent advancements in the image processing tools have abled
researchers to analyze the collapse through microstructural vital factors such as contact
relation, particle pattern, bonding material, and pore formation (Li et al., 2016). The last
two factors have the greatest impact on the collapse process (Lommler and Bandini, 2015;
Jing-bo and Yun, 1994; Gao, 1980a).

e A combination of the first two methods in which the mechanics of unsaturated soil along
with a microstructural analysis of the collapsible soil are used to interpret the behavior of
the soil during the collapse (EI-Ehwany and Houston, 1990). Recently, researchers have
developed a relationship between the total collapse of the soil and a suction transform
matriX, using the void ratio. In this proposed method, pore size distribution was calculated
using image analysis software under different factors, such as dry density, moisture
content, and surcharged load, to have a better understanding of collapse behavior.

2.4.1 Traditional and macromechanic interpretations of collapse

Based on this approach, various methods were developed to predict and measure the collapsibility
of soil. The collapsibility potential of soil was first identified by Abelev (1948). Single oedometer
tests were performed to measure the decrease in volume at constant load after flooding the soil
sample. This method defines collapsibility potential as a relationship between the reduction of void

ratio after inundation with respect to the void ratio of the soil in an unsaturated condition.

. Ae
1= = o (2.1)

Where Ae is the reduction of void ratio due to wetting; eo is the initial void ratio of the soil in an
unsaturated condition. If the value of “i” after performing the oedometer test is greater than 0.02,

it indicates that the sample soil is susceptible to collapse. This approach was among the first which
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could calculate collapsibility potential. However, due to an increase in the water content of the
soil, it only indicates the volume change tendency under an applied load. Therefore, this approach
does not provide any measure of rheological change. Denisov (1963) was among the first
researchers to recognize the effect of natural porosity on the potential subsidence of soils.
Denisov’s method considered the void ratios at the natural and liquid limit moisture contents to
evaluate the collapsibility of the soil. Based on Denisov’s method, the soil is considered collapsible
if it can absorb enough water to reach or exceed its liquid limit.

€]

K= (2.2)

€o
In this equation, e and eo are the void ratios at the liquid limit and initial condition, respectively.
The soil is classified as highly collapsible if the value of “K” is less than 1. Denisov’s method was
a suitable approach to identify the collapse potential of the soils, but it was not consistent with
different types of collapsible soils. Therefore, more factors needed to be considered in his equation.
Gibbs and Bara (1967) utilized the outcome of Denisov’s method to develop a new approach to
relate the moisture content at liquid limit and saturation to the collapse potential of the soil. The

equation presented by Gibbs and Bara (1967) is:

R= Wl/wS = Wl/<y_w_i) (2.3)

Ya Gs
Where R is collapse ratio, w, is the moisture content at the liquid limit, ws is the moisture content
at saturation, Gs is the specific gravity of soil, yw and yq are the unit weight of water and dry soil
respectively. Based on this criterion, the soil sample is susceptible to collapse if the value of R is

less than unity.
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A new method for identifying the collapsible soils was first introduced into the new Soviet building
code by Priklonskij in 1952. This method was based on the initial moisture content and Atterberg

limits of the soil.

W]—Wy

Ip
Where w; is the moisture content at the liquid limit, wo is initial moisture content, and I, is plasticity
index. Based on this equation if Kq < 0, the soil is categorized as highly collapsible, and if Kgq is
larger than 1, it is a soil with swelling potential. Any values of Kq between 0 and 1 indicate the
soil is normal and there is no significant amount of collapse (Ayadat and Hanna, 2011).

Markin (1969) was the first to propose an interval of the degree of saturation between 60% and
65%, beyond which collapse no longer appears. Researchers such as Booth (1975) and Lawton et
al. (1989) confirmed that in soils with saturation above Markin’s limit, the amount of collapse
becomes independent of the applied load for a given dry density. In other words, the natural
moisture content of the soil is inversely proportional to the surcharged load that causes collapse

(Alfi, 1984),

__ €p—€
o= 1+eO (2.5)

In the above equation, if the degree of saturation is less than 60% and «. is larger than -0.1, the soil
is susceptible to collapse. Alfi introduced a new model based on the void ratio of the soil in natural
and liquid limit conditions. Based on Alfi’s criterion, the soil is collapsible if the void ratio is more
than 0.67 and the value of A, obtained from the equation below, is larger than -0.67:

_ _(eo—eDyw

= 2.6
(1+eg)(WoYd) (26)
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Where eg and e are the void ratio at natural and liquid limit condition, respectively and the rest of

the parameters have been defined. A summary of some of the most important studies to measure

collapse is shown in Table 2-1:

Table 2-1: Summary of famous collapse prediction methods based on the soil properties

Equation Reference Collapsibility condition
e _ K =0.5-0.75 - Highly
K= o Denisov (1963)
0 collapsible
R= "/ =M
Ws /(Y_w _1 ) Gibbs and Bara (1967) R<0.1
Ya Gs
W] - WO
K4 = 0 Priklonskij (1952) Kq <0
P
Wo — Wp . .
I, = 1 Skempton and Northey (1952) Higher I_ - Higher CP
P
_ €76 . 0
=116 Markin (1969) o>-0.1& Sy<60%
A= oz @Vw Alfi (1984) &0 > 0.67 & A > -0.67
(1 +eo)(Wova)
%o ]
_LSe P Feda (1966) KL > 0.85 & So < 60%
L Ip
Yoq < 1.28 g/lcm® Clevenger (1958) Large settlement
Yoq * W < 15 Kassiff and Henkin (1967) Susceptible to collapse
ny, > 40% Feda (1966) Large settlement
4<C, <12 Collapse may happen
Avyadat and Belouahri (1998)
C, =12 Susceptible to collapse
Avyadat and Ouali (1999) Susceptible to collapse

Ip < 20,15 < wy, < 35

Table 2-2

IC=h_

o

ASTM D-5333 (2003)
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The most common method to calculate the collapse potential of soil is proposed in ASTM D-5333
(2003). This test method consists of placing the soil sample in natural moisture content in the
oedometer machine. The stress on top of the soil sample is applied incrementally to reach to the
required testing load. Soil sample gets fully saturated by inundating the cell with distilled water
which induces the collapse. Table 2-2 shows the classification of collapse potential based on the

intensity.

Table 2-2: Collapse severity classification (ASTM 2003)

Collapsibility, Ic (%0) Intensity of Collapse

0 None
0.1t02.0 Slight
2.1t06.0 Moderate
6.1t0 10.0 Moderately severe

>10

Severe

Although many studies have been done to identify factors for measuring the collapsibility of soil,
the challenges to measure the suction of the soil as well as microstructure study of the soil require
more investigations. Therefore, recent research is focused on micro-mechanism of collapse.

2.4.2 Micromechanic interpretations of collapse

Collapse should be analyzed as a problem of soil’s structural stability. Collapsible soil is a
metastable structure in which the structural stability of the soil depends on external and internal
factors affecting soil condition. Loss of stability in the structure of collapsible soils can be due to:

a) Change in external energy, such as overburden pressure or vibration.
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b) Change in internal energy, such as a change in the stress state, temperature, or moisture

content.

c) Weakening of the bonds between soil particles as a result of chemical attack and change

in the pH level of the soil.

A change of energy can also happen within the aggregate of a soil. Therefore, Mineralogy of the
aggregates within a soil structure has also a significant impact on the collapsibility of the soil.
Figure 2-3a illustrates the porous structure and collapse procedure of soil only composed of a
mineral such as quartz, which is attached by cementing agents. Soil structural collapse may result
from a rupture of aggregates due to a change in external/internal energy, such as with a simple
change in the stress-state. Figure 2-3b shows the same structure; however, the aggregates are a
compound of different minerals such as a combination of quartz and clay. In this latter case, the
rupture of aggregates that causes the collapse can also occur due to a change in external/internal
energy within the soil particles, such as with a change in temperature when the coefficient of
thermal expansion of these minerals varies with the type of mineral. This problem can only be
addressed through microstructural analysis of the soil. In addition, the difference in the structure
of the soil, such as dispersed and flocculated structures, can cause collapse (Vanapalli et al., 1999).
This phenomenon can be observed during compaction of soil on the dry side of optimum density
(Tadepalli and Fredlund, 1991). However, compaction of the same soil at wet of optimum with the
same dry density and void ratio does not experience the same collapse behavior (Lawton et al.,

1992; Tadepalli et al., 1992; Lawton et al., 1989).
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Figure 2-3: Soil’s structure with (a) the same mineralogy that collapse happens with a change in
energy in the whole system (b) different compounds where collapse can happen due to a change

of energy in a single particle.

Oedometer machine is the common test to perform on soil to measure the amount of collapse.
However, less attention is paid to the changes of energy such as inundation of soil and applying
pressure that disturb the stability of the soil during testing. These factors can alter the suction of
the soil which is directly related to the collapse. Therefore, analyzing the mechanism of collapse
to find a relationship between suction of the soil with applied pressure can solve this problem.

One of the crucial factors in microstructural analysis of collapsible soils is porosity, which consists
of pore formation and distribution within the soil. The collapsible structure of a soil is generally
provided with macropores generated during the formation process or compaction of the soil. Gao
(1980a, 1981) has divided pore forms into four different categories namely intragranular,
intergranular, spaced, and macropores (Munoz-Castelblanco et al., 2011). In the process of
collapse, these macropores are filled with soil particles, resulting in a sudden reduction of the
volume of voids in the soil (Gao, 1980b). Figure 2-4 shows the different types of pores within the

structure of a collapsible soil.
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Figure 2-4: Different types of soil pores based on their size: (a) intergranular pores; (b)

intragranular pores; (c) macropores; (d) micropores

As shown in Figure 2-4, the structure of collapsible unsaturated loess deposits is highly porous.
Collapse behavior of loess soils is greatly dependent on its microstructure, which includes bonding
material, pore formation, particle pattern, and contact relation (Kozubal and Steshenko, 2015).
Although bonding material and pore formation have a more profound effect on collapse behavior,
a comprehensive study of loess soil behavior cannot be fundamentally characterized considering

one single factor (Kozubal and Steshenko, 2015). Although many studies have been performed to
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show how soil collapsibility is directly related to porosity, limited studies have considered the
importance of pore size distribution in soil. Camapum et al. (2002), in their study on the
collapsibility of soils in tropical weather conditions, showed that the total void ratio of the soil
does not have a significant effect on collapse. However, by considering the inter- and intragranular
pores within soil particles, a direct relationship can be developed between the coefficient of
collapse and the void ratio. Information regarding changes in pore size distribution due to loading
and wetting provides better evidence that different kinds of pores contribute differently to collapse

(Jiang et al., 2014a; Jiang et al., 2014b; Jiang et al., 2012)

2.5  Collapse remediation

Generally, the methods for treating collapsibility of soils fall into two groups: (i) Mechanical
remediation methods, which are mainly focused on increasing the compaction of loess soil and
rearranging the soil particles to reduce collapse; and (ii) chemical remediation methods, which use
chemicals to alter the behavior and improve the strength and stability of collapsible soils. Recently,
a combination of the two methods using compaction of soil followed by chemical stabilization has
been used to treat problematic soils. Below are some of the most common techniques with an
explanation of the advantages and disadvantages of each method (Jefferson et al., 2008; Al-Rawas,
2000):

2.5.1 Mechanical remediation methods

Soil replacement: One of the simplest methods to deal with collapsible soils is to excavate, remove
the collapsible soil, and replace it with a compacted soil with better mechanical properties. This
method can only be used if the layer of problematic soil is thin and close to the surface (Anayev

and Volyanick, 1986).
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Prewetting: In this method the collapsible soil is flooded with water via boreholes, trenches, or
ponding to dissolve the cementitious inter-particle bindings without exerting any additional load.
This method is used mainly in the construction of canals and roads, as prewetting is not an effective
method for the foundation of the buildings where an increase in overburden pressure of the soil
after construction will result in further collapse (Rollins and Rogers, 1994; Houston et al., 1988;
Gibbs and Bara, 1967).

Controlled wetting: This method is similar to prewetting, but in controlled wetting the additional
water is introduced to the system once construction is complete and the soil should be wet in a
carefully-monitored manner to prevent failure in the surrounding soils (Al-Rawas, 2000).
Moisture control: This method limits and controls water infiltration into the soil structure. This
can be done through (i) installation of a drainage system, (ii) using impermeable materials on the
soil, (iii) restricting landscape vegetation, or (iv) decreasing the permeability of the soil
(Manckenchinie, 1980).

Heat treatment and small explosions: In this method, gas and fuel are burned in pressurized
boreholes to a temperature up to 1000°C. This technique destroys the structure of the loess to
develop a more stabilized soil for construction projects (Bell and Bruyn, 1997).

Compaction control: Compaction is the most common and cheapest method to remediate
collapsibility problems. This technique can greatly decrease the degree of collapse in compacted
zones while decreasing the induced stress to which collapsible soil is subjected (Rollins and
Rogers, 1994). Compaction can solve the collapsibility problem for soil layers up to 10 meters in
depth; however, it can only deal with collapsible soils above the groundwater table with a

saturation level of less than 60% (Kozubal and Steshenko, 2015; Wang et al., 2011).

21



In order to better remediate the collapsibility of loess soils, a combination of two or more

mechanical methods can be used together. Table 2-3 compares the measured and predicted

settlement of different treatment methods. Moreover, the advantages and disadvantages of each

method are summarized in Table 2-4:

Table 2-3: Predicted vs. measured settlement for different treatment methods (Republished with

permission of ASCE, from Mitigation measures for small structures on collapsible alluvial soils,

Kyle M. Rollins and G. Wayne Rogers, 120 (4), 1983; permission conveyed through Copyright

Clearance Center, Inc.)

Predicted collapse after loading

Measured settlement after

after prewetting

loading
Treatment
Test Cell
Method Before After treatment
Collapse (mm) Creep (mm)
treatment (mm) (mm)
1 No treatment 267 N/A 282 12
2 Prewetting 270 300 243 12
3 Soil replc. 267 183 114 9
Compaction
4 254 31 3 14
control
Dynamic
5 compaction 396 15 11 18
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Table 2-4: Summary of advantages and disadvantages of each method (Republished with

permission of ASCE, from Mitigation measures for small structures on collapsible alluvial soils,

Kyle M. Rollins and G. Wayne Rogers, 120 (4), 1983; permission conveyed through Copyright

Clearance Center, Inc.)

Treatment
Test Cell Advantages Disadvantages
Method
1 No treatment N/A N/A
Low cost Settlement upon loading
2 Prewetting
Ease of application No uniform settlement
Relatively low cost
Soil Applicable to the layers near the
3 Removal of differential settlement
replacement surface
Ease of application
Highly effective
Higher cost
Compaction Improves soil properties
4 Not easy to use
control Effective for the layers up to 10 m
Nonuniformity of treatment
depth
Siginificant decrease in collapse
Huge cost
Dynamic Greater uniformity of densification
Not easy to use
5 compaction Increase compaction efficiency

after prewetting

applicable for the layers up to 10 m

depth

Potential for liquefaction

Increase creep settlement
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2.5.2 Chemical remediation methods
Problematic soils have given rise to many geological hazards. Among them, collapsible loess soils
are notoriously difficult to deal with due to the collapse potential variability across even a small
site (Jefferson et al., 2005). Therefore, a carefully-performed site investigation prior to any ground
improvement is mandatory to prevent failure due to collapse (Basma and Tuncer, 1992).
In general, chemical remediation methods have been used to change and improve the engineering
properties of natural soils. There are four factors that can be enhanced using chemical stabilization
techniques (Ingles and Metcalf, 1972):

a) Durability: The resistance of the soil to short-term weathering, erosion, and water

infiltration.

b) Volume stability: The resistance of the soil to any change in its structure due to swelling,

collapsibility, change in temperature and water table.

c) Strength: The amount of load soil can withstand before it suffers deformation in its

structure.

d) Permeability: The ease of infiltration of water between the soil particles.
Stabilizers can improve the properties of the soil through one or more of the following scenarios:
(i) Permeating into the soil to strengthen and stiffen it if the chemical viscosity is low and soil
permeability is high; (ii) Compressing and densifying the surrounding soil if the chemical viscosity
is high and soil permeability is low; and (iii) Reinforcing the soil at different locations and carrying
the load of the unstabilized soil structure (Houston et al., 2001). It should be noted that collecting
enough information about the chemical composition and its interaction with soil particles is
essential when chemical stabilization techniques are used. Failure to perform a pretreatment

assessment may result in engineering hazards (Hunter, 1988). Much research has been done on the
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suitability of stabilizing additives such as cement, lime, fly-ash, polymers, silicates, etc. to
remediate collapse potential (Tabarsa et al., 2018; Jefferson et al., 2008; Basma and Tuncer, 1992).
Traditional stabilizers: Cement-based stabilizers were among the first chemicals used to stabilize
collapsible soils (Clemence and Finbarr, 1981). Cement-type stabilizers such as fly ash, cement
kiln dust, and a mixture of fly ash and rice husk ash have shown promising results in remediating
soil collapse (Sreekrishnavilasam et al., 2007; Punrattanasin et al., 2002; Zia and Fox, 2000). These
types of stabilizers are more applicable for fine sand deposits, including collapsible soils, and they
can be used after construction is complete. However, a careful check must be done to ensure the
cementitious materials have penetrated to the desired depth to strengthen the particles’ bonding
upon wetting (Jefferson et al., 2008).

New chemical stabilizers: New chemicals such as sodium silicate, calcium chloride, sodium
hydroxide, ammonium acryloyl, and chrome lignin paper pulp waste and slurry are recent
advancements in chemical stabilizers. These materials form gel-like cementing agents, either
through a chemical reaction in the solution itself or through a reaction between the solution and
the chemical composition of the soil and result in structural stabilization of the collapsible soils
(Tabarsa et al., 2018; Jefferson et al., 2008). Although many studies have proven the effectiveness
of these materials in collapse potential remediation of loess soil, the huge cost of this technique
and its associated environmental pollution have limited their use to specific areas such as mining
(Bahloul et al., 2014; Fattah et al., 2014; Kalantari, 2012; Abbeche et al., 2010).

Polymers: The short-comings and disadvantages of previous materials have led researchers to
focus on finding new chemicals and techniques. There are some examples of polymers used in the
field of loess solidification, such as urea-formaldehyde rosin and hydroquinone-formaldehyde

rosin, but the high price and high toxicity of polymers have limited their usage (Larson et al.,
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2012). The introduction of biopolymers as a new stabilizing agent, however, has overcome these

problems (Khatami and O'Kelly, 2012; Martin et al., 1996). Studies indicate that soil solidification

with biopolymers is promising and the effect is significant. The most outstanding advantage of

loess solidification with biopolymers is that it uses less solidified material and it is degradable

(Ayeldeen et al., 2017). Besides, it has higher strength, good water resistance, and effectively

eliminates liquefaction of saturated loess (Wang et al., 2011). Table 2-5 summarizes some of the

important studies on the stabilization of loess soil:

Table 2-5: Different stabilization techniques

Cement-based Stabilizers

-Waste cement kiln dust

- Fly ash and rice husk

- Sreekrishnavilasam et al. (2007)

- Gasaluck & Nantasarn (2002)

Chemical Reference Remarks
- Cement - Evstatiev et al. (2002) - Reduce the collapse
- Fly ash - Zia & Fox (2000) - Hard workability

- Cheap

- High polluting impact

Chemical Stabilizers

- Sodium silicate
- Calcium chloride

- Sodium hydroxide

- Clemence & Finbarr (1981)
- Pengelly et al. (1997)

- Pengelly et al. (1997)

- Effective against collapse
- Costly

- Not easy to apply

- Xanthan gum

- Guar Gum

- Ayeldeen et al. (2017)

- Ayeldeen et al. (2017)

- Ammonia - Al-Rawas (2000) - Toxic
Polymers
- Effective against collapse
- Nanoclay - Tabarsa et al. (2018)

- Highly cost
- Environmental friendly

- Degradable
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A suite of improvement approaches is available to mitigate the collapse potential of these soils,
and these include either pre-construction or post-construction on loess, depending on the project
requirements. This chapter provided brief background on the collapsible soils, the factors affecting
the collapse, and the remediation methods. By highlighting the gap of knowledge in this topic, the

next chapters provide experimental analysis to better understand collapsible soils.
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Chapter 3: Collapsibility and Suction Behavior of Soil

3.1 Overview

The research on the collapse mechanism of collapsible soil is mainly focused on analyzing the
factors governing the collapse. Less attention is given to the change in stress-state of the soil during
the oedometer test due to the variation in applied pressure and saturation of the soil. In this study,
the soil water characteristic curve (SWCC) of the collected collapsible soil was measured using
pressure plate device. A relationship between pore-size distribution and suction of the soil was
developed by transformation of SWCC which was verified by fitting to Arya-Dierolf SWCC
prediction method. In the second part of this study, a series of oedometer tests under 3 different
criteria (dry density, moisture content, and surcharge load) were performed to verify the new
relationship. The results show that the consideration of total void (e) and matric suction (pF) leads

to a satisfactory correlation with the total collapse of the soil which can be used for future studies.

3.2 Soil Suction

The Soil-Water Characteristic Curve (SWCC) is one of the popular means to analyze the behavior
of unsaturated soils. It was originally developed for agricultural-related projects. Later on, it was
gradually adopted for geotechnical engineering studies (Fredlund, 2002; Fredlund and Rahardjo,
1993). Although this characterization provides information for engineering judgment about the
unsaturated condition of the soil, obtaining accurate data to develop SWCC relationship is a
challenging task due to the assumptions used in this experiment. One such assumption in
calculating the volumetric water content is that the soil sample does not undergo any volume

change during the experiment (Clevenger, 1958). However, in the case of collapsible soils which
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experience significant volume change, obtaining accurate data for SWCC is extremely difficult
(Feda, 1964).

Many studies have been performed to predict the SWCC relationship based on different properties
of soil (SY et al., 2013; Aubertin et al., 2003; Fredlund et al., 2002). Arya-Paris (1981) and Arya-
Dierolf (1989) provided a physico-empirical model to relate SWCC to grain-size distribution of
the soil. Moreover, other studies focused on describing the relationship between water content and
the soil suction and correlating it to the soil behavior (Xie et al., 2018; Malaya and Sreedeep,
2011). The influence of the suction on hardening of the soil can be used to explain the collapsibility
process in terms of effective stress principles (Xie et al., 2018; Fredlund and Houston, 2013;
Khalili et al., 2004). However, most of these methods have limitations to predict the relationship
for extremely low as well as high suction levels.

The SWCC and soil structure of collapsible soils are highly dependent on the porosity and pore
size distribution of the soil (Xie et al., 2018). Camapum de Carvalho and Leroueil (2004) proposed
a new relationship between the volumetric water content of the soil versus multiplication of void
ratio (e) and the logarithm of soil suction (pF), in the form of e.pF. According to these authors, the
technique provides satisfactory results for a soil with similar pore distributions. Further
investigations have shown that the structural collapse due to an increase in moisture content of
soils in a tropical weather can be explained with this method by considering the macropores in
calculating the void ratio of the soil (Camapum de Carvalho et al., 2002).

As a result, analyzing the three factors: suction, porosity, and pore size distribution has a great
importance in the study of the collapsible soil behavior (Camapum de Carvalho et al., 2015). The
current study focuses on the characterization of collapsible soils and understanding the factors that

control the collapse settlement by performing experimental analysis on the soil samples collected
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from Okanagan-Thompson region. SWCC of the collected soil was measured using pressure plate
SWCC Device. Moreover, the image analysis technique was performed on SEM images to study
pore shape and pore-size distribution of the soil. In addition, a series of single oedometer tests
were performed under different criteria. Finally, the updated technique provided by Camapum de
Carvalho and Leroueil (2004) is adopted in this article in order to obtain better understandings on
collapsibility of the soil in respect of the matric suction and pore-size distribution within the soil

structure.

3.3  Experimental approach

Experiments were designed to reach to the objectives can be categorized as:
a) Preliminary tests: experiments such as sieve size analysis, hydrometer test, Atterberg limit,
and compaction test were performed to collect index properties of the soil
b) Collapse tests: advance experiments were performed on the soil to study the behavior of
the soil and measure and understand the collapsibility. Tests such as image analysis to
study the microstructure of the soil, pressure plate to measure the suction behavior, and
consolidation to measure the collapse potential are the examples.
This section provides the brief explanation of the test methods and present the result.
3.3.1 Sample collection
Soil samples were collected from Okanagan-Thompson valley where the collapse problem had
been identified by local geotechnical companies (Bigdeli et al., 2015). Figure 3-1 shows the

coordination of each test pit locations at the airport site.
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Figure 3-1: Coordination of test pits to collect the soil samples at Kelowna International Airport

In order to analyze the airport’s soil behavior, three test pits, 10 meters apart from each other, were
excavated at the east side of the airport using a truck mounted excavator. Campbell and Troxler's
nuclear densometers were used at each excavated point with 0.15 meters depth and 1-minute
duration of the shots to collect in-situ density and moisture content of the soil. Sample collection

steps are shown in Figure 3-2:
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Figure 3-2: Soil sample collection procedure: (a) excavation (b) collecting data from densometer

(c) undisturbed sample collection
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Preliminary in-situ experiments on the soil provided some information about the properties of the

collected soil. Table 3-1 presents the in-situ moisture content and wet/dry density of the soil at

each depth:

Table 3-1: In-situ properties of soil samples for each test pit at two different depths using

densometer
Moisture Wet Density Dry Density
Test Hole Depth (m)

content (%) (kg/md) (kg/m?3)
0.5 9.3 1486 1359.6

#1
1 6.2 1399 1317.3
0.5 11.2 1478 1329.1

#2
1 7.8 1465 1359.0
0.7 6.4 1423 1337.4

#3
1 5.4 1598 1516.1

3.3.2 Laboratory tests

Several studies indicated strong relationships between in-situ or as compacted dry density with
collapsibility of soil (Houston and EI-Ehwany, 1991; Houston et al., 1988). Based on the soil
properties from Table 3-1, test pit #1 has the lowest dry density which makes this soil to be more
prone to collapsibility. As such, test pit #1 was chosen for all the laboratory testing. Physical and
index properties of the soil measured in the laboratory are presented in Table 3-2. This table also
shows liquid limit (LL), plastic limit (PL), plasticity index (P1), initial void ratio (eo) and final void

ratio (er) of the soil after performing collapse test on undisturbed soil sample.
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Table 3-2: Index properties of the soil collected in the laboratory

Moisture Wet Dry
D(erg;h content Density Density (Ig/lo‘) PL (%) | Pl (%) €o er
(%) (kg/m?) (kg/m?)
0.5 4.9 1377 1312.7 25.2 21.4 3.8 1.03 0.67
1 4.6 1325 1266.7 24.7 20 4.7 1.11 0.66

Sieve and hydrometer analysis were performed to determine the grain-size distribution of the soil.

Sieves were stacked on top of each other in ascending order based on their openings. Oven-dried

soil sample was sieved using a mechanical shaker and grain-size distribution graph was generated

based on ASTM D6913. The result showed that 20 percent of the soil consists of silt and clay.

ASTM D7928 was used to analyze particle-size distribution of silt and clay using hydrometer

apparatus. This test indirectly measures the diameter of the fine-grained soil based on their

sedimentation time. Figure 3-3 shows the hydrometer test setup and Figure 3-4 demonstrates the

full grain-size analysis of the soil.

Figure 3-3: Hydrometer test setup to find the gradation of fine-grained soil
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Figure 3-4: Illustrates the complete grain-size distribution of the soil which shows that the soil is

classified as “Silty-Sand”.

The soil classification systems do not provide any guidelines for collapsibility of different soil
with the same grain-size distribution (Smalley et al., 2001). This clearly identifies a need for
microscopic analysis, which was performed using Scanning Electron Microscopy (SEM) on the
oven-dried samples. SEM image in Figure 3-5 shows the presence of large aggregates due to the
grouping of smaller particles via clay-bridge or other cementing agents which creates micropores

within the particles and macropores between the particles.
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Figure 3-5: The SEM image of collapsible soil sample in the natural condition showing the soil

particles forming the honey-comb structure

Preliminary analysis on the SEM images showed that the soil consisted of 63% of the aggregated
grains and the remaining 37% is formed by individual particles. These results are important to find
the total void ratio of the soil to use in the future tests.

The standard compaction test was carried out to find the optimum moisture content and maximum
dry density of the soil in accordance to ASTM D698. Oven-dried soil samples were mixed with
different percentages of water (starting from 2 until 18 percent with 2% increments) and were
compacted in the standard mold. Based on the compaction curve, the optimum moisture content
and maximum dry density are equal to 13% and 1865 Kg/m?, respectively. The summary of the

soil sample properties is shown in Table 3-3 below:
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Table 3-3: Summary of laboratory testing showing the soil properties

Soil ID TH2
Depth 1m
Soil Type Silty-Sand
Moisture Content 7.8 %
In-situ Dry Density 1325 kg/m?®
Optimum Moisture Content 13%
Target Pressure 100 KPa

In order to study the suction behavior of unsaturated soil, GCTS pressure plate device was used to
develop SWCC of the studied soil (Fredlund and Houston, 2013; Padilla et al., 2005). Soil sample
was mixed with 7.8% of water and mechanically compacted in the ring to reach to in-situ dry
density. Compacted soil was then left to become fully saturated before starting the test. Figure 3-6

presents the prepared sample and test setup for this device.
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Figure 3-6: Pressure plate test sample preparation: (a) fully saturating the soil sample (b) test

setup to measure SWCC

Drying part of SWCC was developed by measuring the volumetric water content of the soil under

each suction. The ranges of suction for this test started from 4 kPa and finished with 500 kPa as it

is shown in Figure 3-7. It is noteworthy that each test took 4 weeks to cover all the suction ranges.
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In addition, this test was repeated 4 times on different soil samples to assure the accuracy of the

results.
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Figure 3-7: Laboratory measurement of SWCC of the soil using pressure plate device

Camapum de Carvalho and Leroueil (2004) proposed a transformation method for SWCC to
incorporate pore-size distribution of a soil. In this approach, logarithm of suction in centimeters of
water column times 10 is multiplied by void ratio of the soil. The new axis (e.pF) is developed to
study the suction behavior of the soil by constantly updating the void ratio. Figure 3-8 shows the

results of e.pF versus saturation degree (Sr).
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Figure 3-8: Transformed curve of measured SWCC with the void ratio of the soil at each suction

level

This approach was tested for different types of soil. Figure 3-9 presents the relationship between
the liquid limit and plastic limit, obtained from Khalili et al. (2004) and Fleureau et al. (1993),
versus e.pF. It shows that for soils with plastic behavior, there is a direct relationship between the
liquidity and plasticity limits and air-entry value (AEV) of the SWCC. It should be noted that the

points correspond to montmorillonite were excluded because:
e The moisture determined on the liquid limit and plastic limit corresponds to water between
layers of expansive minerals, which does not contribute effectively on the soil plasticity

and should be excluded from the limits of liquidity and plasticity (Campos et al., 2008).
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e Montmorillonite is considered as highly active soil which causes this soil to not follow the

same trend as any other types of soil.
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Figure 3-9: Liquid limit and plastic limit moisture contents, obtained from Khalili et al. (2004)

and Fleureau et al. (1993), versus e.pF

Arya and Paris (1981) and Arya and Dierolf (1989) proposed a model to estimate the SWCC based
on the grain-size distribution of the soil. They introduced an empirical parameter, a, to consider
the pore formation in the natural structure of the soil (SY et al., 2013). Further studies on this
method improved the prediction of the SWCC (Vaz et al., 2005). In the current study, Figure 3-10

is developed to compare experimental and predicted SWCC values using Arya-Dierolf’s (1989)

proposed a relationship as follows:
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Y, = 2y cosB/p,,gr; (3.1)
where i is the soil suction, y is the surface tension of water, 0 is the contact angle, pw is the density
of water, g is the acceleration due to gravity, and ri is the pore radius. Based on the index properties
of the soil, SWCC of the soil was developed using Arya-Dierolf approach.

Figure 3-10 demonstrates an agreement between the experimental data points and the estimated
curve using Arya-Dierolf model for void ratio equal to 0.78. It can be concluded that the
transformed characteristic curve presented in Figure 3-8 is able to estimate the suction of the

studied soil samples for different ranges of void ratio of the test specimens.
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Figure 3-10: Validating the transformed SWCC equation by comparing with Arya-Dierolf (1989)

approach
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The estimated Air-Entry Value (AEV) from Figure 3-7 was calculated to be equal to 5 kPa. The
AEV was also predicted using Arya-Dierolf (1989) method and the value was found to be equal
to 3.6 kPa. The AEV value obtained from the experimental data is in agreement with Arya-Dierolf
(1989) method.

Figure 3-11 presents the standard Proctor compaction curve of the collapsible soil collected from
the testing site at the depth of 1 meter. This figure contains the saturation curve and iso-suction
curves obtained from the SWCC of the compacted soil at the optimum condition. Iso-suction
curves were plotted by knowing the moisture content of the soil using the SWCC transformation
technique presented in Figure 3-8. Figure 3-11 also includes the initial conditions (i.e. dry density
and moisture content) of the specimens used in the collapse tests in the next section. It is clear
from this figure that the data points chosen for conducting the oedometer test have not been over-

compacted to potentiate the collapse.
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Figure 3-11: Results of proctor compaction test along with iso-suction curves calculated based

on the equation of transformed SWCC

In order to study the collapsibility of the soil, a series of single oedometer tests were performed in
the next section to measure the effect of different factors on collapsibility. Further, the results of
these tests were combined and analyzed with the transformed SWCC.

3.3.3 Collapse tests

The collapse potential of a soil was first identified by Jennings and Knight (1957) where authors
used an oedometer to measure changes in volume at constant load after flooding the soil sample
with water. This method defines collapse potential as a relationship between the reductions of void
ratio after inundation with respect to the void ratio of the soil in an unsaturated condition. Equation

2.1 in the previous chapter is the mathematical expression of this method.
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Based on several studies (Ali, 2011; Abbeche et al., 2010), a combination of many factors such as
mineralogy, applied stress, the degree of saturation, nature of cementing agents, amount of wetting
up under stress, and chemistry of pore fluid affect the collapsibility of the soil. The effect of
different factors such as dry density, moisture content, and surcharge pressure on collapsibility of
the soil sample was analyzed through conducting a series of single oedometer tests. Figure 3-12

shows the GDS Automated Oedometer Machine used for conducting the experiments.

Stm‘t(“ yk

Figure 3-12: GDS automated oedometer machine

In order to control tests conditions and minimize any variation in results, reconstituted soil samples
were prepared carefully to perform single oedometer test in accordance to ASTM standard D5333
(ASTM, 1994; Day, 1990). The reconstituted soil sample was passed through sieve #4 to remove
all the large aggregates. The sieved soil was then kept in the oven with the temperature 1055 for

at least 24 hours to get completely dry. A total number of 32 samples were used to measure and
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verify the collapsibility results of studied soil. It is noteworthy that the samples were prepared
using static compaction and the oedometer cell was covered with plastic wrap during the test to
keep the moisture of the soil. Figure 3-13 illustrates the static compaction device to monitor the

exerted load on the sample.

Figure 3-13: Static compaction of the soil sample to reach to the required dry density

Prior to any testing, dried sample was removed from the oven, sealed, and kept outside for 10 mins

to cooldown. Table 3-4 summarizes the oedometer test plan.

Table 3-4: Summary of the oedometer tests plan

Dry Density (kg/m?) Moisture Content (%0) Inundation Pressure (kPa)
1300 7.8 100
1325 7.8 100
1350 7.8 100
1375 7.8 100
1325 5 100
1325 9 100
1325 7.8 50
1325 7.8 200
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Dry Density: Low values of dry density are one of the key features of the collapsible soil. Holtz
and Hilf (1961) have proven that the collapse potential of the soil can be estimated using the dry
density of the soil together with its liquid limits. Moreover, Basma and Kallas (2004) also
confirmed the accuracy of the results. Based on these studies and the liquid limit value measured
in the laboratory, the collected soil sample is classified as a collapsible soil. In order to investigate
more about the effect of dry density on collapse, four different values for dry density (1300, 1325,
1350, and 1375 kg/m?®) were chosen in a way to cover all varieties of dry densities available in test
pits. By knowing the dimensions of oedometer ring, the amount of dry soil needed to reach to
specific dry density was calculated. Then, the soil was mixed thoroughly with distilled water to
achieve the in-situ moisture content of the soil (7.8%). The moist soil was then immediately
transferred to the oedometer ring and was compacted to reach to the required dry density by using
static compactor. The effect of dry density on collapse was studied at 100 kPa pressure. The
collapse results for each dry density under different loadings and the amount of collapse at flooding

point are shown in Figure 3-14 and Figure 3-15 respectively.
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Figure 3-14: Consolidation results of the soil at 100 kPa inundation with different dry densities
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Figure 3-15: Change in the void ratio of the soil at 100 kPa inundation for different dry densities

of soil sample

Figure 3-14 proves the inverse relation between the dry density of the soil and the amount of
collapse. As the dry density of the soil is increased, the collapse decreases as it has been expected
due to having more compacted structure. In addition, Figure 3-15 shows that the relationship
between the amount of collapse and dry density of the soil is linear with R-square equal to 0.978.
Moisture content: Collapsible soils are moisture sensitive in that any increase in their moisture
contents, with or without loading, results in a sudden change in volume and collapse (Abbeche et
al., 2010). It has been proved that the increase in the moisture content of the soil which reduces
the soil suction, results in an increase in the collapse settlement (Houston et al., 2001). Three
different values of moisture content were chosen to analyze the effect of moisture content on the

amount of collapse at a specific pressure. In order to do that, dry density of the soil was kept
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constant (1325 kg/mq) and different percentages of water were added and mixed with the soil with

the same procedure for dry density analysis. Then the consolidation test was performed using the

oedometer machine till 400 kPa with a flooding point at 100 kPa. Figure 3-16 and Figure 3-17

below show the results of these tests:
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Figure 3-16: Consolidation results of the soil at 100 kPa inundation with different initial moisture

contents
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Figure 3-17: Change in the void ratio of the soil at 100 kPa inundation as a result of change in

initial moisture content

Figure 3-16 shows that as the initial moisture content of the soil increases, the collapsibility of the
soil is also increased. Moreover, as Figure 3-17 shows, the amount of collapse and the moisture
content of the soil have a linear relationship with R-square equal to 92.7%.

Surcharge pressure: All types of soil undergo settlement when the surcharged load is applied to
them (Cerato et al., 2009). This situation is the same for collapsible soils. Therefore, another
important criterion in the collapsibility of the soil is the effect of surcharged pressure (Basma and
Tuncer, 1992; Booth, 1975).

Three different pressures (50, 100, and 200 kPa) were chosen as a flooding point to study the effect
of pressure on collapsibility. In order to do that, all other factors such as dry density and moisture
content were kept constant (1325 kg/m?® and 7.8% respectively) and the amount of collapse was a
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measure for different flooding pressures using oedometer machine. The collapse results for each

flooding pressure under different loadings steps and the amount of collapse at flooding point are

shown in Figure 3-18 and Figure 3-19 respectively.
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Figure 3-18: Consolidation results of the soil at 100 kPa inundation under different surcharged

pressures
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Figure 3-19: Change in the void ratio of the soil as a result of change in inundation surcharged

pressure

As Figure 3-18 shows, increasing the surcharged pressure from 50 to 200 kPa will result in having
more collapse. It is a logical conclusion since applying more energy will cause the destruction of
the soil structure and replacement of the soil particles in the more compacted way at the flooding
point. In addition, Figure 3-19 proves that there is a linear relationship (with R-square equal 95.8%)
between amounts of collapse and different surcharged pressure at flooding point. It is important to
mention that among these three factors, change in initial moisture content of the soil has the highest
impact on collapsibility with the rate of 1.2 percent change in void ratio per percentage of moisture
content.

At each stage of the oedometer test, total collapse, void ratio, and saturation of the soil were

measured and calculated to be used for future analysis.
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3.4 Analysis of results

By assuming that the soil is fully saturated after the inundation and collapse, the values for void
ratio, saturation, and total collapse of the soil at each stage of oedometer test were recorded. As
mentioned earlier, a transformed SWCC in Figure 3-8 shows a correlation between the saturation
level of the soil with values derived by multiplying the void ratio and the logarithmic of suction
(e.pF). This correlation has R-square equal to 0.95. This approach further expanded to incorporate
the effect of soil suction and porosity on the collapsibility of the soil. As such, all data points
collected at the oedometer experiments were used to back-calculate the suction of the soil by
knowing the void ratio and saturation that corresponded to a given data point using the equation
presented on Figure 3-8.

Figure 3-20 was developed by converting the experimental data from the oedometer tests into the
e.pF form. The figure shows that the total applied pressure and the e.pF are proportional. Figure
3-20 demonstrates the correlation between total applied pressure, calculated matric suction, and
measured void ratio from the transformed SWCC plot presented in Figure 3-8. It is clear from the
figure that the change in total applied pressure has significant influence on suction and void ratios.
This correlation can be used to approximate the volume change of the soil for a specific suction
level and loading. Recent numerical studies by Pasha et al. (2017) supports the outcome of this
study. Although variations in the soil structure and therefore the void ratio of a sample in a test
affect the accuracy of the results, the results can be used for future studies to develop a regression

model to predict the suction or void ratio by knowing the applied pressure acting on the soil.
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Figure 3-20: Correlation between total applied load and suction of the soil by constantly updating

SWCC

Figure 3-20 visibly establish the interdependency of applied stress, suction, and void ratio. This
indicates the soil collapse studies should not be limited to only applied stress, rather it should
combine traditional oedometer and SWCC data to develop a complete behavior of collapsible soil.
Figure 3-21 demonstrates the relationship between total collapse on the soil versus total suction of
the soil prior to inundation of the soil. The equation presented in Figure 3-8 was used to calculate
the suction of the soil at each stage of consolidation testing. Figure 3-20 not only shows the
relationship between the suction and total collapse of the soil, it also proves that by using the
proposed method to transform SWCC, suction control collapse test can be performed with a normal

oedometer machine. The regression assumptions of this figure are presented in Appendix A.
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Figure 3-21: Relationship between total collapse of the soil versus total suction prior to

inundation of soil

3.5  Summary

This study aims to provide a better understanding of the collapse settlement by considering
changes in internal (micro level) and external (macro level) energies of the soil. In order to
understand these phenomena, experiments were performed on soil samples collected from the
Okanagan-Thompson region. The SWCC was developed using experimental data which was
compared against fitted points using the Arya-Dierolf model. Experiments were further performed

using single oedometer machine to study the effects of dry density, moisture content, and
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surcharged pressure on the collapsibility of the studied soil samples. Among these three factors,
change in initial moisture content of the soil had the highest impact on collapsibility at 1.2 percent
change in void ratio per percentage of moisture content. All data points collected from the
oedometer experiments were used to back-calculate the suction of the soil by knowing the void
ratio and degree of saturation that correspond to a given data point.

Experimental results show that the consideration of the void ratio (e) and the logarithmic of matric
suction (pF), by means of transforming e.pF, leads to satisfactory correlations with total applied
pressure during the collapse of the soil. Moreover, it clearly demonstrates that the collapse of soil
depends on the suction, void ratio and the stress state of the soil when it is subjected to saturation.
Moreover, results show that it is possible to predict the collapsibility of the soil using the total
suction.

This study presents an approach to combine traditional oedometer and SWCC data which can be
used to predict the matric suction behavior of the soil by knowing the void ratio and the total
applied pressure. This approach can be an alternate for suction controlled collapse test and save

huge amount of time and money for the study of unsaturated soils.
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Chapter 4. Effect of Pore Water pH Level on the Microstructure of

Collapsible Soil

4.1 Overview

Results of Chapter 3 showed the importance of analyzing the microstructure of the collapsible
soils. Pore-size distribution of the soil is one of the governing factor responsible for the
collapsibility of the soil which can be dramatically changed by pH level of the pore fluid.
Therefore, this chapter investigates the impact of the pore water pH level on the microstructure of
collapsible soil. Experiments were performed to study the short and long-term (pretreated)
exposure of the soil to four pH levels of 5, 7, 9, and 11. Series of oedometer test were performed
and Image processing methods were applied on SEM images of the studied soil before each test.
The outcome of this chapter shows that the pore-size distribution of the studied soil samples varied
significantly for different scenarios. In addition, reducing the pH level of the soil resulted in having
higher number of micropores in the soil’s structure which forced the soil to undergo settlement

before the collapse test.
4.2  Soil pH

Environmental impacts due to the rapid urbanization and industrialization have always been the
subject of research (Bigdeli et al., 2015). In recent years, much attention has been paid to
acidification of rain which forms due to continuous addition of air pollutants like sulfur dioxide
and nitrogen oxides to the atmosphere (Sunil et al., 2006). These gases not only cause air pollution
but also indirectly contaminate soil. It is reported in the literature that the atmospheric pollution

can reduce the precipitation pH levels as low as 5.6 which results in acidification of soil and thus
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altering soil’s physical and engineering properties (Sunil et al., 2006; Stalin and Muthukumar,
2002; Gupta and Singh, 1997).

Acid rain or polluted rainfall is one of the age-old global environmental problems. The impact of
acid rain on natural ecosystems, and remediation techniques have been studied by several
researchers (Reuss and Johnson, 2012; Menz and Seip, 2004; Skjelkvale et al., 2001; Rabl and
Spadaro, 1999; Burtraw et al., 1997; Reuss et al., 1986). Particularly, in Canada, many researchers
have studied the harmful effects of elevated depositions of nitrogen (N) and sulfur (S) from the oil
sands industry (Morrison and Carou, 2004; Duchesne et al., 2002; Beamish and Harvey, 1972).
Sulfate ions along with NOs - and COs 2 presented in the atmosphere, become partially balanced
with the Hydrogen (H) ions to form H2SO4, HNO3, and H2CO3 which create acidic precipitations
that may alter physico-chemical and engineering properties of soil (Pankaj et al., 2012; Beamish
and Harvey, 1972). For example, studies on boreal ecosystems in northwest Saskatchewan have
shown that the ecosystem is highly susceptible to acidification due to the production of oil sands
(Scott et al., 2010). The pH level of precipitation due to the natural resource extractions was
measured as low as 2.9 (Beamish and Harvey, 1972). Recently, researchers have focused more on
the effect of acid rain on the environment of western provinces in Canada (Mongeon et al., 2010;
Beamish and Harvey, 1972).

Along with environmental impacts, acid rain also influences soil’s strength properties due to the
dispersion-flocculation processes of the clay particles within the soil (Li et al., 2005; Dontsova
and Norton, 2002). On the other hand, acidic condition (pH < 6) can dissolve and remove CaCOs3
from soil and result in developing sodic soil (EI-Swaify, 1973). In this condition, the chemical
composition of a soil alters over time without any change in its texture. This chemical alteration

within a soil can weaken bonds between soil particles and lead to self-arrangements of the particles
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and structural collapse. In addition, infiltration of wastewater in the landfills, sewage, and usage
of de-icing agents can change the pH level. Several investigations have been conducted to study
the effect of pH level of pore water on the properties of soil (Sunil et al., 2006; Pin-Hua et al.,
2006; Abdullah et al., 1999; Altin et al., 1999; Suarez et al., 1984), however, in case of problematic
soil, in particularly for collapsible soil the gap of knowledge is still there.

Research has been performed to study the effect of pore fluid pH on the properties such as
Atterberg limits, cation exchange capacity, hydraulic conductivity of soil (Pankaj et al., 2012;
Sunil et al., 2006; Abdullah et al., 1999; Suarez et al., 1984). Most of these research focuses on
the properties of clayey soil and only a few considered the influence of pH level on pore-size
distribution, pore geometry, clogging and porosity of the subjected soil (Altin et al., 1999). There
are also some studies on the change in porosity and pore-size distribution of the collapsible soil
due to loading and wetting process (Jiang et al., 2014a & b; Jiang et al., 2012; Camapum de
Carvalho et al., 2002), however, up to this date, in the knowledge of the author, there is no study
on developing the relationship between the pH level of pore fluid, pore-size distribution, and
collapsibility of the soil. This study attempts to address this knowledge gap. The objectives of the
present research are: (i) to investigate the effect of synthetic acid rain and sewage on porosity,
pore-size distribution and pore geometry of the collapsible soil at short and long-term periods by
changing the pH level of pore water; (ii) to measure the collapsibility of the soil by performing
series of single oedometer tests at short and long-term scenarios; and (iii) to quantify pore
characteristics with changes in pH level before and after collapse of soil and (iv) to advance

understanding of parameters likely to intervene the collapse phenomenon of soil.
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4.3  Experimental approach

A combined study of physical testing and microscopic image analysis were used to investigate the
effect of pH on soil’s structure and collapse potential. Different pH levels of pore water were
prepared, and experiments were performed at the short and long-term exposure of the soil to
different pH levels. In this section, detailed experimental approach is presented.
4.3.1 Material
Vast land area of North America is covered by loess deposits which typically corresponds to the
collapsible soil (Rogers, 1995; Rogers et al., 1994; Sweeney and Smalley, 1988). Glacial grinding
and cold weathering along with cryogenic process are the main reasons behind the highly
productive loess material in this region (Smalley, 1966). Okanagan-Thompson region is an inter-
mountain valley which is dominated mostly by glaciolacustrine silts and collapsible soil (Bigdeli
and Siddiqua, 2016; Bigdeli et al., 2015; Fulton, 1975). Collapsible soil samples were collected,
and preliminary soil mechanics experiments were conducted to characterize the soil as described
in the previous chapter.
Altin et al. (1999) in their study on the effect of pH on montmorillonite concluded that the pH
values lower than 3 results in dissolution of protons and destroys the structure of the soil.
Therefore, different batches of buffer solutions with pH levels of 5, 7, 9, and 11 were prepared
using HSO4 and NaOH to study the effect of pore water pH level on the structure of the collapsible
soil. Two sets of soil specimens were analyzed in this study:

a) Short-term or untreated: reconstituted soil samples were studied in their natural in-situ

condition. The samples were then inundated with pore fluid with different pH level

during the consolidation test.
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b) Long-term or pretreated: soil samples were exposed to pore fluid of different pH levels
and left to cure for 24 hours prior to performing any test. The samples were then
inundated with pore fluid with different pH level during the experiments.

ASTM D 4972 method was used to measure the average pH of the three samples of the collected
soil. In the test, 10 g air-dried sample passing sieve #10 was collected into a glass container and
then approximately 10 ml of distilled water was added. The average pH level of the collected soil
from the airport site was measured with a pH probe and it was equal to 8.3. Index tests such as
Atterberg limits were measured at different pH levels by mixing the oven-dried soil with different
buffer solutions. Figure 4-1 presents the liquid and plastic limits, as well as the plasticity index of

the soil.
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Figure 4-1: Liquid limit, plastic limit, and plasticity index of the soil sample under different pH

levels

4.3.2 Microstructural analysis

Image processing is one of the new methods in geotechnical engineering to investigate the pore-
size and grain-size distribution as well as pore and grain geometry (Kumara et al., 2012; Hue et
al., 2010; Aydilek et al., 2002). SEM images of the soil samples were taken for both short and
long-term effect of pH on the soil structure. A small amount of dried soil sample was mounted on
Aluminum stubs and was coated with a thin layer of epoxy to prevent the accumulation of
electrostatic charges. In addition, SEM images at different magnifications (50X to 10,000X) were
captured and 500X magnified images were selected to better analyze the pore-size distribution and

geometry of the macropores within the collapsible soils. Figure 4-2 demonstrates the SEM image
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settings, magnification, and scale that was used for image processing in this chapter. In addition,
chemical analysis data from energy-dispersive spectroscopy (EDS) indicated the presence of
higher concentration of Aluminum and Calcium Oxides in the soil. Therefore, It was concluded

that the bonding between the particles are mainly clayey-bridges.

- e 2
SEM MAG: 500 x Det: BSE | MIRA3 TESCAN
SEM HV: 20.0 kV WD: 14.00 mm 100 pm
BI: 15.00 Date(m/dly): 03/29/17 UBCO SEMLAB

Figure 4-2: Sample of SEM image used in ImageJ showing the scale

Table 4-1: Chemical analysis of soil samples from test pit #1

Weight %
Element O Na Mg Al Si K Ca Ti
Max 56.02 5.08 496 11.68 24 1489 7.24 547
Min 27.64 019 037 261 5.91 0.18 065 0.15

Average 45.79 1.96 127 797 18.08 296 348 121

SD 9.07 1.84 152 3.04 5.27 484 247 172
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ImageJ, an open source image analysis tool, was used to pre-process and analyze the images
(Ferreira and Rasband, 2010). Images obtained from SEM were converted to 8-bit grayscale and
the scale of the images was converted from pixel into um using a scale factor. The contrast and
brightness of the pictures were automatically adjusted by ImageJ to increase the quality of the
picture. Further, Despeckle filter to reduce the noise, as well as Bandpass filter to smoothen the
particles perimeter were applied on the images. Finally, thresholding was performed using
Shanbhag, Yen, and Renyi Entropy functions as suggested by the researchers (Cherian et al.,
2014). Renyi Entropy was chosen as the best thresholding function for this material to select the
pixels within a desired range of brightness value which belong to the foreground (particles of
interest) and reject all the other pixels in the background (Cherian et al., 2014). At the end, images
were converted to binary and different processes such as erode, dilate, watershed, and etc. were
applied to reduce the errors during the analysis. The black and white (B & W) binary images were
produced following the image analysis steps through the transformation of the micrograph. Once
the binary images were created, the pixels were counted using ImageJ. The B &W scale was used
to differentiate pores from the soil particles. Figure 4-3 demonstrates the processed image where

the dark pixels are the pores and the bright pixels are the soil particles.
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Figure 4-3: Image processing of the soil 500x zooming demonstrating binarization and

thresholding of the pores (black pixels)

After transformation of the pixels shape into circular, ImageJ was used to measure the area (A)
and perimeter (P) of each particle and pores. The Pore/particle-size distribution is represented by
plotting a histogram on area of the pores. Figure 4-4 shows the histogram of the pore-size
distribution of the soil in its natural condition. It is noteworthy that the SEM image analysis was
performed on different locations of a given sample and Figure 4-4 provides the average area of the

pores from all locations.
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Figure 4-4: Average pore-size distribution of soil sample in its natural condition

Li et al. (2016) characterized all kinds of pores in Loess soils and they concluded that the pores
with average radius of 4 to 16 um have significant influence on collapsibility. It is noteworthy that
the pores with larger radius than 16 um can increase the collapse potential of the soil; however,
their limited numbers in the structure of the soil and their unstable condition reduce their effect (Li
et al., 2016). Therefore, Figure 4-5 and Figure 4-6 demonstrate pore-size distribution of the soil in
natural condition for the pores with area between 50 to 800 and larger than 800 um?, respectively.
It is noteworthy that the pores with the area larger than 800 um? are few in the structure of
collapsible soils as it is shown in Figure 4-6. These pores are commonly found in shallow depth

and their contribution to the collapse is not significant (Li et al., 2016).
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Figure 4-5: Spaced pores distribution in the structure of the soil in natural condition that have

significant influence on collapse due to their numbers
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Figure 4-6: Macropores distribution in the structure of the soil in natural condition that have low

influence on collapse due to their limited numbers

The image analysis method was then applied to all the tested range of pH levels and a relationship

between area of the pores versus the pH level of pore fluid was developed. Figure 4-7 and Figure

4-8 present the average area of the pores for both short and long-term conditions, respectively.
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Figure 4-8: Area of the pores for the long-term effect of different pH level

In order to better compare the results of image analysis for different scenarios, Figure 4-9 and
Figure 4-10 focus on the pore-sizes which have significant influence on collapse for short and
long-term effect of pH exposure, respectively. The results of these two figures show that the effect
of reduction in the pH level is more significant on the micropores of the soil. Moreover, as the pH
level increases, the number of the pores of with larger diameter get increased. The only exception
is observed for pH 5 which shows lower porosity within the soil structure due to the effect of acidic

environment in the system.
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Figure 4-9: Number of the pores with the area between 50 to 800 um? for short-term exposure of

different levels of pH
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Figure 4-10: Number of the pores with the area between 50 to 800 um? for long-term exposure of
different levels of pH
More studies were performed on the image analysis results to investigate the effect of pore water
pH level on the pores with larger area of 800 pm?2. Figure 4-11 and Figure 4-12 show the
macropores distribution in the structure of the soil exposed to different pH levels. Although there
are limited number of macropores in the structure of the studied soil, the results prove that exposure
time has significant influence on the macroporosity of the soil. Moreover, Figure 4-12 show that
increasing pH level of pore fluid increases the number of the macropores in the structure of the
soil. Therefore, it is safe to expect higher collapse for higher pH levels and for the long-term

exposure.
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Figure 4-11: Macropores distribution in the structure of the soil with short-term exposure to

different pH levels with the area more than 800 pm?
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Figure 4-12: Macropores distribution in the structure of the soil with short-term exposure to

different pH levels with the area more than 800 pm?

Many studies have shown the importance of measuring pore-size distribution to predict the
saturated hydraulic conductivity of the soil (ksa) (Gimenez et al., 1997; Ahuja et al., 1989;).
Kozeny-Carman equation is widely used to predict the hydraulic conductivity of the soil. Later,
Lebron et al. (1999) have used a neural network to predict the hydraulic conductivity and suggested
new factors, called hydraulic radius and form factor, in the Kozeny-Carman equation to predict
ksat. The hydraulic radius can be calculated by dividing the median of area (A) by the median

perimeter (P) of each pore. Moreover, form factor can be predicted using the neural network by
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knowing the grain-size distribution, bulk density, pH, and roughness of the soil. Below is the

Kozeny-Carman equation for calculating the hydraulic conductivity:

3

w2 (4.2)

T CsSST2 p 1te

Where Cs is the shape factor, T is tortuosity, Ss is the surface area per unit volume of soil solids,
yw is the unit weight of water, p is the viscosity of water, and e is the void of the soil sample.

Researchers have shown that realistic calculation of hydraulic conductivity of the soil is not
possible without considering the capillarity and adsorption phenomena within the soil structure
(Jongerius and Bisdom, 1981). One way to express the pore shape is by dividing the area of the
pore by the square of the perimeter (A/P?) (Lebron et al., 2002; Mason and Morrow, 1991;
Jongerius and Bisdom, 1981). Table 4-2 and Table 4-3 summarize the measured values from soil
samples under different pH levels. In this table kexp was calculated using Kozeny-Carmen equation
using the image analysis results and kcac. was measured through consolidation tests. These values

can be used to predict the hydraulic conductivity of the soil.

Table 4-2: Summary of the measured versus calculated permeability values of the soil samples

under different pH levels (Short-Term)

Median of Area Median of Perimeter
pH kexp (cm/s) Kcate. (cm/s)
(um?) (um)
5 11.47 12.01 2.23E-05 3.60E-04
7 13.17 12.85 1.40E-05 3.68E-04
9 12.98 12.77 1.52E-05 3.68E-04
11 12.08 12.32 1.01E-05 3.74E-04
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Table 4-3: Summary of the measured versus calculated permeability values of the soil samples

under different pH levels (Long-Term)

Median of Area Median of Perimeter
pH Kexp (CM/S) Kcalc. (cm/s)
(nm?) (nm)
5 9.96 11.19 1.94E-05 4.00E-04
7 11.77 12.16 2.07E-05 3.62E-04
9 10.87 11.69 1.52E-05 3.67E-04
11 10.26 11.36 1.32E-05 3.70E-04

4.4  Collapse analysis

Series of single oedometer tests were performed on oven-dried reconstituted soil samples to
measure the influence of pore fluid pH level on the soil’s collapsibility. Sieved soil was removed
from the oven and kept in the room temperature at least for 10 minutes prior to sample preparation.
The weight of the dry soil was calculated by knowing the dimensions of the oedometer ring, to
maintain the in-situ dry density of the soil (i.e. 1325 kg/m?). Then, the soil was mixed thoroughly
with liquid (distilled water for short-term effect and pore fluid with different pH for long-term
effect) to achieve the in-situ moisture content of the soil (i.e. 7.8%). The moist soil was then
immediately transferred to the oedometer ring and was compacted to reach to the required dry
density by using static compactor. The sample was then placed inside the oedometer cell and it
was sealed with the plastic wrap to avoid any loss of moisture during the test. It is noteworthy that
the test on the soil samples shown 0.05% and 0.37% adsorption of water after 30 and 1440 minutes,
respectively. Single oedometer tests were performed based on ASTM standard D-5333 on the
reconstituted soil samples in order to measure collapsibility of soil at 100 kPa (ASTM D-5333,
2003; Day, 1990). The samples were then flooded using different pH level of buffer solutions and
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waited 16 to 18 hours to reach fully saturation. At the end of the test, soil samples were carefully
collected from the oedometer cell to measure their weight and dimensions for moisture content
and void ratio readings. The similar readings were also taken for the samples after 24 hours of
oven drying. The dry samples were used for SEM tests and image analysis.

In long-term analysis, soil samples were mixed with buffer solutions at different pH levels and
cured for 24 hours at 23 + 2°C temperature in an airtight ziplock bag prior to placing them in the
oven. Next, a similar testing procedure was followed for both short and long-term studies. Results
of short-term and long-term collapsibility behavior of the soil are presented in Figure 4-13 and

Figure 4-14 respectively.
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Figure 4-13: Consolidation test results for short-term exposure of the soil to different pH levels

at 100 kPa inundation
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Figure 4-14: Consolidation test results for long-term exposure of the soil to different pH levels at

100 kPa inundation

The effect of pH level on the collapsibility of the soil was calculated by subtracting the settlement
of the soil at 100 kPa before and after the inundation of the soil with buffer solutions. Figure 4-15
demonstrates this effect on the soil at the short-term and long-term exposures. In both testing
conditions, the collapsibility of the soil increased with an increase in the pH. This behavior of the
soil can be explained by analyzing the pore-size distribution of the soil. It can be concluded that
lower values of pH level increase the microporosity of the studied soil which results in weakening
the clayey-bridges between the soil particles, this clayey-bridges are responsible for the honey-
comb structure of the soil. This effect destroys the macropores within the soil structure and it
results in having less collapse in the oedometer tests. On the other hand, higher values of pH level

do not have a significant effect as lower pH values on the soil structure. The preserved
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macroporous structure of the collapsible soil will be destroyed during the oedometer test.

Therefore, higher changed in the void ratio of the soil can be seen for higher pH values.
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Figure 4-15: Change in void ratio of the soil at 100 kPa inundation for different pH levels and

exposure time

4.5 Summary

This chapter investigates the impact of the pore fluid pH level on the microstructure of collapsible
soil. Experiments were performed to study the short and long-term exposure of the soil at four
different pH levels of 5, 7, 9, and 11. Series of oedometer tests were conducted and image

processing methods were applied on SEM images of the soil before the oedometer tests. Based on
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the image analysis after the collapse test, it is concluded that both spacepores and macropores have
significant influence on the soil collapse.

According to the results and discussions presented in this study, the following conclusions can be
made:

1. Pretreatment of the soil with different pH levels has a significant effect on the porosity of
the soil and changes the number of micro and macropores within the soil structure.

2. Decreasing the pH level of pore fluid destroys the larger pores while increases number of
smaller pores within the soil structure.

3. Structure of the soil with pH level equal to 5 showed the lowest porosity among all test
specimens due to the effect of acidic environment on the clayey-bonds between the
particles. The acidic environment not only creates dispersion-flocculation on the clay
particles, it also dissolves CaCO3 which weakens the chemical bonds between the particles

(Li et al., 2005; Dontsova and Norton, 2002; EI-Swaify, 1973).

The results of this section are important to study the effect of a green-stabilizer, MgCl2, on collapse
remediation. The results of the next chapter can only be explained using the results of Chapter 4

due to the high solubility of this salt in the water and developing an acid environment in the system.
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Chapter 5: Collapse Remediation Using a Green Stabilizer

51  Overview

After understanding the importance of microstructural analysis in soil collapse and the factors
such as pH level that can alter that, this chapter is focused on stabilizing the collapsible soils.
Three different percentages of Magnesium Chloride solution (3%, 7%, 11%) and a control
sample were chosen to be mixed with the collected soils. In addition, to study the time-dependent
effect of this chemical, five curing times (0, 1, 3, 7, 28 days) were selected to measure the
collapsibility of soil. The collapse potential of each mixture was measured by performing a series
of single oedometer tests and the results were compared. The results of the collapse test for
different percentages of MgCl> indicate that as the amount of MgCl. increases, the harsh acidic
environment caused by reaction between this salt and pore water, destroys the soil collapsible
structure. The soil mixture undergoes gradual settlement prior to inundation due to the increase
in surcharge pressure. As a result, the sudden settlement of the soil during inundation (collapse)
is less significant. The increase in the soil collapse is more dramatic in early stages of mixing
where MgCl: is highly reactive to the water and results in significant volume reduction of the

collapsible soils.
5.2 Chemical stabilization of soil

Most of the problems raised in geotechnical engineering are initiated due to the unfavorable
interaction between the soil particles and water (Kezdi, 2016). Problems such as collapsibility,
expansibility, strength and cohesion reduction, and freeze-thaw cycles are all the examples of such
interactions (Latifi et al., 2016). Preservation or improvement of properties of the soil during soil-

water interaction is called stabilization (Fang, 2013). The purpose of the soil stabilization is to
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improve the engineering characteristics and performance of the subjected soil. This can be done
by using different additives such as cementing agents (ex. Lime), special type of a soil (ex. Nano-
clay), and chemical additives (ex. MgCl>) to the natural soil (Latifi et al., 2016; Gualtieri et al.,
2015; Marto et al., 2014; Marto et al., 2013; Liu et al., 2011). These stabilizers improve the
properties of the soil by interacting with soil particles or independently with only their inert
involvement through cation exchange, flocculation, crystallization, and dissociation (Muhammad
and Siddiqua, 2017). Stabilizers can be added to the disturbed soil by using mechanical mixing or
can be injected and permeated through the voids of undisturbed soil (Kezdi, 2016).

The history of using chemical stabilizers goes back to around 80 years ago when Calcium and
Sodium Chlorides were used as a dust suppression on Macadam road. Magnesium Chloride is one
of the common dust suppression products (Palmer et al., 1995; Landon and Williamson, 1983). It
has been widely used as a green binder due to its natural source which is sea water (Latifi et al.,
2016). New studies on MgCl2 have shown the possibility of using this chemical as a soil stabilizer
(Latifi et al., 2015). It has been used for the improvement of subgrade soil in road construction to
reduce the cost of maintenance and rehabilitation (Monlux and Mitchell, 2007). Stabilizers can be
more effective in the cases where the subgrade of a road consists of problematic soils (Turkoz et
al., 2014; Al-Rawas et al., 2002). Only in British Columbia, Canada, the cost of maintenance and
rehabilitation of roads was estimated at 270M$ to improve the road conditions including dust
control and pavement stabilization (Muhammad and Siddiqua, 2017). Therefore, many researchers
have focused on the study of different chemical stabilizers which can be used for road construction
to reduce the material, cost, and time.

Generally, there are four approaches to stabilize the soil particles as explained below (Kezdi,

2016):
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a) Filling the intergranular voids with a water-repellent chemical which has a good adherence
to the soil particles.

b) Increasing the intergranular surface forces to increase the cohesion and shearing strength.

c) Strengthening the connection between the soil particles at certain points. This technique is
called “spot-welding”.

d) Embedding the soil particles in a continuous matrix to preserve the properties of the soil.

In addition to the points mentioned above, another technique to stabilize the soil is through
precipitation of chemicals which can stabilize the soil structure (Kezdi, 2016). Some chemical
stabilizers such as a mixture of Sodium Silicate and Calcium Chloride, during their reaction with
water, produce Calcium Silicate which is water-insoluble and suitable for soil stabilizing
(Arulrajah et al., 2009).

Based on the techniques to stabilize the soil, failure in the soil matrix can happen when: 1) fracture
occurs on the contact point between the additive and soil particles 2) fracture happens in the
stabilizer or soil particles 3) displacement of the soil particles due to a reduction of shear strength.
It is noteworthy that in the first case, the cohesive forces between the particles exceeds the adhesion
force and in the second failure scenario, the adhesion is much stronger than the cohesion of
stabilizer and soil particles.

Magnesium Chloride (MgCl2) is one of the common de-icing materials (Act, 1993). It can be
applied to the roads during the winter to reduce the freezing point (Bolander and Yamada, 1999).
The study has shown that use of MgCl. not only reduce the freezing point to -32.7 °C, but it also
develops gradual freezing of water which leads to not having complete freezing-thaw cycles
(Bolander, 1997). This chemical has also been used as a dust suppressant for the unpaved roads in

semi-arid regions (Bushman et al., 2005; Giummarra et al., 1997). Upon the application of
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Magnesium Chloride, it starts to absorb the humidity of the surrounding air and increase the surface

tensions of the soil particles (Sutter et al., 2006). Therefore, the soil surface will be very hard and

loss of moisture will be reduced during the re-compaction of the soil layers (Palmer et al., 1995).

as a result, Magnesium Chloride has been extensively used as a stabilizer in recent years (Nixon

and Williams, 2001; Ketcham et al., 1996).

Although the application of MgCl> as a stabilizer has many advantages, it has some drawbacks

that limit the usage of this material that has been listed below (Lohnes and Coree, 2002):

a)

b)

High solubility in the water results in washing off from the soil during the rainfall. The
leachate materials will infiltrate in the groundwater and the salt will be carried from treated
layers at the top to the greater depth (Fay and Shi, 2012). Under dry weather condition, the
solution will move upward through capillary effect and the salt crystals will be formed after
evaporation of water (Bolander and Yamada, 1999).
High percentages of MgCl. solution is needed to increase the effectiveness. Solutions with
less than 20% of salt, have the same performance as adding water to the system (Bolander
and Yamada, 1999).
Solutions with high concentrations of MgCl2 are very corrosive to the steels and metals
(Hoover et al., 1981). This is mainly a result of the high solubility of this salt in the water
and developing an acidic environment as shown below:

MgCl, + 2H,0 < Mg(OH), + 2HCl (5.1)
This chemical reaction results in having a weak base and a strong acid which lowers the
pH level of the water as low as 3.5 (Shi et al., 2009; Lohnes and Coree, 2002). Therefore,

free Hydrogen created in this reaction accelerates the rate of corrosion.
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d) Polluted groundwater with a high concentration of Magnesium and Chloride is taken up by
the trees and accumulated in their leaves. Once inside the plant, Chloride moves through
the water-conducting system which results in weakening the leaves and the death of the

tree (Goodrich et al., 2009).

Table 5-1 below summarizes the advantages, disadvantages, application, and origin of

Magnesium Chloride (Bolander and Yamada, 1999).

Table 5-1: Summary of Magnesium Chloride attributes

Chemical Magnesium Chloride

- Starts to absorb water from the air at 32% relative
humidity.

- More effective than Calcium Chloride solutions for
Advantages increasing surface tension.

- Treated site can be re-compacted without the concern

of losing moisture

- Effectiveness when less than 20% solution has
performance similar to water
Disadvantages - Highly corrosive against metals

- High solubility in water and washing off with rainfall

Origin Sea Water

- Does not have a significant effect on aquatic life

- High concentration of Chloride will be accumulated in
Environmental Impact
the leaves of trees

- Results in the death of some species of trees
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Many studies have been done to apply Magnesium Chloride to improve the mechanical properties
of different types of soils (Latifi et al., 2016; Latifi et al., 2016; Latifi et al., 2015; Jianli et al.,
2010; Abood et al., 2007; Thenoux and Vera, 2003). Results of these research proved that
Magnesium Chloride can be used as a stabilizer and its effectiveness depends on the concentration
of this salt (Latifi et al., 2016). In addition, mineralogical and morphological as well as the
development of the mineral molecules could alter mechanical properties of problematic soils when
mixing it with the MgCl. (Latifi et al., 2016; Santoni et al., 2005). However, there is no study on
the effect of MgCl2 on collapsibility of Loess soils. Therefore, this research tends to investigate

the feasibility of using MgCl. to reduce the collapse potential of the collapsible soil.

5.3  Experimental approach

Three different percentages of Magnesium Chloride solution (3%, 7%, 11%) were chosen to be
mixed with the collected soils. In addition, five curing periods (0, 1, 3, 7, 28 days) were selected
to study the time-dependent effect of this chemical on collapsibility. The collapse potential of each
mixture was measured by performing a series of single oedometer tests and the results were
compared.

5.3.1 Material

Soil samples were collected from Kelowna International Airport where the collapsibility of the
soil foundation was reported by local geotechnical companies (Bigdeli et al., 2015). Preliminary
geotechnical experiments were conducted on the collected sample as it was presented on Chapter

3. Summary of the results are presented in Table 5-2 below:
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Table 5-2: Index properties of the soil

Depth (m) 1
Moisture Content (%0) 4.6
Wet Density (kg/m?) 1325
Dry Density (kg/m?) 1266.7
LL (%) 24.7
PL (%) 20
P1 (%) 4.7
pH 8.3
Sand (%) 81.6
Silt (%) 16.9
Clay (%) 15

The compaction test was carried out to find the optimum moisture content and maximum dry
density of the soil. Based on the compaction curve, the optimum moisture content is 13% which
relates to a maximum dry density equal to 1865 Kg/m®. The result indicates susceptibility of the

soil to collapse due to very low dry density. Figure 5-1 shows the result of compaction curve.
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Figure 5-1: Compaction curve of test pit #1 showing maximum dry density and optimum

moisture content of the soil

The MgCI, used in this study was obtained from Thermo Fisher Scientific Chemicals Inc.,

Massachusetts, as a white powder. The physical and chemical properties of this chemical are

presented in Table 5-3.
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Table 5-3: The physical and chemical properties of Magnesium Chloride

Properties Magnesium Chloride
Physical state Solid
Appearance White

Odor Odorless
pH 5 - 6.5, 5% ag. Solution
Solubility 540 g/L (20 °C)

Molecular weight 95.21
Molecular formula MgCl;

The method to perform single oedometer test was explained earlier in Chapter 3. Table 5-4
summarizes the result of oedometer test performed on the undisturbed soil sample at 100 kPa
inundation pressure. It indicates that the collected soil sample is suffering from the sever collapse
and improvement of soil properties is essential. In the next section, the effect of Magnesium

Chloride, as a green stabilizer, on collapsibility of the soil will be studied.

Table 5-4: Results of single oedometer test on an undisturbed sample

Initial void ratio (eo) 1.1

Change in void during the collapse (Ae) 0.3
Collapse potential 15
Inundation pressure (kPa) 100
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54  Methodology

Prior to any tests, the soil sample was oven-dried for at least 24 hours at 1055 "C temperature to
completely dry the sample. The oven-dried sample was then hand-grounded and passed through
sieve #4 to remove large aggregates and obtain a uniform distribution. By knowing the in-situ dry
density of our sample (1350 kg/m®) and volume of the oedometer ring, required the dry weight of
the soil sample was calculated. In order to investigate the effect of MgCl; on the collapse potential,
different amounts of Magnesium Chloride solution were prepared and added to the soil (3, 7, and
11% by dry weight of the soil). The compaction characteristics of the soil sample were used to
calculate the amount of MgCl> solution needed to add to each test specimen. Attention was given
during the hand-mixing of the soil with MgCl> solution to obtain a homogeneous mixture. It is
noteworthy that the time was controlled during the preparation of the sample due to the high
absorbency of humidity of Magnesium Chloride from the surrounding air. The soil was mixed
thoroughly with varying amounts of MgCl. solution to achieve the in-situ moisture content of the
soil (7.8%). The moist soil was then immediately transferred to the oedometer ring and was
compacted to reach to the required dry density by the means of the static compactor. Figure 5-2
illustrates the sieved soil sample before and after mixing with MgCl; solution. Moreover, Table

5-5 summarizes the mix proportions used for sample preparation.
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Figure 5-2: Collapsible soil sample: (a) oven-dried without any chemicals (b) after mixing with

MgCl> solution

92



Table 5-5: Mix proportions for sample preparation

MgClz solution

Dry soil Required
Type Added water (g)
needed (g) water (g) Solid (9) Water (g)
0% 86.1 6.72 0 0 6.72
3% 85.75 6.69 1.11 1.47 5.22
7% 85.4 6.66 2.57 3.41 3.25
11% 85.2 6.65 4.03 5.34 1.31

One important aspect that needs to be considered when using a soil stabilizer, is the curing time.

After preparation of samples in oedometer ring, they were covered completely in plastic wrap and

tapped all over to prevent the loss of moisture during the curing time. Wrapped samples were then

kept in the closed plastic box and cured for 0, 1, 3, 7, and 28 days at controlled room temperature

(25+2 °C). It is important to mention that the control samples were made to measure the moisture

absorbed after curing time. The maximum value of moisture absorbed was measured for 11%

MgClI> solution cured for 28 days. The amount of moisture absorbed was equal to 0.36% which

shows the reliability of the curing method.

The collapse potential of the mixture was measured by gradually loading the specimen to 100 kPa

where at the soil was inundated with distilled water. Figure 5-3 demonstrates the soil sample before

and after performing the oedometer test. Results of oedometer test for varying percentages of

MgCl; solution and different curing periods are presented and compared in the next section.
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Figure 5-3: Collapsible soil sample: (a) prepared in the ring to perform consolidation test (b)

after consolidation and drying in the oven for 24 hours
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5.5  Analysis of results

Three different percentages of MgCl> solutions were mixed with the collected soil and each one

was cured for 0, 1, 3, 7, and 28 days before performing any experiment. Series of single oedometer

tests were conducted on soil mixture to measure the collapse potential. In order to check the

accuracy of the results, at least three samples for each soil mixture were prepared and tested.

Therefore, a total number of 50 samples were used to measure and verify the collapsibility results.

Table 5-6 summarizes the oedometer test plan.

Table 5-6: Summary of the test plan showing studied percentages of MgCI2 solution and their

curing time
Factors Levels
MgCl:
0 3% 7% 11%
Solution
Curing Time
013|728 3 28| 0 3 28 3 28

(day)

Figure 5-4, Figure 5-5, and Figure 5-6 show the results of the collapse test performed on 3, 7, and

11 percent mixture of MgCl> solution under varying curing time, respectively.
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Figure 5-4: Consolidation results of a test samples mixed with 3% MgCl> solution under

different curing time
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Figure 5-5: Consolidation results of a test samples mixed with 7% MgCI2 solution under

different curing time
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Figure 5-6: Consolidation results of a test samples mixed with 11% MgClI> solution under

different curing time

Many research has shown the ability of Magnesium Chloride on improving the properties of
different types of soils (Latifi et al., 2016; Latifi et al., 2016; Latifi et al., 2015). However, the
addition of MgCl to the collapsible soil, in case of 0, 1, 3, and 7 days curing time, has increased
the collapse potential. This can be explained as a dramatic decrease in the pH value of the pore
water due to the high solubility of MgCl, which lead to having more pores in the structure of the
soil as concluded from Chapter 4. In case of 11% addition of MgCl. to the system, the harsh acidic
environment reduces the pH level of system below 6 where sodic soil is going to be developed due

to the removal of CaCOs by acid from soil (EI-Swaify, 1973). Results have been presented in
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Figure 5-7. This graph shows that among all mixtures, 11% MgCl. has reduced the collapse
potential of the soil, even in the early stages of curing, by almost 50%. In case of addition of 3%
and 7% of MgCl. solution to the soil with no curing time, the collapse was increased by 60% and
20%, respectively. However, after 28 days of curing of soil sample mixed with 3% and 7% MgCl>
solution, the collapse was reduced by 17% and 50% comparing to the untreated soil sample,
respectively. Therefore, it can be observed that the curing has significant impact on the

collapsibility of the soil in lower percentages of MgCl> (3 and 7%).
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Figure 5-7: Collapse potential versus curing period for different amount of MgCl> solutions

Figure 5-8 illustrates the bar chart of the effect of different percentages of magnesium chloride

under varying curing time on collapse potential of the soil. In general, extending the curing time
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from 0 day to 1, 3, 7 to 28 days can reduce the collapse potential. In the early stages of the curing
time, Magnesium Chloride crystals fill the porous structure of the collapsible soil and dissolve in
water during the inundation which increase the collapse. However, as the time passes, the high
solubility of magnesium chloride results in adsorbing the water inside the voids of the soil and
producing acidic environment that destroys the cementing agents that hold the soil particles
together. This phenomenon will cause the soil structure to become weaker and undergo more
settlement during the early stages of collapse test prior to inundation. Therefore, the sudden
settlement of the soil during the inundation is reduced. In other words, addition of MgCl: to the

soil and curing the mixture, can significantly remediate the soil collapse problem.
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Figure 5-8: Collapse potential versus curing period for different amount of MgCl> solutions
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5.6 Summary

This study aims to provide a better understanding of the effect of Magnesium Chloride as one of
the most common de-icing agents and green stabilizers, on collapse potential. Collapsible soil
samples were collected from Okanagan-Thompson Valley and mixed with 3, 7, and 11 percent of
MgClI> solution to the dry weight of the soil. Moreover, five different curing durations (0, 1, 3, 7,
and 28 days) were defined to investigate the effect of this salt on the soil structure over the time.
Series of single oedometer tests were performed on each mixture to measure the collapse potential.
Result of this study indicates although excessive research has shown the improvement of soil
properties with the addition of low percentages of Magnesium Chloride, this solution increases the
collapse potential of the silty-sand collapsible soil due to the dramatic decrease in the pH of pore
water. The results of the collapse test for different percentages of MgCl. indicate that as the amount
of MgCl: increases, the harsh acidic environment caused by reaction between this salt and pore
water, destroys the soil collapsible structure. The soil mixture undergoes gradual settlement prior
to inundation due to the increase in surcharge pressure. As a result, the sudden settlement of the
soil during inundation (collapse) is less significant.

Comparing the results of the oedometer test for different curing time indicate the importance of
the curing time on the collapsibility. It shows that as the curing time increases, the crystals of
MgCl2 within the voids, adsorb the moisture from the soil and create an acidic environment in the
soil. The produced acid weakens the structure of the soil by destroying the cementing agents that
hold the soil particles together. Therefore, any small increase in the surcharge pressure of the soil,
without the addition of water, will lead to collapse. This phenomenon can be seen in the early
stages of the oedometer test where the addition of the pressure has a significant effect on the

settlement of the soil.
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This study helps to better understand the advantages as well as shortcomings of using MgCl, as a
soil stabilizer and a de-icing agent. The results show that as the percentage of MgCl and curing
time increase, soil collapse decreases. It can be concluded that lower percentages of MgCl. require
longer curing time to remediate the collapse potential. Therefore, among all the combinations of
MgCl; percentages and curing time, soil samples with 7% of MgCl> and 28 days curing time have

the best stabilization effect.
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Chapter 6: Conclusions and Recommendations

6.1  Summary and conclusions

Problematic soils are the origin of most geological hazards which lead to high cost of maintenance.
Collapsible soil is one of the types of problematic soils and the construction on this type of the soil
is a challenge for geotechnical engineers. Collapsible soil covers 10 percent of the earth’s land.
Understanding the collapse mechanism results in mitigating this problem, saving huge cost of
maintenance, and even saving human life. Therefore, this research highlights the key aspects
affecting the collapse by analyzing the macro and micro-mechanism of collapsible soils. The goal
of this dissertation is to provide a better understanding of the collapse phenomenon and the factors
affecting it. To fulfil this goal, the investigations included three main tasks: 1) understanding of
the collapse settlement by considering changes in internal and external energies of the soil as the
major cause for altering the equilibrium state of the soil; 2) analyzing the microstructure of the
collapsible soils and the effect of pore water chemistry on it; and 3) remediating the collapse by
using a green stabilizer. After finishing these tasks, the results were obtained and analyzed, and
the conclusions are summarized below:

A new approach to transform SWCC by constantly updating the total void ratio of the soil resulted
in a satisfactory correlation with applied pressure and collapsibility of soil. To verify, a series of
single oedometer tests were performed on the factors affecting the collapse such as dry density,
water content, and surcharge pressure. Experimental results proved that the collapsibility of the
soil is directly related to the suction, index of voids, and the total applied load on the soil. The

outcome of the first task can be used to predict the total collapsibility of the soil by knowing the
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void ratio and measuring the SWCC. Moreover, it can be used as an alternative method for a
suction-controlled collapse test which requires a significant amount of time to be performed.

The second task of this research showed the significant effect of pore fluid pH level and the
exposure time on the microstructure of collapsible soil. Based on the results of experimental work,
it was concluded that pretreatment of the soil under different pH levels increases the number of
micro and macropores within the soil structure. Moreover, Structure of the soil with pH level equal
to 5 showed the lowest porosity among all test specimens due to the effect of acidic environment
on the clayey-bonds between the particles. The acidic environment not only creates dispersion-
flocculation on the clay particles, it also dissolves CaCOs which weakens the chemical bonds
between the particles. These results were verified by analyzing the SEM images before and after
the collapse and measuring the pore-size distribution. The outcome of this task was adopted for
performing feasibility study of soil stabilizer to remediate collapse and the effect of a green-
stabilizer, MgCl., on collapse remediation could only be explained with the results of this task.
The final task of this study was to stabilize the soil to control its collapsibility. Therefore, the
effect of one of the most common green stabilizers as well as de-icing agents, Magnesium Chloride
(MgCl), on collapsibility of the soil was investigated. The outcomes proved that MgCl> can
improve the mechanical behavior of the collapsible soil in its dry condition. Due to the high
solubility of this chemical in water, during the consolidation test and saturation of the soil,
Magnesium Chloride dissolved into water and developed acidic environment with pH levels below
6. Based on the results of Chapter 4, desolvation of the soil particles as well as the cementing
agents between them in an acidic environment increased the collapsibility of the soil. Moreover, it
was concluded that increasing the curing time results in gradual settlement of the soil prior to

inundation which causes the reduction in the collapsibility of the soil during flooding.
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6.2  Originality and contributions

The research on understanding the behavior of collapsible soil has mainly focused on the factors
affecting the collapse. However, less attention has been given to the analysis of the soil
microstructure of collapsible soil as well as the change in stress-state of this type of soil during the
collapse test. In addition, by considering the global void of the soil, and constantly updating the
SWCC with void ratio, the transformed SWCC has been able to predict the complete hydraulic
path followed by a soil during mechanical loading. The outcome of the first part of this dissertation
provides an alternative to suction-controlled collapse test. Also, it will enable future researchers to
measure the suction value of the soil during the consolidation test which is not currently being
measured.

Pore-size distribution of the soil is one of the key features responsible for soil collapse which can
be significantly altered by pore water properties such as pH levels. Many studies have been done
to understand the effect of the pH level of the pore water on the properties of the soil, however, to
the author’s knowledge, there have been no investigations of collapsible soil. Therefore, this
research highlights the influence of different levels of pH on the microstructure and pore-size
distribution of the collapsible soil. The results are important to study the chemical remediation
methods for soil collapse.

Magnesium Chloride is one of the most common soil stabilizers which is being used extensively
as a de-icing agent. Previous studies have shown the capability of this chemical to improve the
properties of the problematic soils in their dry condition. However, there was still a gap in the
knowledge to check the feasibility of MgCl: in the reduction of collapse. This investigation studied

the effect of different percentages of MgCl> as well as the curing time on the collapse potential of
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subjected soil and showed the advantages and drawbacks of using this chemical on the

environment.

6.3 Limitations and recommendations

A few limitations and their recommendation for future studies have been listed in the Table 6-1

below:

Table 6-1: Limitations and recommendations

No. Limitation Recommendation

1 | The studies were performed only on collapsible The properties, chemical components, and structure

soil in the Okanagan. of collapsible soils are different based on their origin.
The studies should be performed on collapsible soils
from different locations to compare results.

2 | The collapsibility of the soil was investigated Future research can conduct the experiment under

through one-dimensional consolidation tests. cyclic loading. Moreover, the effect of freeze-thaw
on the soil suction, pore-size distribution, and

collapse potential can be studied.

3 | This research is limited to the experimental Field testing should be performed, and the efficiency
methods in the laboratory testing conditions. of the method should be compared to the current
techniques

4 | The effect of Magnesium Chloride on the collapse  Curing temperature has a significant impact on the
was only investigated at a certain temperature. soil stabilizer. The effect of Magnesium chloride can

be investigated at varying temperatures.
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Appendix A:

Regular Residual of Sheetl B
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Figure A-1: Regression assumptions analysis of Figure 3-21
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