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ABSTRACT

Starting in the mid-1900s, global warming has become one of the most serious alarming
environmental issues around the world. Scientists have been warning that one of the primary
effects of climate change is the disruption of the natural water cycle. It is believed that global
warming induces augmentation in the likelihood of more intense droughts and precipitation
events. Deserts and drylands form 39 —45% of the total earth’s land and are home to more than
4 billion people, where due to droughts and desertification, 12 million hectares are lost every
year. Severe land degradation affects 168 countries around the world. Recently arable land is
being lost at 30 to 35 times the historical rate, where approximately 1 ~ 6% of the drylands
inhabitants live in desertified areas and at least 1 billion people are under the threat of further
desertification. It was estimated that water scarcity affects more than 40% of the total global
population. Therefore, developing innovative water management technologies is essential to

mitigate land degradation and to combat desertification.

There is a compelling need for evaluating the flow of water through porous mediums
and the related surface-atmosphere boundary fluxes, where it directly linked to several practical
engineering applications such as prediction of expansive soil behavior, evaluation of pore
pressure in natural slopes or man-made embankments, water resources management. The flow
of moisture through a soil profile and the related soil-atmosphere fluxes are complex processes
that follow ambiguous mechanisms. In general, these processes are mainly controlled by the
demand and supply of fluid which depends on the boundary conditions, the ability of the porous
medium to transmit water which is related to the medium retention and permeability
characteristics (mainly the Soil Water Characteristics Curve [SWCC] and the Hydraulic

Conductivity Function [HCF]), and the vegetation cover.

The three factors are highly correlated and act like a closely-coupled system, where
accurate comprehensive and innovative techniques and methods to evaluate the above-

mentioned factors are in great need. This thesis aims at investigating the flow of water through
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unsaturated porous mediums and the related surface-atmosphere boundary fluxes mainly the
evaporation flux. In addition, as a step to combat desertification, the research identifies optimal
adaptations for a natural soil cover to enhance water conservation through natural and man-
made soil profiles. Four main objectives were delineated to achieve the aforementioned aim,
starting with the development of a novel full automatic system utilizing the Continuous
Pressurization Method (CPM) that allows concurrent, continuous, direct, and accurate
determination of the SWCC and the HCF in a remarkably short time. Furthermore, to propose
a sampling methodology and testing setup that allows for rapid, concurrent, continuous, direct,
and accurate determination of undisturbed samples SWCC and HCF. To formulate a conceptual
framework that elaborates the pore water pressure and suction profile development through soil
profiles under transient conditions. Finally, to identify the mechanism and dynamics in which
the textural contrast boundary and individual layer thickness affect the actual evaporation flux
and water storage through double-layered soil profiles. Consequently, the findings serve as a
basis for providing optimal adaptations for a natural soil cover that functions in a way to reduce
the actual evaporation rate and maximizes the water conservation capabilities, which can be
considered as an environmental-friendly natural approach to combat desertification in arid and
semi-arid areas, where the evaporation rates are extremely high and exceed the precipitation

rates (infiltration flux).

A novel automatic system that allows rapid, direct, continuous, and simple
determination of the SWCC for both remolded and undisturbed samples adopting the CPM was
developed, where the matric suction is measured under transient state (not equilibrium state).
Regardless of the applied air pressurization rate, the accuracy, precision, reliability, and
repeatability of the CPM system were confirmed. Where using the developed system, the drying
and wetting SWCCs can be obtained in less than 9% of the time required to obtain the same

SWCCs using the conventional Multi-Step Flow Method (MSFM).

The SWCC determination CPM system was extended to concurrently determine the
SWCC and the HCF. It was confirmed that the developed system is accurate with precise
repeatability, reliable, direct, and requires a short time and allows for concurrent determination
of the SWCC and HCF. However, a proper evaluation of the Ceramic Disk’s (CD) impedance
on the driving hydraulic head gradient is necessary. It was found that a correction function can
be systematically developed. The correction function then can be used to quantify the
impedance of the CD on the hydraulic gradient at the CD-soil interface, which has consequently

led to obtaining reliable accurate HCFs. It must be noted that regardless of the adopted air
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pressurization rate, the testing time required to concurrently obtain a full drying and wetting
SWCC and HCF is remarkably short which accounts for less than 7% of the time required to
obtain the same results using the conventional methods (MSFM for the SWCC and Steady-
State Method for the HCF). In addition, it turned out that the conventional MSFM concept
which assumes that the matric suction equals the applied air pressure once reaching the
equilibrium state results in a significant error that cannot be neglected. Therefore, considering
the pore water pressure when calculating the matric suction utilizing the axis-translation
technique is necessary. Furthermore, significant fluctuations in the measured air pressure and
pore water pressure utilizing the axis-translation technique were observed, which were found
to be directly related to the surrounding zone atmospheric pressure fluctuations. Consequently,
a correction reflecting the atmospheric pressure fluctuations influence on the calculated matric
suction values is not required when adopting the newly developed CPM system. While adopting
the conventional MSFM concept, the matric suction requires a correction factor in order to

ensure obtaining reliable and accurate SWCCs.

Using the developed CPM system, the results showed that under transient pressurization
conditions water gets lost non uniformly and from localized regions depending on the
pressurizing rate, tortuosity of the porous medium, and the CD’s hydraulic properties. The
matric suction distribution showed a relatively uniform and linear profile under high degrees of
saturation. However, the profile changed into higher-order non-linear by achieving low degrees
of saturation. Where the curvature and order of the suction profile are strongly related to the air
pressurization rate, the soil grading properties, and the CD’s saturated hydraulic conductivity

which reflects its capability of dissipating the accumulating pore water pressure.

Furthermore, it was confirmed that remolded samples do not properly represent the in-
situ conditions with significant discrepancies that should be carefully considered when
conducting analysis and proposing countermeasures against unsaturated soil-related Geo-
disasters. In order to assess the significance of the discrepancies resulting from considering
remolded samples in comparison to the undisturbed samples (natural conditions), numerical
simulations of the water movement through an unsaturated soil profile were carried out. The
significance of the difference on the flow patterns was confirmed. The proposed CPM system
considers testing undisturbed samples, where the proposed undisturbed sampling and testing
methodology can be used to accurately evaluate the spatial variations of the retention properties

regardless of the heterogeneity of the natural soil profiles.

IX



It turned out that regardless of the layering sequence through double-layered soil
profiles, the shallower the textural contrast boundary results in decreasing the duration and the
depth over which the drying front recedes during SII, in addition, it significantly suppresses the
thickness and severity of the desaturated zone corresponding to SII. For coarse overlying fine
soil profiles, water gets lost mainly from the large capillaries followed by the small capillaries
of the top coarse sand layer rather than the bottom fine sand layer’s water-filled capillaries
through SII. On the other hand, for fine overlying coarse soil profiles, even when the same
surface material is used and subjected to the same atmospheric conditions, the textural contrast
boundary depth significantly affects the capability of the porous medium to supply sufficient
amount of water to the surface to maintain relatively high actual evaporation rates. It was found
that the end of SII is strongly linked to the dissipation of the introduced capillary pressure from
the top fine soil layer to the bottom coarse sand layer associated with the arrival of the drying

front to the surface of the bottom coarse sand layer.

It was found that regardless of the atmospheric conditions and the sequence of layering
(coarse overlying fine and fine overlying coarse sand profiles), the shallower the textural
contrast boundary results in higher water conservation capabilities during the first and second
stages of evaporation (SI and SII). Based on that, an optimal natural soil cover that functions in
a way to reduce the actual evaporation rate and maximizes the water conservation capabilities
was proposed. The cover considers minimizing the duration of the constant evaporation stage
and the falling rate stage (SI and SII). The duration of the SI can be minimized by breaking the
hydraulic connection between the drying front and the soil surface as early as possible, where
an environmentally friendly material with relatively small characteristics length provides the
shortest duration of SI. Meanwhile, SII can be controlled by changing the depth of the textural
contrast boundary, where the shallower the textural contrast boundary results in decreasing the
duration of SII, the depth over which the drying front recedes during SII, and significantly
decreases the thickness and severity of the desaturated zone. Which in turn significantly
suppresses the amount of water loss during the second stage of evaporation through both the
top and bottom soil layers. It was found that regardless of the sequence of layering in double-
layered soil profiles, configurations with small ratio (top layer to the bottom layer residual water
content ratio multiplied by the top layer to the bottom layer thicknesses ratio) exhibit higher

water conservation capability during SII.
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CHAPTER 1

INTRODUCTION

Starting in the mid-1900s, global warming has become one of the most serious alarming
environmental issues around the world. It refers to the extreme changes in the Earth’s climate.
Scientists have been warning that one of the primary effects of climate change is the disruption
of the natural water cycle. Since everyday life and planning is controlled by the hydrological
system, it is important to properly understand the impact that the climate change is having and

will have on drinking water supplies, sanitation, food, and energy production.

One of the sharpest observations on the water and climate changes came from the launch
of the Water Disclosure Project (WDP, 2009), which aimed at global businesses and
stakeholders, where the project’s CEO stated that “Much of the impact of the climate change
will be felt through changing patterns of water availability, with shrinking glaciers and changing
patterns of precipitation increasing the likelihood of droughts and floods. If climate change is
the shark, then water is its teeth and it is an issue on which businesses need far greater levels of

awareness and understanding.”

Droughts, intense rains, and floods occur naturally and involve many factors including
geography, however, the climate change can exacerbate these events. According to scientists
from the Intergovernmental Panel on Climate Change (IPCC, 2014), it is likely that
anthropogenic influences have affected the global water cycle since the 1960s. Such effects
induce augmentation in the likelihood of more intense droughts and precipitation events. As
elucidated in Fig. 1.1, higher average temperatures induce warmer air that can hold more water

resulting in extreme droughts in some areas and heavy torrential precipitation and possible



flooding in others. The back-and-forth between precipitation extremes is sometimes described
as “drought and deluge” or “precipitation whiplash”. The changing patterns of temperature and
precipitation distribution are elucidated through Fig. 1.2 and Fig. 1.3 for all seasons (winter,

spring, summer, autumn).
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Fig. 1.1: Average temperature anomaly around the world (1880 — 2020).
[http://data.giss.nasa.gov/gistemp/graphs/]

1.1 Climate changes and droughts (Desertification)

Desertification is generally described as the land degradation in arid, semi-arid and sub-
humid areas resulting from various factors, including climatic variations and human activities.
A region is classified as an arid region when it is characterized by a severe lack of water up to
the extent of preventing the normal development of the ecosystem. Two of the most widely
accepted definitions are those of the Food and Agricultural Organization (FAO) and the United
Nations Convention to Combat Desertification (UNCCD). The FAO has defined drylands as
those areas with a Length of Growing Period (LGP) of 1-179 days, this includes regions
classified climatically as arid, semi-arid, and dry sub-humid regions. The UNCCD
classification employs the Aridity Index (AI) which indicates the ratio of the annual
precipitation to the potential evapotranspiration (P/PET). Under the UNCCD classification,
drylands are characterized by a (P/PET) ranging between 0.05 and 0.65.
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Fig. 1.2: The changing patterns of land and ocean temperature during the four seasons (winter, spring, summer, autumn) (September, 2018 with respect to
1981 — 2010 base period). [National Centers for Environmental Information (14th March, 2018)]
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Fig. 1.3: The changing patterns of precipitation during the four seasons (winter, spring, summer, autumn) (September, 2018 with respect to 1981 — 2010

base period). [National Centers for Environmental Information (14th March, 2018)]



The United Nations has periodically focused on desertification and drylands, notably
adopting the Convention to Combat Desertification (CCD) in 1992 and designating 2006 as the
international year of the desert and desertification. Recently, desertification has become one of
the most global alarming environmental problems. As mentioned by the UNCCD (2017),
deserts and drylands form 39 —45% of the total earth’s land and are home to more than 4 billion
people, where due to droughts and desertification, 12 million hectares are lost every year which
equals to 23 hectares per minute on average. Fig. 1.4 demonstrates the drylands distribution

around the world.

It has been estimated that two billion hectares of productive lands across the world have
degraded (covers area larger than South America). Whereas reported by the UNCCD, severe
land degradation affects 168 countries around the world. Recently arable land is being lost at

30 to 35 times the historical rate.

1.2 Desertification vulnerability

Due to the low water content of the natural soil profiles, drylands are highly vulnerable
to natural and human destruction. However, it is important to indicate that land degradation and
desertification can affect all regions around the world. It has been estimated that during the last
4 decades, about one-third of the total earth’s arable land was lost. Where about 10 million
hectares of arable land are still getting lost annually. Fig. 1.5 illustrates the global desertification

vulnerability.

High population growth rate subjects the existing natural resources mainly soil, water,
and vegetation to extensive use trends. Which in turn puts humanity under an increasing
pressure to gain access to other natural resources or provide innovative ways to save the existing
resources. Through the last two centuries, humans have converted 70% of the world’s grassland,
50% of the Savannah, 45% of temperate deciduous forest, and 27% of the tropical forest into
farming and grazing areas (UNCCD, 2014). Every year 19.5 million hectares of agricultural
lands are lost as a result of extending the center of urban lands and the industrial development.
The direct total losses due to land degradation are estimated to be about 66 billion US dollars
per year (UNCCD, 2014). Fig. 1.6 shows the proportion of degraded lands to the total earth’s

free-ice land.
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Fig. 1.4: Drylands distribution around the world. [UNCCD, 2017]



Unfortunately, extreme hunger and malnutrition form a huge barrier to the sustainable
development of many countries. Approximately 1 ~ 6% of the drylands inhabitants live in
desertified areas where at least 1 billion people are under the threat of further desertification
(Holtz, 2007). Estimations indicate that 795 million people are chronically undernourished as
a direct consequence of land degradation, soil fertility declination, unsustainable water use,

droughts, and loss of biodiversity (UNCCD, 2014).
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1.3 Water scarcity and global warming

As a result of the low precipitation rates in addition to the uneven distribution of fresh
water around the world, water scarcity affects more than 40% of the total globe population (UN
FAO, 2007). Where more than 1.7 billion people live on river basins where water usage rates
highly exceed the recharging rates. Conventional water treatment methods are costly in terms
of energy and money. As estimated by the UNCCD, by 2050 at least 25% of the humans will
be living in a country affected by chronic or recurring shortages of water. Fig. 1.7 shows the
Global projections of dynamic water scarcity, corresponding to the duration between 2010 and

2050.
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Fig. 1.7: Global projections of dynamic water scarcity, (2010 — 2050). [UNCCD, 2017]

1.4 Climate changes and extreme precipitation

Several studies reported that climate changes have created conditions that made
torrential rainfall more likely to happen, leading to several recent devastating flooding events
and inducing severe landslides. David Petly (2012) evaluated a set of data covering a period of
7 years starting from 15 January 2004 to 315 December 2010 excluding co-seismic induced
landslides. The study revealed that in total, 2620 non-seismic fatal landslides were recorded
worldwide during the covered period, causing a total of 32322 recorded deaths. Fig. 1.8 shows

the occurrence of non-seismically induced landslides (2004 — 2010), in addition to the



cumulative total recorded events. While Fig. 1.9 illustrates the annual total number of recorded
landslides (2004 — 2010) associated with the number of recorded fatalities (David Petly, 2012).
The spatial distribution of fatal landslides is illustrated in Fig. 1.10. A study done by Saito et al.
(2014) considering a sample of 4744 rainfall-induced shallow landslides through Japan
covering the period starting from 2001 to 2011, revealed that the spatial distribution pattern of
these landslides has a clear latitudinal gradient that roughly mimics the distribution of the mean

annual rainfall during the period ranging from 2001 to 201 1as elucidated in Fig. 1.11.
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Fig. 1.8: The occurrence of non-seismically triggered landslides (2004 — 2010), and the cumulative
total of recorded events. 5-day bins, and 25-day running mean. [David Petly, 2012]
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Fig. 1.9: Annual totals for the landslide data set, showing number of
recorded landslides and number of associated fatalities. [David Petly, 2012]
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Fig. 1.10: Spatial distribution of fatal landslides. Each dot represents a single landslide.
[David Petly, 2012]
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1.5 Combating desertification

The seriousness of the desertification issue is recognized by the Convention to Combat
Desertification (CCD), the Convention on Biological Diversity (CBD) and the United Nations
Framework Convention on Climate Change (UNFCCC). The new partnership for Africa’s
development also has strongly asserted the significant need to combat desertification as an

essential component of poverty-reduction strategies. Debates about desertification have been

10



fueled by alarming articles in the popular media about “encroaching deserts”, reinforced by a

series of droughts from the 1960s through the 1980s (Reynolds and Stafford Smith, 2002).

The UNCCD defined the Land Degradation Neutrality (LND) as: “the amount and
quality of land resources necessary to support the ecosystem functions and services and enhance
food security to remain stable or increases within specified temporal and spatial scales and
ecosystems. This can only be achieved by reducing land degradation through sustainable land
management and ecosystem and land restoration.” Achieving Land Degradation Neutrality will
deliver many co-benefits varying from combating climate changes to ensuring the security of

the demographic and economic growth.

“Every land-use decision is a water-use decision” (UNCCD, 2014). Consequently,
providing innovative water management technologies is essential to land degradation and
desertification combating and mitigation. Due to the high complexity of the interactions
between climate changes, land degradation, and the huge imposed impact on the ecosystem,
achieving the LND and the sustainable development requires smarter integrated approaches that
can be applied through a much larger scale from different wider aspects. Securing the
communities and the ecosystem requires the societies to creatively mitigate and overcome the

obstacles through innovative approaches.

1.6 Water flow through porous mediums and the related boundary fluxes

The need for predicting the flow of water through porous mediums and the related
surface-atmosphere boundary fluxes has been addressed by hydrologists, climatologists, and
agricultural scientists. Recently geotechnical engineers are increasingly being faced with
analytical and practical problems which require the evaluation of fluid transfer through soil
profiles and the related soil-atmosphere boundary fluxes. Several applications were reported by
many researchers such as design of soil cover systems in mine reclamation (Yanful et al., 1993;
Aubertin et al., 1996), prediction of expansive soil behavior, evaluation of pore pressure in
natural slopes or man-made embankments, water resources management and so on (Wilson et
al., 1994; Murakami et al., 2002; Blight, 2002, 2003; Yanful et al., 2003). Fig. 1.12 illustrates
some problems categories that require proper and accurate determination of the water flow
through soil profiles and the related boundary soil-atmosphere fluxes. It is well known that
significant large variations in the pore water pressure often occur near the ground surface.

Generally, the soil extending between the ground surface and the water table commonly referred

11



to as the Vadose zone or Film region or Unsaturated zone, is always in a state of transition
where the pore water pressure fluctuates as a function of the fluid flow and the boundary

conditions.

The flow of water through a soil profile and the related soil-atmosphere fluxes are
complex processes that follow ambiguous mechanisms. In general, these processes are mainly
controlled by three factors. To begin with, the demand and supply of water which depends on
the boundary conditions, atmospheric conditions in this case, including humidity, temperature,
net radiation and velocity of ambient air. Furthermore, the ability of the porous medium to
transmit water which is a function of the permeability and retention characteristics of the soil.
Finally, vegetation where depending on the density and type of vegetation the root uptake flux
varies significantly. The three aforementioned factors are highly correlated and act like a
closely-coupled system. In order to accurately predict and evaluate the water flow through soil
profiles and the related soil-atmosphere boundary fluxes, accurate comprehensive techniques
and methods to determine and evaluate the above-mentioned factors are in great need. The soil-
water status is highly related to the soil-atmosphere fluxes especially the evaporation and
infiltration fluxes which basically are functions of the demand and supply. The downward

movement of water into soil profiles is referred to as the infiltration flux. While the evaporation
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Fig. 1.12: Categorized problems that require proper determination of the water flow through soil

profiles and the related boundary soil-atmosphere fluxes.
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flux is a phenomenon where soil water is converted from liquid to vapor (vaporization) and get
lost from natural and irrigated lands. The mechanism of infiltration is relatively well understood
and widely discussed (Eagleson, 1978) with fewer ambiguities. In contrast, the mechanism of
evaporation from the soil surface is not completely understood yet and full of ambiguities. It
must be noted that in arid and semi-arid regions the evaporation rate is extremely high and
greatly exceeds the precipitation rate. Therefore, the evaluation of the evaporation flux can
significantly improve the energy balance and water cycle modeling, besides that it contributes
significantly to the enhancement of the water resources management. In addition, the proper
determination of the porous medium permeability and retention characteristics is of great
importance to properly evaluate the ability of the porous medium to transmit water. However,
the available determination techniques are in general limited due to the testing complexity, cost
and prolonged required testing time. Among those characteristics, the Soil Water
Characteristics Curve (SWCC) and the Hydraulic Conductivity Function (HCF) are key indices

in analyzing unsaturated soil relations.

1.7 Research objectives and original contributions

This thesis aims at investigating the flow of water through unsaturated porous mediums
and the related surface-atmosphere boundary fluxes mainly the evaporation flux. In addition,
as a step to combat desertification, the research identifies optimal adaptations for a natural soil
cover that functions in a way to reduce the actual evaporation rate from bare soil surfaces as
well as maximizing the water conservation capabilities of soil profiles. In order to achieve the

aim of this thesis, the following objectives are considered:

I- To develop a novel full automatic system utilizing the Continuous Pressurization
Method (CPM) that allows concurrent, continuous, direct, and accurate determination
of the SWCC and the HCF in a remarkably short time.

2- To propose a sampling methodology and testing setup that allows for rapid, concurrent,
continuous, direct, and accurate determination of undisturbed samples SWCC and HCF.

3- To formulate a conceptual framework that elaborates the pore water pressure and
suction profile development through soil profiles under transient conditions (continuous
pressurization/depressurization of air pressure). Followed by experimental validation of

the proposed framework.
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4- To identify the mechanism and dynamics in which the textural contrast boundary and
individual layer thickness affect the actual evaporation rate and water redistribution
through double-layered soil profiles. Where the findings serve as a basis for providing
optimal adaptations for a natural soil cover that functions in a way to reduce the actual
evaporation rate and maximizes the water conservation capabilities, where it can be
considered as an environmental-friendly natural approach to combat desertification in
arid and semi-arid areas.

Fig. 1.13 illustrates the significant contributions of the aforementioned objectives to the
desertification combating process. Where every objective plays a specific role that enhances
understanding and evaluating one of the three parameters that control the mechanism of water

flow in unsaturated soil profiles as mentioned in section 1.6.

Factor 1
/V Demand and supply

Function of the boundary conditions

Ability of the porous medium to transmit water ’4_

Factor 2
Function of permeability and retention characteristics of the porous medium

Factor 3

A ~ Vegetation A
Function of the density and type of vegetation = the root

uptake flux varies significantly

Original contributions

I_Retention characteristics = Development of rapid, direct, |
and continuous SWCC determination system |

Il el it s il g
e

Fermeability characteristics = Development of rapid, direct,,

L and continuous HCF determination system

| 7 Influence of the disturbance on the permeability and |

retention characteristics determination reliability

I Textural contras boundary through heterogeneous layered I
soil profiles = dynamics of the actual evaporation flux and
water redistribution

Optimal natural soil cover
= to reduce the actual evaporation rate

= to maximize the water conservation capabilities

Fig. 1.13: Original contributions of the thesis to the desertification combating process.
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1.8 Framework and outlines of the thesis

In order to achieve the above-mentioned objectives and scopes, this dissertation is
organized in seven chapters following the framework presented in Fig. 1.14. The outlines of

each chapter are briefly described as follows:

Chapter 1 briefly highlights the desertification phenomenon and the scale at which it
threatens the humanity and the ecosystem by disrupting the natural water cycle. The definition
of land degradation and desertification are discussed accompanied with statistical records
demonstrating the drylands distribution, desertification vulnerable lands, related water scarcity,
global warming issues, and some desertification combating concepts. Consequently, the
necessity to combat the desertification is discussed concluding with the vital role and need to
accurately evaluate the water flow through unsaturated mediums and the related soil-
atmosphere (boundary) fluxes. The proposed aim, objectives, and scopes of this thesis are
reported. In addition, the original contributions of this study and the framework of the thesis

are presented.

Chapter 2 provides a brief literature review illustrating the research that has been carried
out in relation to the scopes considered in this thesis. The chapter is divided into three main
sections, where the first section discusses the recently reported work considering the SWCC
including the hysteresis phenomenon, existing direct measurement techniques, and SWCC
determination models. The second section deals with the HCF including the existing HCF direct
determination techniques and the existing HCF obtaining models. While the last section
highlights the evaporation flux issue including the affecting factors, measurement of soil
evaporation, and methods to determine evaporation rate. The literature review clearly confirms
the issues and limitations that need to be solved, consequently confirms the necessity of the

research presented in this dissertation.

Through chapter 3, a novel SWCC determination technique and system utilizing the
CPM are developed. The theory, assumptions, experimental setup, testing methodology,
validation of the system, accuracy, repeatability, advantages, and limitations of the developed
system are thoroughly discussed. In addition, the pore water pressure measurement necessity
when using the axis-translation technique is discussed and confirmed. Finally, factors affecting
the SWCC determination utilizing the CPM and the optimum testing conditions are investigated

and validated.
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Chapter 4 presents the development of the direct rapid concurrent SWCC and HCF
determination CPM based system. The theory, assumptions, experimental setup, testing
methodology, validation of the system, accuracy, repeatability, advantages, and limitations of
the developed system are thoroughly discussed. In addition, the pore water pressure and matric
suction profiles redistribution under transient conditions (CPM) are investigated, where the
results were used to validate the proposed HCF calculation theory. Finally, the CD impedance
on the HCF determination is evaluated, consequently, a correction function that enhances the

accuracy and reliability of the proposed HCF determination method is proposed and validated.

Following the urge necessity for developing innovative sampling and testing techniques
that consider preserving the natural conditions of the tested sample, Chapter 5 focuses on the
development of a sampling methodology and a novel full automatic system adopting the CPM
that allows for continuous, direct, and accurate determination of undisturbed samples SWCC
and HCF in a very short time. The theory, assumptions, experimental setup, testing
methodology, validation of the system, accuracy, repeatability, advantages, and limitations of
the developed system are presented. In addition, the reliability and discrepancies resulting from
adopting remolded samples in comparison to undisturbed samples are discussed thoroughly.
Furthermore, the significance and scale at which the discrepancies affect the reliability was

confirmed using numerical evaluation of a water flow (infiltration) case.

Chapter 6 presents the mechanism and dynamics in which the textural contrast boundary
and individual layer thickness affect the actual evaporation rate and water storage through
double-layered soil profiles. In addition, the evaporation dynamics considering the influence of
the textural contrast boundary presence on the vapor diffusion and the receding front depth
through the falling evaporation rate stage are elaborated. Finally, an environmental-friendly
approach to combat desertification in arid and semi-arid areas was proposed, where the
approach adopts optimal adaptations for a natural soil cover that functions in a way to reduce

the actual evaporation rate and maximizes the water storage capabilities through soil profiles.

Chapter 7 summarizes the main findings of this dissertation and delineates the
remaining issues to be solved and define goals for future research issues and scopes that need

to be investigated in relation to this research main theme.
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CHAPTER 2

LITERATURE REVIEW

2.1 Introduction

The soil, water, and air interaction is a complex process that occurs all the time in nature.
In order to provide optimal adaptations for natural soil covers, or to facilitate the
implementation of the Self Watering System (SWS) (Liu et al., 2018) to combat desertification,
a series of inputs are required such as the Soil Water Characteristics Curve (SWCC), and the
Hydraulic Conductivity Function (HCF). This chapter is divided into three main sections, the
first section discusses the existing conventional SWCC determination techniques and models.
While the second section presents the existing HCF conventional determination techniques and
models. The factors affecting the actual evaporation flux, the existing actual evaporation
measuring techniques, and the actual evaporation calculating models and their limitations are
elucidated through the third section. Finally, based on the literature review, the problems and

limitation that need to be solved are addressed.

2.2 Soil water characteristics curve

Several names are used in literature to describe the water retention ability of a soil
medium such as Soil Water Characteristic Curve (SWCC), Water Retention Curve (WRC)
(Sillers and Fredlund, 2001; Bachmann, 2002; Fredlund et al., 2002; Gitirana and Fredlund,
2004; Assouline, 2006), Soil Moisture Retention Curve (SMRC) (Kovacs, 1981), Pedotransfer
Function (PTF) (Bell, 1996; Wagner, 2001), and Soil Water Retention Curve (SWRC)

(Comegna, 1998). The SWCC describes the amount of water (volumetric water content,
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gravimetric water content or degree of saturation) retained in a soil medium at a given range of
suction values (osmotic suction, matric suction [commonly used in engineering]) (Williams,
1982), where numerous research has been done on this unique function. The SWCC is widely
used in various geotechnical, geo-environmental, and agricultural engineering aspects. The
SWCC is a key index that is commonly used when considering unsaturated soil hydrological
properties (water and solute movement, water storage, HCF estimation, and design of soil cover
systems) and unsaturated soil mechanical properties (slope stability, landslides, and erosion)

(Klute, 1986 a; Fredlund et al., 1996).

Fig. 2.1 illustrates a typical initial drying and main wetting SWCCs. The drying curve
is assigned for the SWCC representing the desaturation process, while the wetting curve is used
to describe the saturation process (wetting process). For the drying curve, the Air Entry Value
(AEV) [y4], which is also called the bubbling pressure, is defined as the matric suction at which
air invades the largest pores within the soil during the drying process (Brooks and Corey, 1964;
1966). Gradually increasing the matric suction does not trigger any reduction in the Volumetric
Water Content (VWC) until reaching the AEV, where within this zone the VWC maintains
almost a constant value (saturated water content, ;). It must be noted that in some cases the
water content decreases within this zone, wherein this case the AEV cannot be clearly defined.
Once exceeding the AEV, the VWC steadily decreases by increasing the matric suction
gradually until reaching the residual water content (6,). The residual water content is defined as
the water content at the residual state. During this stage, the water phase is discontinuous, where
further increase in the suction value induces slight changes in the VWC. The suction value
corresponding to the residual VWC is called the residual suction (). On the other hand,
considering the wetting curve, the matric suction is reduced gradually allowing the water to fill
the pores. Where the water entry value () indicates the matric suction value at which the
VWC of the soil starts to increase (Yang et al., 2004). The AEV and the water entry value are
commonly determined using the tangent method that was proposed by Brooks and Corey (1964)
as illustrated in Fig. 2.1. Two tangents touching the inflection points are drawn. The point where
the two tangents intersect defines the AEV, water entry value, residual suction, and the
corresponding VWCs. It must be noted that for soil types with high plasticity index or high clay
contents, the saturated water content and the AEV are generally high. Fredlund and Xing (1994)
reported that many factors such as the stress history, wetting and drying cycles, and the

confining pressure affect the shape of the SWCC.

20



0, AEV (y,)

Volumetric water content (0)

Suction () [Logarithmic scale]
Fig. 2.1: Typical initial drying and main wetting SWCCs. [Yang et al, 2004]

2.2.1 Hysteresis of the soil water characteristics curve

The SWCC is a unique function of the micro pore-network, however, in general, it
exhibits different behavior when considering the drying phase in comparison to the wetting
phase. Where for the same suction value, the water content corresponding to the drying SWCC
is normally higher than the water content corresponding to the wetting SWCC. This
phenomenon is referred to as the SWCC hysteresis or the hydraulic hysteresis. Fig. 2.2
illustrates the hysteresis of the SWCC. The main boundary drying curve corresponds to the
drying from a fully saturated state until achieving the residual VWC, while the main boundary
wetting curve indicates the wetting of the medium starting from the residual VWC. If the
wetting or the drying phase commences from any point on the main drying or wetting curves,
the new SWCC (scanning curve) will lie within the region enclosed by the main boundary
wetting and drying curves. There is an infinite number of scanning curves that lie inside the
hysteresis loop. Despite that the characteristics of the hysteresis of the SWCC have been
discussed widely in literature, the hysteresis of the SWCC is assumed to be neglected in the
practical engineering and agriculture aspects. It must be noted that many researchers indicated
the importance of considering the hysteresis of the SWCC when predicting water and solute

flow and slope stability analysis (Mitchell and Mayer, 1998; Heinen and Raats, 1999).
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Fig. 2.2: Scanning curves and the hysteresis phenomenon of the drying
and wetting SWCCs. [Pham et al, 2005]

Several studies investigated the reasons that the hysteresis might be attributed to (Bar-
Hillel, 1980; Lu and Likos, 2004). Some of the reasons addressed in the literature are

summarized as follows:

1- The ink-bottle phenomenon (Haines, 1930), defined as irregularities in the void space
distribution. Generally irregular shaped voids that are interconnected by micro-passages.

2- The contact angle phenomenon, where the radius of curvature and the contact angle are
greater in the case of an advancing meniscus in comparison to the receding meniscus.
Therefore, a given water content induces larger suction value during the desorption in
comparison to the absorption state.

3- The air entrapped in the blind (dead-end) pores, which causes a reduction in the water
content when wetting the soil.

4- Capillary condensation phenomenon, where it leads to an early start of the wetting process
at relatively low water contents.

5- Swelling, shrinkage, thixotropic gain, and aging depending on the wetting and drying
history of the soil.

Various models elucidating the hysteresis of the SWCC were proposed, Pham et al.
(2005) reviewed 28 models and categorized them into two groups, physically-based models
(domain models), and empirical models. For the first group (domain models), the domain is

considered to be independent, where its behavior does not depend on the adjacent domains. The
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behavior of a particular pore depends only on a specific range of suction values. Among those
independent models, Mualem (1973) model in which only the primary drying and wetting
curves are required to predict the hysteresis within the primary hysteresis loop is widely
accepted. Mualem (1974) subsequently modified the model and proposed a new physical
interpretation of the independent domain theory. Pham et al (2005) reported that among the
existing models, Feng and Fredlund (2003) empirical model provides accurate results when
predicting the main (boundary) SWCC, while Mualem (1974) model results in an accurate
prediction of the scanning SWCCs.
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Table 2.1: The SWCC determination techniques. [Lu and Likos, 2004]

{4
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2.2.2 SWCC measurement techniques

SWCC determination techniques vary widely in terms of cost, complexity, testing time
and effective measurement range. The existing techniques can be generally categorized into
either laboratory or field methods and differentiated by the measured component of suction.
The measured component can be either osmotic or matric suction. For the matric suction
measurement, techniques can be further classified into two methods, the first one considers
measuring both the water content and the matric suction in the soil specimen, while the second
method adopts controlling either the suction or the water content while directly measuring the
other one (Lu and Likos, 2004). Table 2.1 summarizes the common SWCC determination
techniques illustrating their applicable suction component, approximate measurement range,
applicability in the laboratory or field, and pertinent references. Fig. 2.3 shows a comparison of

the approximate suction measurement ranges of the existing techniques.

Considering the matric suction determination techniques, tensiometers are used to
directly measure the negative pore water pressure. While the contact filter paper technique relies
on measuring the equilibrium water content of small filter papers in direct contact with an
unsaturated soil specimen. Electrical or thermal conductivity sensors are used to indirectly
relate the matric suction to the electrical or thermal conductivity of a porous medium. Among
those methods, the axis-translation technique (Richards, 1941) has contributed significantly to
the measurement and control of suction in unsaturated soil laboratory tests. Where it refers to
the practice of elevating the pore air pressure while maintaining the pore water pressure at a
reference value through the pores of a saturated high AEV interface (membrane, plate, disk),
consequently, allows direct control of the matric suction. During the drying phase, drainage
continues until the water content of the specimen reaches an equilibrium with the applied matric
suction, which is recorded as the difference between the water pressure on one side of the
interface (typically atmospheric), and the pore air pressure on the other side of the interface.
Several increments of air pressure may be applied to generate several points along the drying
curve of the SWCC. On the other hand, the wetting phase is carried out by reversing the water
flow (into the sample) by reducing the applied air pressure. Fig. 2.4 shows a schematic diagram
elucidating the axis-translation operation mechanism. The pressure plate extractor and the
Tempe cells are the most commonly used setups adopting the axis translation technique. For
the pressure plate extractors, several samples are placed on the top of the high AEV interface
such that the pore water pressure is in equilibrium with water pressure within the water reservoir

beneath the high AEV interface as illustrated in Fig. 2.5.
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Fig. 2.5: Pressure plate extractor (Axis-translation technique).

While for the Tempe cells, only a single specimen is placed directly into the cell as
elucidated in Fig. 2.6. Where utilizing this technique, several discrete data points comprising
the SWCC can be determined by incrementally increasing the air pressure and waiting until
achieving the equilibrium state for each step where no more water flows out of or into the

sample. Finally, the setup is disassembled and the final water content of the specimen is

determined in order to deduce the VWC at the end of each pressure increment.
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Fig. 2.6: Tempe cell (Axis-translation technique).

On the other hand, for the total suction determination techniques, humidity
measurement devices include thermocouple psychrometers, chilled-mirror hygrometers, and
polymer resistance/ capacitance sensors. Humidity control techniques include isopiestic or
setups utilizing same pressure technique (humidity control using salt solutions) and two-
pressure technique, also known as divided-flow humidity control. The noncontact filter paper
method is an indirect humidity measurement technique that relies on determining the
equilibrium water content of small filter papers sealed in the headspace (in contact with the
vapor phase) of an unsaturated specimen. SWCCs are generated by measuring the equilibrium

water contents corresponding to the applied suction conditions.

In general, the existing matric and total suction determination techniques generate a
series of discrete data points, water content corresponding to the measured (or controlled)
suction, that fall along the soil-water characteristic curve. The resulting characteristic curve
corresponds to either a wetting or drying process depending on the adopted absorption or

desorption process.
2.2.3 SWCC models

Several models describing the highly non-linear SWCC were developed. These models
can be divided into two main groups, the empirical models' group, and semi-physical models
group. The empirical models' group are mathematical expressions that are used to reproduce
the SWCC. Among the existing empirical models, Brooks and Corey (1964) model, the Van
Genuchten model (1980) and Fredlund and Xing model (1994) are commonly used in
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geotechnical engineering applications. Those models provide continuous SWCCs using a
mathematical formula based on experimentally determined results, where at least 5 discrete
points (suction, VWC) are required to determine the SWCC. On the other hand, the semi-
physical models rely on a database of measurements classified as a function of basic simple soil
physical properties such as the particle size distribution curve, bulk density, porosity, and
organic matter in order to predict and reproduce the SWCC. These models are usually called
Pedotransfer Functions (PTFs), which are usually generated based on statistical data or trained
neural networks (Kovacs, 1981; Haverkamp et al., 1986; Aubertin et al., 1998). Some of the

existing models that can be used to produce the SWCC are listed in Table 2.2.

Table 2.2: SWCC determination models.

Model Mathematical expression Parameters
_0-06 B B, D: Empirical
_________ e O Y Th— ey P cocfficiens
1 ) .
Burdine (1953) Se = 2 a,clgétl?figférrl{[csal
__________________________________________________ (It(ep) ) m  TTTTR
_ / o, n: Empirical
_________ e O T Tratyl . cocffiiens
1 .
S, = —— a, n: Empirical
Brutsaert (1966) 1+ % )n coefficients
_______________________________________________________________ T
Campbell (1974) ¥ _ (;) b: Empirical coefficient
__________________________________________________ Wa _ \Ys /.
.1 a, n: Empirical
L Muaem(976)  Se=(1(ay)™) TR coefficients
Mckee and Bumb (1987) Se = exp [ 5 ) b: Empirical coefficient
S noo, 7 Fn(x): the complementary
S.=F, In( Tim ) / normal distribution
Kosugi (1994) a function, #: dummy

variable, while 4, and o

0o _ 42
F,(x)= ; / exp( Tt) dt arethe mean and standard
V2m Sy deviation of /n(h)

*Where S. is the effective saturation, 8 is the VWC, w (or /) is the matric suction, y, is the air entry
value, 6, is the residual VWC and 6; is the saturated VWC.

In Brooks and Corey model (1964), Van Genuchten model (1980) and Fredlund and
Xing model (1994), the SWCC expresses the relation of the soil suction to the normalized VWC,

which is defined as follows:

e = s 2.1
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where O is the normalized water content, 6 is the VWC, 6 is the saturated VWC, and 6, is the
residual VWC. It must be noted that when the VWC of the tested sample approaches 9., the
normalized water content @ approaches zero. On the other hand, @ approaches unity when 6

approaches 6.

1) Brooks and Corey model (BC)

BC model is one of the widely used models and is expressed as follows:

1 y>y,
@/ [%/ <y, 2.2

where . is the air entry value, Aac is the pore size distribution index, and y is the suction. The
parameter (Apc) reflects the rate at which the VWC decreases as a function of the suction.
Generally, large Apc values indicate a relatively uniform pore size distribution within the

specimen.

2) Van Genuchten model (VQG)
VG model is one of the commonly used models developed by Van Genuchten (1980) to predict
the SWCC by improving the model proposed by Burdine (1953), the VG model is expressed as

follows:

_ 1
@_[1+(-avh)"‘*]’"" 23

where a,, n, and m, are fitting parameters. The model adopts a typical sigmoidal shape and
capable of effectively and smoothly capturing the inflection (transition) at the AEV and the
residual suction value, where the fitting parameters provide great flexibility over a wide range
of suction values. ayis related to the AEV and mathematically is expressed as the inverse of the
AEV (pressure). n, is a function of the pore size distribution and reflects the slope of the SWCC.
While m, is related to the symmetry of the SWCC sigmoidal curve shape, where it is constrained

and usually expressed as a function of ny as follows:

my=1— % 2.4

ny

-7 — L
my=1 I 2.5

3) Fredlund and Xing model (FX)
Fredlund and Xing developed a model on the basis of the pore size distribution to predict the

SWCC that is expressed mathematically as follows:
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] mrx
@:65 C(W) ln[e+(l///a,cx)n”] / 2.6

where  is the total soil suction, e is the natural logarithmic constant, while arx, nrx, and mrx
are fitting parameters. arx reflects the AEV of the soil, nxxis related to the slope at the inflection
point of the SWCC, mprx corresponds to the residual VWC, while C(y) is a correction factor
that forces the SWCC through a prescribed suction value of 10% kPa when reaching zero VWC

value and can be obtained using the following formula:

. _ In(1+w/y)
C(y)=1 W ITI0 ) 2.7

where v, is the total soil suction corresponding to the residual VWC.

The aforementioned three models are capable of reproducing the SWCC based on a set of
experimentally determined discrete results. In addition, it can be used to estimate the HCF as a
function of the fitting parameters associated with each model. Therefore, the models are widely
accepted and can be used simply in numerical simulations. Through this thesis, the VG model

is mainly adopted in order to ensure consistency throughout the context.

2.3 Hydraulic Conductivity Function

The HCF which is also called the unsaturated soil coefficient of permeability describes
the ease and speed at which a fluid moves through the soil at a given range of suction values or
a given range of water contents. The HCF is a key index that is commonly used when
considering unsaturated soil hydrological and mechanical relations such as water and solute
movement, water storage, capillary barriers, seepage analysis, expansive soils analysis, slope
stability, landslides, and erosion (Klute, 1986a; Fredlund et al., 1996). Generally, the saturated
coefficient of hydraulic permeability is a function of the void ratio (e). On the other hand, the
HCF is a function of both the void ratio (e¢) and the water content (VWC [8] or degree of

saturation [S;]). Thus the HCF can be expressed as one of the following combinations:

k=f(S,e) 2.8
k=f(e,0) 29
k=f(e,y) 2.10

Assuming that the soil structure (particles) is incompressible, the saturated hydraulic of

permeability (k) reflects the void ratio of the porous medium. While a special function to
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consider the VWC (or §;) is needed in combination with k; to evaluate the HCF. Therefore, the

HCF can be expressed as follows:

k=kif(0) 2.11a
or k=ksf(Sr) 2.11b
Keeping in mind that the VWC is directly related to the suction value, through the SWCC, the
HCEF can also be expressed as a function of the suction (). The following formula is widely

used in practice:

k=kf(y) 212
2.3.1 HCF measurement techniques

Several HCF determination techniques were developed, however, most of them are
limited due to the testing complexity, time-consuming, and many other difficulties. The HCF
determination techniques can be generally classified into two groups, laboratory determination
techniques, and field determination techniques. Moreover, the existing methods can be
subcategorized based on the testing conditions into steady and unsteady methods that vary

significantly in terms of complexity and accuracy.

Laboratory methods consider testing either disturbed or undisturbed specimens under
controlled hydraulic boundary and stress conditions. On the other hand, field methods are
conducted in situ to ensure that the soil fabric and stress conditions are realistic and
representative, yet often more complex and difficult to control and quantify. Adopting steady-
state conditions, the water flux, head gradient, and water content of the tested medium are
constant with time. While for transient conditions, each of these parameters varies with time.
Most of the existing techniques and their analysis procedures assume that the soil matrix does

not significantly deform when subjected to matric suction or degree of saturation changes.

Methods for measuring the HCF in the laboratory can be classified into two groups,
steady-state, and unsteady state. Adopting the steady-state method, a constant flow rate or a
constant hydraulic gradient is maintained under a specific matric suction. Discrete
measurements of the matric suction under the constant flow or discrete measurements of the
flow rate under constant hydraulic gradient conditions are then performed. Darcy’s law which
considers saturated flow only, states that the saturated coefficient of permeability is the ratio of
the flow rate to the hydraulic head gradient under saturated conditions. Furthermore, Edgar

Buckingham (1907) extended Darcy’s law by showing that the unsaturated hydraulic
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conductivity is a function of the water content or the matric potential. The HCF can be

calculated using Darcy-Buckingham’s law which is expressed as follows:

AH A(h+z Ah
Jo=k(y) s =k(y) 2 k() 2 +1 2.13

Where J,, is the water flux, AH / A 18 the hydraulic head gradient comprised of the matric head

(h) and the gravitational head (z), and v is the suction.

In contrast, unsteady-state methods impose transient conditions (water contents or
matric suction). The HCF is computed from the transient data measurements using analytical
solutions describing the transient flow phenomenon or following Darcy-Buckingham’s law
over defined incremental time steps, where approximate steady conditions within each step are
assumed. It must be noted that unsteady-state methods are often less tedious to perform and
require less testing time, however, analysis of the unsteady state measurements are generally

more complicated in comparison to the steady-state methods.

1) Steady-state methods

Generally, the steady-state methods which are used to directly measure the HCF are similar

in concept to the conventional saturated hydraulic conductivity determination methods

(constant head method and falling head method). A detailed description of the conventional

steady-state methods used for determining the saturated hydraulic conductivity is discussed

in the literature (Daniel 1989; 1994). While a detailed review of the steady-state HCF

determination methods is reported by many researchers (Klute and Dirksen, 1986). A brief

review of some of the steady-state HCF determination methods is presented below.

1. Traditional steady-state method

Most of the developed systems utilizing the steady-state method adopt the constant
head technique, where applying a variable head yields significant variations in the pore
water pressure resulting in changes in the tested specimen water content and hydraulic
conductivity. The unsaturated coefficient of hydraulic conductivity can be directly
obtained by either maintaining a specific desired constant head while permitting
accurate measurement of the flow rates or by applying a constant flow rate and directly
measuring the hydraulic gradient within the tested specimen. The unsaturated

hydraulic conductivity (k(y)) can be computed as follows:

k(w)=q/ﬁ/ 2.14
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where ¢ is the steady-state flow rate at a specific matric suction (y), L is the specimen
length and 4H is the total head drop across the tested specimen. Measurements are
carried out when achieving an equilibrium state where the inflow flux equals the
outflow flux (ASTM D-5084, 1994; JGS-0311, 2000). The corresponding water
content is immediately determined at each step. A new matric suction step is then
initiated, until finally achieving the final residual suction step.

One of the main differences between the steady-state methods used to determine the
saturated hydraulic conductivity in comparison to the unsaturated hydraulic
conductivity steady-state determination techniques is that a high AEV interface
(Ceramic Disk (CD) or membrane) is used when testing unsaturated soils. Generally,
the high AEV interface is less permeable in comparison to the porous plates that are
used when determining the saturated hydraulic conductivity. Therefore, the high AEV
interface impedance on the HCF determination is significant especially at high degrees
of saturation.

On one hand, the steady-state method is considered as the most accurate HCF
determination method and has many advantages, the primary advantages can be
summarized as follows, simple hydraulic conductivity calculation and analysis
procedure, free of ambiguities, and contains no assumptions that are difficult to be
verified. On the other hand, the disadvantages include difficulties related to the flow
rate measurement accuracy especially when the flow rate is too low, cumbersome
apparatus, and prolonged testing time (equilibrium state). In addition, since a gradient
suction is applied to induce the flow, the hydraulic local conductivity of the tested
specimen is not uniform, therefore, the calculated average hydraulic conductivity does
not necessarily correspond to the average matric suction within the specimen.
Centrifuge method

This method employs the centrifuge force to induce a gradient that drives the fluid
flow (Nimmo et al., 1987; 1992). The unsaturated coefficient of hydraulic permeability
(k(w)) is expressed as follows:

k(y)=-—t— 2.15
dd—i—pwwzr/

where 7 is the radial coordinate with its origin located on the axis of the centrifuge, @

is the angular velocity, and p,, is the density of water (Nimmo et al. 1987). It must be

noted that the radial-gradient ( dl///dr ) is usually negligible in comparison to the

centrifugal gradient (p @’ r) for @ > 100 sec”’(Nimmo et al., 1987). Utilizing this
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technique, the HCF can be determined by measuring the steady-state flow rate at a
known angular velocity.

The main advantages of the centrifuge technique are the simplicity and short testing
time (usually less than 24 hours). This method was reported to be in good agreement
with the traditional gravity-driven steady-state methods (Nimmo et al., 1987). In
contrast, the primary disadvantage of this method is the high net normal stress applied
to the specimen by centrifuging the tested sample, therefore, it can be reliably used
only for dense soils or soils with micropore structure insensitive to the state of the

applied stress.

2) Unsteady state methods

1.

Bruce-Klute absorption method

One of the methods utilizing the unsteady state technique is Bruce-Klute absorption
method. The method is based on the transformation of Richard’s equation to a
diffusion equation using Boltzmann’s transformation (Philip, 1957b; Gardner, 1962).

The diffusion equation can be expressed as follows:

¥ _ 2 p, 2
7w (Pog) 2.16
where Dy is the diffusivity (a function of the VWC), and Ay is the transformation

coefficient (a function of the VWC). The transformation coefficient A¢ is expressed as

follows:
Odg = 7 2.17

where x is the horizontal coordinate and ¢ is the time.
The unsaturated coefficient of hydraulic conductivity (k(y)) is related to the diffusivity

(Dp) and the SWCC as follows:

Dy=k(y)% 2.18

Multiple analytical solutions for Eq. 2.16 adopting various boundary conditions exist.
Where water movement can be readily and easily predicted when (Dy) is known and
proper boundary conditions are considered.

Expediency is the primary advantage of this method. However, the main disadvantages
include that the SWCC must be determined independently in order to obtain the HCF.
In addition, this method is limited with a significant scatter when testing soils that

impose significant volume changes during the wetting (imbibition) phase.
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2. Sorptivity method

Sorptivity methods adopt Philip’s solution of Richard’s equation considering
horizontal infiltration conditions triggered by a step increase in the water content
(Dirksen, 1975; Klute and Dirksen, 1986). Philip (1957b) reported that one-
dimensional horizontal cumulative infiltration (/) driven by a step increase in the water
content can be described as follows:

I=S0 1 2.19
where Sy is the sorptivity of the soil, which is a function of the specimen initial VWC
(6,) and the final VWC (6);) at the absorption interface. Assuming that (Dy) is constant

for the interval ranging from (6,) to (6;), then (Dy) can be expressed as follows:

y_ aSt (6;—6,) d log S7° I-¢
DH (91)_ 4(0,-—00)2 zf/(l-kg)loge// d o -/1+8/ 2.20

It was reported that ¢ falling in the range (0.5 to 0.67) results in the highest accuracy

of (Dg) regardless of the type of the tested soil. The unsaturated coefficient of hydraulic

conductivity (k()) can be then determined using Eq. 2.18.

The advantages of the sorptivity method include simplicity and short testing time,

where the HCF can be obtained in a few days. In contrast, the disadvantages include a

semi-empirical formula to determine (Ds), besides that, only a few HCFs determined

using other methods are available to validate the sorptivity method (especially for

clayey soils).

3. Outflow method

The outflow HCF determination methods are widely used where they are relatively

rapid and provide better control of the mass in comparison to the other unsteady state

HCF determination methods. The testing procedure adopts the conventional axis

translation technique, where a high AEV interface (CD or membrane) is used. The

outflow methods can be further classified into four groups:

i. Multi-step flow method
The original outflow method was proposed by Gardner (1956) and called the multi-
step flow method. This method adopts subjecting a soil sample to a small
incremental matric suction (4y) steps. The diffusivity (Dy) as a function of the
VWC can be determined from the measured outflow and the applied incremental
matric suction steps. The unsaturated coefficient of hydraulic conductivity (k(y))
can be then determined using Eq. 2.18. This method involves several assumptions

for simplicity such as 1) (k()) is constant over each applied suction increment (4y),
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ii.

2) (w) is linearly related to the VWC, 3) the high AEV interface impedance is
neglected, 4) only one dimensional flow is considered, 5) gravity gradient is
negligible, 6) the specimen is rigid and homogeneous. Consequently, the diffusion
equation can be expressed as follows:

2
%U =Dy % 221

Gardner (1956) reported the solution as a function of the outflow volume at a

specific time (V) and the ultimate outflow volume (V) as follows:

(52 (2)-2

k(w)=D i—f 223
where D is constant and z is the vertical coordinate (z = 0 at the base and z = L at
the top of the specimen), 46 is the change in the VWC in response to the applied
matric suction increment Ay.

Several advantages were reported in the literature regarding this method including
that tests can be conducted relatively rapid with less complicated equipment in
comparison to the steady-state method, mass is accurately accounted for in
comparison to some other unsteady-state methods, in addition, both the HCF and
the SWCC can be obtained. In contrast, the disadvantages include that only few
validation data were reported in the literature (especially for fine soils), suction
incremental steps must be fairly small, otherwise the method results in a significant
error, the testing time is still relatively long (shorter than the steady-state method),
the high AEV interface impedance is usually significant and cannot be neglected,
and the outflow rate is low and difficult to measure accurately and air bubbles might
get entrapped inside the outflow line which can confound the results.

One-step flow method

Similar to the multi-step flow method, the one-step flow method uses the diffusivity
function and the SWCC to determine the HCF. However, the matric suction is
applied in one large step while monitoring the outflow (Gardner, 1962). It was
reported that using the one-step flow method, the hydraulic gradient might be
significantly larger than the multi-step method. The error becomes significant when
considering soils that are sensitive to the hydraulic gradient or to the effective stress.
The diffusivity function was reported by Doering (1965) and can be expressed as

follows:
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4L° do,

Dyp= —=
0 R 20-0.) @

2.24

where 6, is the VWC at time ¢ and 6,, is the VWC when achieving an equilibrium
state. This procedure is commonly called “Doering’s method” and it implicitly
assumes that the high AEV interface impedance is neglected and that (Dg) is
constant throughout the specimen at any given time.

The main advantage of the one-step method is that the HCF can be determined in a
remarkably short time in comparison to the multi-step method, consequently,
reduces the possibility of entrapping air bubbles in the outflow line. On the other
hand, the disadvantages include that the hydraulic gradient changes dramatically
throughout the test, which results in a significant error when considering
compressible soils. In addition, the SWCC must be determined independently in
order to determine the HCF.

Multi-step direct method

Eching et al. (1994) modified the one-step flow method adopting a similar
procedure with larger matric suction increment (step). The multi-step direct method
is based on the assumption that the VWC (6) varies significantly only near the soil-
high AEV interface. Consequently, by assuming that the matric suction through the
upper half of the specimen is constant, the Darcy’s-Buckingham law can be used
directly to determine the HCF provided that only small increments of suction for
small time intervals are considered. Where the unsteady state conditions are
considered approximately steady over a short time interval. The unsaturated

coefficient of hydraulic permeability (k(w)) is expressed as follows:

k(w)=q—(zj_w_Hi 2.25
M=m+%q 2.26

where Hj is the total head at the bottom of the high AEV interface (typically
constant), Lp is the volumetric flow flux (outflow rate per unit area over a short time
interval), kp is the saturated hydraulic conductivity of the high AEV interface, and
wp is the matric suction measured directly at one point within the top half of the
tested specimen. k(i) corresponds to # which is the average VWC of the specimen
that can be directly deduced from 6; and the cumulative outflow.

The primary advantage of the multi-step direct method is that the hydraulic

conductivity is calculated directly instead of being calculated indirectly from the

37



diffusivity function. In addition, both the HCF and the SWCC can be obtained
concurrently. On the other hand, the primary disadvantages of this method can be
summarized in the difficulties in accurately measuring the total heads when the
gradients are too small and the difficulties in accurately determining the high AEV
interface saturated hydraulic conductivity.
iv. Continuous outflow method

The continuous outflow method adopts similar concept as the multi-step outflow
method, however, the matric suction is changed continuously by applying an
outflow/inflow flux at a specific rate instead of changing the suction at incremental
steps. The continuous outflow method is based on the assumption that the total head
within the specimen (H-,) under transient state can be described using a second-
order polynomial. The unsaturated hydraulic conductivity (k(y)) can be calculated

using Darcy’s-Buckingham law as follows:

k(w)=W 227

yw (22-21)

where ¢; is the derivative of the cumulative flow in reference to the time, A4 is the
specimen cross-sectional area, and y; and v are the pore water pressure measured
within the bottom and top layers of the tested sample. The advantages of the
continuous outflow method include the significantly rapid testing time and
simultaneous determination of the HCF and the SWCC. In contrast, the testing
setup is relatively expensive, significant errors resulting in inaccurate determination
of the hydraulic properties at high VWC values, and few comparisons to the
conventional methods are available to validate the continuous outflow method.
3) Instantaneous profile method
The instantaneous profile method combines the transient profiles of water content and
suction with Darcy-Buckingham’s law in order to determine the HCF. Several methods
adopting the instantaneous profile method were developed, where all of the methods adopt
the same concept and primarily differ in the technique used to induce water movement
out/into the tested sample. Tests adopting this method include desorption technique
adopting the gravity-induced drainage (Watson, 1966), desorption technique utilizing the
matric suction to drain water out of the tested sample (Richards and Weeks, 1953),
techniques conducted with controlled flow rate (Overman and West, 1972), techniques

carried out relying on the evaporation at the room temperature or at elevated temperatures
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(Wind, 1968; Meerdink et al., 1996), and sorption techniques where water is added at a
slow and steady rate (Hamilton et al., 1981; Meerdink et al., 1996).

Generally, all the techniques adopting the instantaneous profile method consider inducing
a transient flow while measuring the developing water content and/or suction profile.
Several approaches considering simultaneous measurements of both the suction and the
water content profiles were developed (Meerdink et al., 1996). In contrast, for approaches
adopting measuring either the suction profile or the water content profile, the HCF can be
determined by inferring the water content or the suction indirectly from an independently
obtained SWCC or by estimating the water content or the suction using an iterative method
employing an analytical approach utilizing the SWCC (Wendroth et al., 1993).
Regardless of the adopted technique, utilizing the instantaneous profile method, the
unsaturated hydraulic conductivity (k(y)) can be computed using Darcy-Buckingham’s law
as follows:

k(y)=72 /ﬁ )ZZi 2.28
where (AVW/ Ar) is the flow rate passing a specific point (Zi) along the tested specimen
with length (L) and a cross-sectional area of (4) during a time interval (47), (z) is the flow

direction coordinate with the origin being at the flux side of the specimen, and (AH/ Az)

is the hydraulic gradient.
The HCF determination steps utilizing the instantaneous profile method were reported by
Meerdink et al. (1996) as follows:
i.  The suction (total or matric) and VWC profiles distribution are prepared for various
times (y vs. z) and (6 vs. z).
ii.  The hydraulic gradients at different points along the soil profile are determined for

two consecutive times (¢ and ¢°) using the following expression:

iii.  (4Vw,) the volume of water passing a specific point within the specimen (Z;) during
a specific time interval (¢ o ¢’) is then computed by integrating the differences in
the water content profiles which can be expressed as follows:

AV, =4 [F0-0] dz 2.30
where 0’ is the water content profile at time ¢

iv.  The hydraulic conductivity can then be computed for each time increment using Eq.

2.28.

39



The primary advantages can be summarized as follows, fairly rapid test in comparison to
the steady-state or multi-step outflow methods, concurrent determination of the SWCC and
the HCF, and replicate measurements of the SWCC and the HCF at a given water content
can be obtained as the wetting or drying front passes different measuring points (Watson,
1966). In addition, this method can be adapted for testing undisturbed specimens. On the
other hand, the disadvantages include errors introduced by averaging across the
wetting/drying front, poor control on mass balance, and vapor flow neglected contributions.
4) Thermal method
The thermal method to determine the HCF was described by (Globus and Gee, 1995),
where it adopts applying a temperature gradient across an insulated horizontal column of
soil having a uniform initial water content. The applied thermal gradient triggers water
flow towards the cool end of the tested specimen. Meanwhile, a matric suction gradient
develops as a result of the VWC changes associated with the thermal gradient. In a few
weeks, equilibrium can be achieved and the flow of water induced by the thermal gradient
converges to be equal to the flow of water induced by the developed matric suction gradient
in the opposing direction. The unsaturated hydraulic conductivity can be then calculated
from the water content distribution, temperature and matric suction (inferred from the
SWCC) under equilibrium state. The matric-thermal flux (q,7) can be expressed as follows

(Taylor and Cary, 1964):

d dr
qur=k (y)=— — k(T)— 2.31
where k(7) is the thermal water conductivity and x is the distance from the cool end of the

specimen. Assuming equilibrium state, (g,7 = 0), (k()) can be written as follows:

k(w):k(T)[j—‘;)_l 232
The thermal method advantages include that it is fairly simple and the HCF can be reliably
determined for low VWCs. In contrast, the disadvantages include that the HCF cannot be
determined for high degrees of saturation. In addition, there is no efficient way to ensure
that the equilibrium state is achieved, where terminating the test before achieving the
equilibrium state results in significant errors (Globus and Gee, 1995).
A summary of the HCF laboratory and field determination methods including their
advantages and disadvantages are shown in Table 2.3 and Table 2.4 respectively. Detailed

reviews illustrating the advantages and disadvantages of those methods can be found in the

literature (Richards, 1941; Klute and Dirksen, 1986; Lu and Likos, 2004).
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Table 2.3: HCF laboratory determination techniques.

Technique Flow state Advantages Disadvantages
o Simple e Prolonged testing time
Traditional Stead o No ambiguities or assumptions o Difficulties when having low flow rates
steady-state y o True HCF e Expensive
___________________________________________ o Stresscanbecontrolled
o Expedient and simple e Normal stress influence is significant
Centrifuge Steady o Efficient for low permeable soils o Centrifuge unit is required
___________________________________________ o ASTMistandard
Bruce-Klute o Expedient and simple . Ir}dependent SWCC determination is necessary
absorption Unsteady ¢ Significant scatted
___________________________________________________________________________________________________ o _Cannot control stress
. o Expedient and simple e Semi-empirical
| Sowtviy Unsteady e A S o Expensive and cannot control stress
Multi-step o Rapid compared to the steady-state e High AEV i.nterface impedance '
outflow Unsteady o Good control on mass e Only small increments can be applied
___________________________________________ o_Concurrent HCF and SWCC determination .
One-step o R.apid . . ¢ Independent SWCC determination
outflow Unsteady o Simple when neglecting the high AEV e Large changes in the stress state
______________________________________________ interface impedance
o Direct HCF determination o Difficulties arise when adopting small gradients
Multi-step . o Concurrent SWCC and HCF determination e Accurate hydraulic conductivity of the high
direct Quasi-steady AEV interface is required
q
___________________________________________________________________________________________________ e _Cannot control stress
Continuous . o Expedient o * Expensive and complex .
outflow Quasi-steady o Concurrent SWCC and HCF determination e Inaccurate at high degrees of saturation
___________________________________________________________________________________________________ e _Cannot control stress
Instantaneous o Simple o e Poor mass control . .
file Unsteady o Concurrent SWCC and HCF determination e Averaged errors across the wetting/drying front
______ . oAbroadrangeofHCFs
o Simple Prolonged testing time
o Efficient for low VWCs Difficult to confirm equilibrium state

Thermal Unsteady/steady Independent SWCC determination

Cannot control stress
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Table 2.4: HCF field determination techniques.

Technique Flow state Advantages Disadvantages
o Simple theory o Extensive efforts
o Access macro-pore flow e The crust is difficult to control
Crust Steady
e Near-surface only
e Lowsuctionvaluesonly
o Simple theory o Extensive efforts
o Large sample volume is considered e Expensive
Instantaneous profile Unsteady o Applicable at high suction values e Complex
e Prolonged testing time
e ® Nearssurfaceonly
L o Multiple measurements e Small size test
Tension infiltrometer / .
. Unsteady o Expedient e Near-surface only
Disk permeameter
____________________________________________________ o Soundtheory
o Expedient e Only a small volume of soil is considered
Cone penetrometer Unsteady o Efficient for deep soils ¢ Disturbance by the cone penetration

e Smear in fine soils




2.3.2 HCF models

Extensive research has been done to develop a model that describes and reproduces the
HCF. Generally, the existing models can be divided into two main groups, empirical models

and statistical-based models.
1) Empirical models

Some of the existing empirical models for determining the HCF are listed in Table 2.5. Those
models provide continuous HCFs using a mathematical formula based on fitting a set of
experimentally determined data. Leong and Rahardjo (1997) evaluated the relationship between
the degree of saturation and the matric suction when determining the HCF, where it was
reported that among the existing empirical models, Fredlund and Xing (1994) model is robust

and can be expressed as follows:

cv) 2.33

{nle-(9)}

where a is a constant and has the same unit used for the suction, b and ¢ are constants, and C(y)

S, =

is a correction factor which is recommended to be 1 for most of the cases.

Table 2.5: HCF empirical determination models.

Model Mathematical expression
HCF = function of VWC (0)
Gardner (1956) k=a06?
DaneandKlute (1977) _ k=kew(b(0-0))
Hillel (1998) K=k (7) P nd ~2ni(n
HCF = function of matric suction ()
Richards(193) . kzatby
_Weeks and Richards (1967) k=ay™®
Arbhabhirama and k= it 5
Kridakoran (1968) /1+a / p—‘/’g ) /

*(a and b) are constants, (k) is the unsaturated hydraulic of permeability, (k) is the
saturated permeability, () is the matric suction, (6) is the volumetric water content
and (0,) is the residual volumetric water content.
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2) Statistically based models

The HCF statistical-based prediction models adopt the SWCC to reproduce the HCF. These

models consider the following three assumptions (Mualem, 1986):

a) The porous medium consists of randomly distributed interconnected micropores and is
characterized by a pore radius () with a statistical distribution function (f{r)).

b) Hagen-Poiseuille equation is valid and is expressed as follows:

v=1{" Cz—’f ) i 2.34
where v is the average flow velocity, i is the hydraulic gradient, » is the pore radius, # is
the kinematic coefficient of viscosity, C is a shape constant of the flow system, and g is
the acceleration of gravity.
¢) The SWCC is assumed to be analogous to the pore size distribution function following
Kelvin’s capillary law.
Childs and Collis-Gorge (1950) studied the influence of the random connection of the micro-
pores on the HCF determination. Where the proposed model assumes that the pores on two
imaginary faces are randomly connected to a series of capillaries. The probability of the larger

pores with a radius (x) being connected to smaller pores with a radius (p) is expressed as follows:

prob(x,p)=f(x)f(p) 2.35

where f(x) is the probability of pores with a radius (x), f{p) is the probability of pores with a
radius (p). In addition to the aforementioned assumptions, the effective resistance to flow in the
pore sequence is assumed to be only confined by the smaller pores and that the only contribution
to the permeability is through a direct pore sequence (negligible by-passing sequences of pores).

The discharge flow (d,) through the tunnel comprised of a pair of (x) and (p) pores is:

dy =Mf(x)f(p)p’i 2.36

where M is a constant corresponding to the geometry and fluid properties. Whereby integrating
Eq. 2.36 overall the filled pores then applying Darcy-Buckingham’s law, the unsaturated

coefficient of hydraulic conductivity can be expressed as follows:

p=R(G) x=R@®)
k(0)=M / / R / 21 (p)f (% )dxdp /
p= x=p

min

=R( x=
M [ LI P f(p)f (x)dxdp] 2.37
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It must be noted that the closed-form solution of this function is not readily obtained in reality.
Among the existing models, Burdine (1953) model and Mualem (1974) are commonly used to
estimate the HCF. A generalized form of those models which utilize the SWCC to predict the

HCEF can be written as follows:

Se dSe \7
= = S;< f"]—dhf ) 2.38
s 0 LB

where &y and k. are the saturated and unsaturated coefficients of hydraulic conductivity, while

A and p are parameters representing the tortuosity and pores connectivity. It must be noted that

(A>0,p>0andy>0).
2.4 Pedo-transfer functions [SWCC and HCF]

The parametric Ped-Transfer Functions (PTFs) are functions used to predict the
parameters of a closed-form analytical expression of the SWCC and the HCF. Among those
PTFs, Brooks and Corey (1964) and Van Genuchten (1980) are the most commonly used in

water flow mechanics.

tow) -2-32

= (%) Brooks and Corey (1964) 2.39
’b

k) _ [ (an)™! [+ canf )]
ks U+ (ah)T?

Van Genuchten and Mualem (1980) 2.40

where y;, is the suction at the AEV (also called the bubbling pressure) and (1) is a fitting

parameter corresponding to the pore distribution. While (« and #) are fitting parameters where

1

n is a measure of the pore size distribution and a is the inverse of the AEV. Hence, m=1 — -.
n

Many other PTFs were developed, for example, Kosugi (1999) developed a combined
SWCC-HCF model for soils with a lognormal pore size distribution. Xu and Sun (2002)
proposed a HCF determination model adopting a fractal model of pore size distribution. other
researchers included the soil structural information (Lin et al., 1999) or the terrain attributes
(Romano and Pailladino, 2002). It must be noted that until recently, most of the PTFs were
derived utilizing multiple regression techniques, while the artificial neural networks approach

is becoming more popular and commonly used.
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2.4 Evaporation flux

Evaporation is a complex phenomenon which takes place as an integral part of the
hydrological cycle where the water circulates and transforms within the natural environment.
In order to properly understand the mechanism and process of evaporation, it is necessary to
clearly address the fundamental principles of energy and water balance, and factors affecting
the evaporation flux. Consequently, direct measurement techniques and existing evaporation

flux estimation models are briefly discussed.

From a macroscopic point of view, the evaporation phenomenon is defined as the
process where the water state is converted from liquid to vapor and get lost into the atmosphere.
While from a microscopic point of view, it is defined as the process where water molecules in
their liquid form overcome the attraction and cohesion forces then detach and escape to the
atmosphere in their gaseous state. The evaporation phenomenon occurrence requires continuous
energy supply, vapor pressure gradient between the evaporative surface and the atmosphere,
and sufficient water supply to the evaporative surface (Hillel, 1980). The Potential Evaporation
(Ep) is defined by the International Glossary of Hydrology (WMO, 1974) as “The quantity of
water vapor which can be emitted by a surface of pure water per unit surface area and unit time
under the existing atmosphere conditions”. The potential evaporation is a function of the
meteorological variables, on the other hand, the Actual Evaporation (£,) is a function of both
the meteorological and soil variables where water get lost from natural or irrigated fields and

escape into the adjacent atmosphere layer.

Extensive research has been done on understanding and defining the mechanism of the
actual evaporation from a porous medium. The actual evaporation curve as described by many
researchers exhibits distinctly different stages often used for diagnostics and classification
depending on the focus of the studies and the interpretation of the rate-limiting processes,
surface water content or transport within the soil. A typical actual evaporation curve can be

divided into three main stages as elucidated in Fig. 2.7.

The first stage is the constant rate stage [SI], where the soil is sufficiently conductive
and capable of sufficiently supplying water to the surface in a rate equals to the evaporative
flux imposed by the atmosphere climate conditions, thus the actual evaporation rate equals or
almost equals the potential evaporation rate. Philip (1957a) addressed that during SI, the

evaporation flux is governed by the atmospheric conditions.
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Fig. 2.7: Actual evaporation stages and the corresponding soil water status.

In addition, the first stage of evaporation lasts only for a short time when the soil surface
is saturated or nearly saturated. Followed by the falling rate stage [SII], where the hydraulic
conductivity of the soil decreases with the desaturation, finally, the soil becomes incapable of
sufficiently supplying water to the surface to comply with the atmospheric demand. Through
the stage, Philip (1957a) reported that the evaporation rate is controlled by conditions within
the porous media. The declination of the evaporation curve was claimed to be proportional to
the elapsed time (Richie, 1972), which was experimentally validated by many researchers

including (Brutsaert, 1995).

Another classification of the actual evaporation drying stages was developed utilizing
pore-scale models. Where using a 3-D invasion percolation model, Le Bray and Prat (1999) and
Yiotis et al. (2006) related the stages of the drying process to the liquid distribution within the
porous medium. It was found that the first stage can be divided into an initial drying period,
where initial air invasion into the system when the water content at the surface decreases takes
place. This is followed by a constant rate period characterized with nearly constant water
content at the surface and liquid flow from the interior to the surface through a continuous
network of liquid-filled pores “spanning liquid cluster evaporation regime”. Lehmann et al.
(2008) proposed the intrinsic characteristic length concept that can be deduced from the pore
size distribution of the soil medium as a measure of the distance over which the hydraulic

continuity can be maintained considering the balance between the gravitational, capillary, and
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viscous forces. It was concluded that when the drying front which is defined as the equivalent
distance between the evaporating surface and drying front position exceeds the characteristic
length, the small capillaries liquid menisci start retreating below the evaporating surface which
interrupts the liquid continuity to the surface indicating the beginning of SII. Followed by the
falling rate stage, where it is characterized by evaporative demand that is larger than the flow
capacity through the continuous liquid network. During this stage, the evaporation rate is
governed by the dissolution of liquid clusters close to the surface “disconnected liquid cluster

evaporation regime”.

The actual evaporation rate keeps desiccating until it reaches a low residual value which
indicates the beginning of the residual stage [SIII]. Through the residual stage, the liquid phase
becomes discontinues, where the supply of water to the surface eases and water molecules
mainly propelled by vapor diffusivity (Hillel, 1980). The residual liquid phase is controlled by

the molecular adsorptive forces between the soil particles and by the heat flow.
2.4.1 Factors affecting the actual evaporation flux

Drying of porous mediums is characterized by the invasion of the gaseous phase
replacing the evaporating liquid and the formation of a drying front (defined as an interface that
separates the liquid-saturated zone and partially air-filled region). This flux is a function of the
interaction between two systems, atmosphere, and ground through the soil-atmosphere
boundary (soil surface). The complex interactions are controlled by the internal flow fluxes
(thermal and hydraulic conductivities and vapor diffusion) and the atmospheric demand
(humidity, temperature, and the velocity of ambient air). Van Brakel (1980) highlighted the
complexity of the interactions between medium properties, transport processes, and boundary

conditions which result in a wide range of evaporation behaviors that are difficult to predict.

Many researchers evaluated the role of the climate conditions on the actual and potential
evaporation fluxes, considering several parameters such as the emitted and absorbed energy
(temperature and solar radiation), humidity, turbulent diffusion. Generally, the conceptual
models which consider the evaporation flux to be a function of the climate conditions adopt the
mechanism where the solar radiation induces the subsurface temperature and supply the water
molecules with energy. Which in turn triggers the onset of evaporation by increasing the water
molecules kinematic energy that allows the molecules state to transform from liquid to gaseous
and escape from the water body to the adjacent air boundary layer. The evaporation is directly

related to the vapor pressure deficit, where it is a function of the humidity difference between
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the soil surface and the surrounding atmosphere (concentration gradient driving the flux). The
air turbulence near the soil surface is an important factor, where after the commence of the
evaporation flux from the evaporating surface, the vapor pressure deficit reaches zero, where
the driving force vanishes (equilibrium between medium and adjacent atmosphere layer) and
the evaporation flux ceases. However, the air movement stirs and moves the moist air layer

adjacent to the soil surface then mixes it with the dryer upper layers (Hillel, 1980).

In contrast, several studies investigating the role of the porous medium properties on
the actual evaporation fluxes considering both micro and macrophysical and hydrological
properties can be found in the literature. The studies considered various indices such as the
saturated and residual volumetric water contents, void ratio, pore size distribution, SWCC, and
the HCF. Teng et al., (2014) reported that the water content alone cannot be considered as a
unique independent variable to evaluate and identify the evaporation from un-vegetated soil
surfaces, where additional parameters accounting for the soil texture and wind speed must be
taken into consideration as well. In addition, a study carried out by Gardner (1958) revealed
that the maximum evaporation rate emitting from a soil surface is a function of both the depth
of the water table and the hydraulic conductivity of the soil. The study also elucidated the effect
of the soil texture on the actual evaporation considering coarse-grained soil and medium-
grained soil. Besides that, it was reported that the soil color, surface roughness, and many other

parameters also significantly affect the evaporation from soil surfaces.

Most of the existing studies consider homogeneous soil profiles, where little attention
was given to heterogeneous soil profiles. In contrast, natural soil profiles exhibit significant
lateral and vertical heterogeneity. In addition to the previously mentioned affecting
meteorological and soil properties, evaluating the evaporation from heterogeneous soil profiles
is more complicated and requires considerating a wider range of variables. It was mentioned
that the time-dependent evaporation from layered soil profiles is affected by the texture, textural
contrast, thickness and the sequence of the individual layers (Shokri et al., 2008; 2010; Huang
et al, 2013). Where adding a narrow layer of a porous medium having different properties from
the underlying soil layer is a simple efficient way of controlling the evaporation flux and total
water losses. The presence of the textural contrast boundary induces discontinuity in the water
regime and preferential fluid transport pathways. Recent studies demonstrated that the balance
between gravity, capillary, and the viscous forces play a major role in controlling the
hydraulically connected region during the evaporation process. The balance between those

forces led to the definition of the characteristics length which is defined as the maximum length
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of the hydraulically connected region that a porous medium can maintain before breaking the
meniscus in the smallest capillary, thus indicating the onset of the falling rate stage of
evaporation where the evaporating surface starts receding deeper within the soil profile
(Lenhman et al., 2008). The concept of the characteristic length was extended to account for
layered soil profiles, which led to the composite characteristics length where the porous medium
pore size distribution, layers thicknesses, and positions are used to estimate the end of the
constant rate of evaporation (SI), indicated by the break of the hydraulically connected

capillaries (Shokri et al., 2010).
2.4.2 Direct measurement of the evaporation flux

Several devices and setups for directly measuring the evaporation rate were developed.
However, most of the setups are capable of only measuring the potential evaporation rate which
is controlled by the climate conditions rather than soil and ground conditions. A comprehensive
review of the existing devices for directly determining the evaporation flux (actual and
potential), advantages and limitations are listed in Table 2.6. Generally, direct measurement
setups can be mainly divided into three categories: evaporation pans, lysimeters, and
sophisticated laboratory or field testing devices such as environmental chambers and wind
tunnels. Among the existing setups, the evaporation pans which give realistic estimates of the
potential evapotranspiration in the humid regions are commonly used. However, evaporation
pans are less reliable in arid regions where ground conditions such as moisture availability and

surface roughness are critical (Brutseart, 1982).

Lysimeters are usually installed in a field where the evaporation rate is deduced from
the change of the soil mass obtained directly using load cells. Lysimeters provide the most
accurate estimate of the in — situ actual evaporation rate and have been used in various research
fields including agriculture, hydrology, and geotechnical (Herbst et al., 1996; Benson et al.,
2001). The primary limitations include difficulties in controlling the boundary conditions and
difficulties associated with long term measurements. Various sophisticated concepts and setups
have been developed for experimentally measuring the evaporation flux. (Wilson, 1990)
developed laboratory evaporation testing apparatus adopting the lysimeter principles. (Van de
Griend, 1994) developed a wind tunnel setup to investigate the evaporation flux, the device is
equipped with different scales and capable of generating a wide range of wind speeds to
simulate various atmospheric demands and thus triggers various evaporation rates. The wind
tunnel apparatus has some limitations associated with its large scale where sometimes other

variables could be affected when changing the wind speed.
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Table 2.6: Description of the apparatus for measuring evaporation flux. [after Teng, 2013]

Item Derivation Characteristic Comments
. . . o (1) simple and convenient
Wang (2006) holdmg water to evaporation while monitoring the (2) only for free water evaporation
weight change L
e (3) location limited
Eval;(;r;ttlon (1) thickness: 74 mm, diameter: 258mm (1) effectively evaluate the soil surface behavior
Wilson (1997); (2) soil sample as thin as possible during evaporation
Kondo et al. (1990) (3) monitoring air and soil temperature, humidity, (2) atmosphere conditions influence should be
and water loss in laboratory condition considered
Benson et al. (2001);
H?\r/Ik;sta;:;stl(.) gt9a916); (1) measuring the total weight of soil and the stored (1) measure ET and £, in field
y (2010): ' water (2) fluids could only be gathered under saturated
Plauborg (1995): (2) combined with other methods, such as TDR gravity flow
Lysimeter  _____ Teng o fl_' (2014) ________________________________________________________________________________________________________________________________

Wilson (1990);
Yanful (2003)

(1) conducted in the laboratory and water supply
controlled

(2) monitoring temperature and water content of soil
column profile

(3) the multi-layers experiment can be conducted

(1) it is available to investigate the evaporation
process in the laboratory

(2) more modification needed in controlling the
atmosphere conditions

(3) considering radiations effects




[4S

Environmental Yanfpl (1997);
chamber Aluwihare et al.
(2003); Cui (2012)
Yamanaka et al.
Wind tunnel  (1997); Van de Griend
(1994); Wang (2006)
Blight (1997);
Others Teng et al. (2011);

Tristancho et al.
(2011)

(1) conducting an experiment under certain
conditions

(2) monitoring atmosphere indices together with
specimen conditions

(1) atmosphere conditions controlled or partially
controlled

(2) monitoring water loss using lysimeter

(3) soil conditions controlled

a meteorological station works together with soil
heat/moisture flux measurement in filed

(1) temperature, relative humidity, and wind speed
can be controlled

(2) pan soil test and soil column evaporation test
can be conducted in one apparatus.

(1) climate chamber with centrifuge
(2) monitor seasonal cycles of drying and wetting

(1) the accuracy of the chamber of Aluwihare
and Cui should be confirmed

(2) climate change’s influence needs to be
considered

the fluctuations of the controlled variables or
accuracy need be considered

E, or ET value cannot be directly obtained,
computation from models is needed

(1) meteorological variables only can be
controlled in a small range

(2) evaporation rate cannot be measured
directly for column evaporation test.

only tropical weather conditions can be
simulated

TDR is the time domain reflectometry, ET is the evapotranspiration



(Yanful, 1997; Cui, 2013) developed an environmental chamber to investigate the soil
surface evaporation, where the evaporation rate is expressed as a function of the change in the
air humidity. It is considered as one of the most efficient devices for studying evaporation from
porous surfaces due to its ability to maintain certain climate conditions and providing a full set
of data including both soil and air bodies at a relatively low cost (Cui et al., 2013). Considering
the tropical climate, (Tristancho et al., 2011) developed a system combining the climate
chamber with a centrifuge cell to simulate tropical weather conditions. (Blight, 1997) developed
a set of meteorological parameters monitoring devices that are then used to indirectly estimate
the evaporation rate. (Teng et al., 2014) developed a climate control apparatus to investigate
the evaporation flux, where the climate conditions are maintained in a chamber with an air
current blown to circulate the air above the tested porous surface at predetermined wind speed.
Although the device considers both thin layered specimens and soil columns, it can generate a

limited range of climate conditions.

It must be noted that most of the existing direct actual evaporation measurement devices
consider analyzing the meteorological parameters without considering the soil regime
parameters to estimate the evaporation rate. Where up to date, a device that has the capability
to truly replicating the climate conditions and consider the porous medium properties to

evaluate the actual evaporation rate is still lacking.
2.4.3 Calculation methods of the evaporation flux

Considering the vital role that the evaporation flux plays in the hydrological cycle, a
numerous number of models for estimating the potential and actual evaporation fluxes were
developed. Generally, the potential evaporation rate estimation models can be categorized
based on the estimation mechanism into mass transfer methods, radiation-based methods, and

temperature-based methods.

1- Mass transfer method
This method utilizes eddy’s motion transfer concept, where water vapor moves from an
evaporating surface into the adjacent air layer. Many empirical models adopting this
method were developed by several researchers. Table 2.7 presents the commonly used
generalized formula for those models (Singh and Xu, 1997). Generally, adopting this
method provides good estimates of the potential evaporation rate especially when the

relative humidity of the evaporating surface is 100% and the temperature is known,
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however, it has some limitations when considering low water availability at the
evaporating surface.

2- Radiation method
This method is based on the energy balance concept to estimate the potential evaporation
rate. It was reported that this method provides good estimations in humid climates, while
for arid regions with an arid climate, the radiation method underestimates the potential
evaporation flux. Table 2.8 presents some of the generalized forms of radiation method

based models (Xu and Singh, 2000).

Table 2.7: Generalized equations adopting the mass transfer method.
[after Singh and Xu, 2000]

No. Developed by General formula
L Dalton(1802)  Epza(e, =€) ..
Fitzgerald (1886);
Harbeck et al. (1954), _
2 Sverdrup(1946); Ep=aXxu(e, — ¢)
.. Thomnthwaiteetal. (1939)
3. Horton(1917) Ep=a(l —exp(u))(e =) ...
Meyer(1915); Penman _
(1948 Kuzmin (1957) Frmallxbou)e —e)
5 Harbecketal (1958) Ep=axu(e, —e)(l =b(l, ~Ts)
6 Romanenko (196) Ep=a(T, +25)°(100 =h)
7 Konstantinov (1968) Ep=a(l +bxu)(e, —e,)(l —c(T, — T;)

(a, b and c) are parameters, (74.) are the parameters of the conditions.

Table 2.8: Radiation-based method generalized equations. [after Xu and Singh, 2000]

No. Developed by General formula

1 Abtew (1996) Ep=a (%)

~ Jensen-haise (1963);
Hargreaves (1975); B R

2 McGuinness and Ep=a (T, +b)( 7)

L Bordne (197 e
Makkink (1957); A R

3 Doorenbos and Pruitt Ep=a(3—=)( 7 ) +b

TR
Priestley and Taylor _ A Kp

R L AR Y Sy o A

T,
Ep=0.013 ( X )(RS +50) forh >50
5 Turc(1961) p atD 5 _
EP:O'OB(Ta+15>(RS+50)(1+ ) for h <50

(R;) is the total solar radiation, (R,) is the net radiation, () is the slope of the saturation vapor pressure
curve, () is the psychometric constant while (a and b) are fitting constants.
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3- Temperature method
Several models adopting the temperature method were developed, where the method is
based on a simple convenient concept where the potential evaporation rate is calculated
as a function of the mean temperature value through a defined period of time. Table 2.9
presents the generalized equations of some models that adopt the temperature method (Xu

and Singh, 2001).

Table 2.9: Normally used temperature-based methods to determine the potential
evaporation flux. [Xu and Singh, 2001]

No. Developed by General formula

I Thornthwaite (194 PV RV VUL S

____________ omthwaite (1948)  Er=16( ) ()( ) wherel=(=)

500 me/

2 Linacre (1977) o (100 —A)+15(T, — Ty

___________________________________________________ e (80 = T)

3 Kharufa(1985) Ep=034Py TS0 .

4 Blaney-Criddle (1959) . Ep=hyPe (0461, + 813)
0.062T,

5 Hamon (1961) Ep=0.55D1(%)

6 Romanenko (1961)  E,=0.0018 (25 +T,)° (100 — Ry

(d) is the duration of average monthly daylight in hours, (N) is the number of days in a given
month [1-31 days]. (/) is the sum of 12 monthly heat indices, (7) is the modified temperature due
to elevation, (7;) is the mean dew point, (4) is the latitude (degree), (p.,) is the percentage of total
daytime hours to the period used out of total daytime hours of the year, (k.) is a monthly
consumptive use coefficient, (D)) is the hours of daylight and (Rk) is the mean monthly relative
humidity.

The aforementioned potential evaporation estimation models and techniques are simple
with significant limitations when considering the actual evaporation rate which is a more
complex phenomenon that requires considering not only the meteorological variables but also
the soil-water regime variables. Regardless of the limitations associated with climatological
based methods, the existing models are widely accepted for many applications in the field of
geotechnical engineering. This might be attributed to the fact that these methods require only
simple frequently recorded climate data such as the average temperature and average relative
humidity. The existing derived formulas can be categorized based on the estimation mechanism

into the water balance method, surface moisture availability method, and combined method.
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Water balance method
The water balance method considers the conservation of water mass flowing in and out
of the soil body. Therefore, the actual evaporation flux can be indirectly measured by

quantifying other components as expressed in the following equation:
E=P — Gp — AS — Ryy 241

where F is the actual evaporation rate, P is the precipitation, Gp is the basal percolation,

AS is the change in the moisture content, and R,z is the surface water runoft.

This method imposes some limitations associated with difficulties in measuring the basal
percolation in natural soil profiles. In addition to the uncertainties arising from water
recharge fluxes originating from the close water table, which might significantly mislead
the measurements (Cui, 2008). Therefore, this method is usually carried out using
lysimeter testing setups.

Aerodynamic method

Models based on this method adopt the aerodynamic resistance parameter to calculate the
resistance of vapor flow from an evaporating surface to the adjacent air layer. Many
researchers proposed various formulas based on the aecrodynamic method in order to
understand the relationship between the evaporation rate and soil water content. Generally,
the existing formulas are classified into two main categories, (o group) and (S, group)
as listed in Table 2.10. For (a» group) the specific humidity is assumed to be proportional
to the saturation specific humidity. On the other hand, (f» group) adopts the relative
humidity of the adjacent air considering the resistance of vapor flow from the soil (7y)
surface to estimate the actual evaporation rate. Mahfouf and Noilhan (1991) reported that
(Bm group) overestimates the nocturnal evaporation rate, where the discrepancies in
nighttime predictions impose 20% error in comparison to (o, group).

Combined method

The combination of the two aforementioned formulas was considered by many
researchers. The original formula was developed by Penman (1948) adopting the
combination of the mass transfer and the balance energy concepts. The primary advantage
of this method is that it uses simple weather parameters such as the air temperature,
relative humidity, and wind speed to determine the evaporation rate. However, it can be
only used for estimating the potential evaporation assuming water is freely available. The

original formula was then further developed and extended to consider cropped surfaces.
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Table 2.10: Summary of the acrodynamic method to calculate actual evaporation. [modified after Mahfouf and Noilhan, 1991]

Group General formula Developed by Generalized formula
1846
Bart 1979 =mi —_—
Baon(179) wmmmin(l )
P Yasuda and Toya w = min (1 1.86 )
a Eo= () (ry =g 80 m =M\ T r04)
Ta 1 6
Noilhan and Planton Uy = 5 [1 — cos <0— —)] for 0 <0,
(1963) fe
_____________________________________________________________________________________________________________ O Z1J0r 020
Deardorff (1978) = (1 180 ) h=1
Dot ST\ )
9. \23
Sun (1982) ro=3.5 ( 9) #33.5 =1
________________________________________________________________________________ Gy
. _ 4
E, = ( "r’_: )3m [hq" (T,) — qa] Passerat (1986) re =381 x10% exp <— 13.515 a—fc >
B h =_fa T 216 (0.... gyl T T
where f, = —— Kondo (1990) = («955 o)
____________________________________________________________________ m oo ____

Camillo and Gurney r, =4140(0,, — 0) — 805
s Sa.

80
Dorman and Sellers h, =exp ( gy )

8 N L A
van de Griend (1994) r, =10 x e"3363(15-0)

(ot and f3,) are adjust parameters and functions of soil wetness, (¢'(75)) is the saturated specific humidity at the surface temperature
(7)), (0a) is the air density, (q.) is the air specific humidity, (r,)is the aerodynamic resistance, (7y) is surface resistance, (6) is the
volumetric water content, (6) is the field capacity, (6. is the saturated water content, (%,) is the relative humidity of the air adjacent
to the pore water within the soil, (g) is the acceleration of gravity, () is the water potential (suction) at soil surface and (R) is the gas
constant for water vapor.



Table 2.11 shows a brief summary of the commonly used combined method based models

for estimating the evaporation rate.

Table 2.11: A brief summary of the combination method for evaluating evaporation.
[after Teng, 2013]

No. Developed by

General formula

1 Penman (1948)

E, = AR, +Vf(u)(es B ea)
£ A+y

A (R, _G)+pacpu

I3
E— a
‘ A+y(1+%
E :ARn +Vf(u)ea (B_A)
a A+yA

F@)=035(1+98x107u)
1

FAO Penman-
Monteith (1998)

0.408 A (R, — G)+y%u2(es —e,)

A+ y(1+034uy
4.87

M2 678 x2 — 5.42)

Van Bavel and Hillel
5 (1976); Cui et al. (2008);
Blight et al. (2009)

H:pCP (Tv - Ta)
Yy

E :Mw (es - ea)

@ RT(ry +7,)

G=z(4T) (Cq +w G, )p,
L=4618 x10° (607 —0.7T,)

(Cye and C,) is the specific heat of dry soil and soil water respectively, (f()) is a function of the
wind speed, (G) is the soil heat flux, (¢,) is the specific heat of the air, (,,) is the molecular mass
of water and (H) is the sensitive heat transfer.
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CHAPTER 3

Development of SWCC determination
system adopting the continuous
pressurization method

3.1 Introduction

The SWCC determination techniques vary widely in terms of cost, complexity, testing
time, and effective measurement range. In general, the conventional techniques and setups are
limited due to several reasons including testing complexity, high cost, applicable only under
the drying phase, discrete suction and water content measurements, and prolonged testing time
where depending on the number of data points desired, testing may require several weeks or
even several months. Therefore, a simple method that considers short time and high accuracy
is still lacking. Through this chapter, a novel SWCC determination method and system are
developed. Where the theory, experimental setup, accuracy, repeatability, advantages, and

limitations of the developed method are thoroughly discussed.

3.2 Theory (Continuous Pressurization Method)

Among the existing conventional methods, the axis-translation technique (Richards,
1941; Gardner, 1956) has contributed significantly to the measurement and control of the matric
suction in unsaturated soil laboratory tests. Where a saturated interface usually a high Air Entry
Value (AEV) Ceramic Disk (CD) or a cellulose acetate membrane is used to retain the air
pressure while allowing the pore water pressure to dissipate gradually with time. The technique
induces a translation of the reference pore air pressure by increasing the air pressure within the
containing mold (pressurizing cell). Consequently, the negative pore water pressure increases

by an equal amount when the incompressibility of soil particles and water molecules is assumed
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to be valid, which in turn allows measuring and controlling the pore water pressure through the

saturated high AEV interface (Hilf, 1956).

The newly developed system adopts the axis-translation technique, where a saturated
interface usually a high AEV CD or a cellulose acetate membrane is used to retain the air
pressure while allowing the pore water pressure to dissipate by draining the water liquid
molecules out of the sample. The principles of the newly developed system adopting the
Continuous Pressurization Method (CPM) and the conventional Multi-Step Flow Method
(MSFM) are illustrated in Fig. 3.1. The conventional MSFM involves incrementally
pressurizing/depressurizing the tested sample which induces an equal increase/decrease in the
pore water pressure as illustrated in Fig. 3.1. Followed by an equilibration period which
involves allowing the pore water pressure to dissipate properly under the same predetermined
air pressure value until reaching an equilibrium state where no more water flows out of/into the
sample before proceeding to the next pressure step. Once reaching the equilibrium state, the
pore water pressure is assumed to be zero, thus the matric suction () can be assumed to be
equal to the applied air pressure value (P). It must be noted that it takes 1 to 10 days to achieve
the equilibrium state for each air pressure step for high permeable soils such as sandy soil, while
it takes significantly longer time for low permeable soils. The water content can be deduced
from the total amount of drained water after reaching the equilibrium state in relation to the

initial or final water content of the tested sample.
w=P 3.1
where y is the matric suction and P is the predetermined applied air pressure.

On the other hand, as depicted by the red solid line in Fig. 3.1, the newly developed
CPM involves pressurizing/depressurizing the sample at a constant rate while measuring the
developing pore water pressure using a Micro-Tensiometer (MT) installed within the sample
under transient conditions without allowing proper pore water pressure dissipation time to
achieve the equilibrium state. During testing, water is allowed to flow out of/into the sample
through the saturated high AEV CD. The matric suction () can be calculated by taking the
difference between the applied air pressure (u,) and the developing pore water pressure (uy) at
a specific time (7). The water content can be deduced from the cumulative drained water at a

time (7) in relation to the initial or final water content of the tested sample.

W= Ug — Uy 3.2
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Fig. 3.1: The principles of operation of the conventional MSFM and the
developed CPM.

where 1, is the pore air pressure and u,, is the pore water pressure. The developed system

considers the validity of the following assumptions:

1. Isothermal, isoelectric and isosmotic conditions are assumed, where water flows out
of/into the sample induced only by the applied hydraulic head which is controlled by the
pressurization/depressurization of the tested sample.

2. One dimensional flow of the water (1-D), following the applied hydraulic head direction
(downwards).

3. The measured matric suction value corresponds to the average water content of the tested
sample, where the Volumetric Water Content (VWC) can be deduced from the total

amount of drained water in relation to the initial or final water content of the tested sample.

3.3 Experimental setup

The pressure plate extractor and the Tempe cells are the most commonly used setups
adopting the conventional axis-translation MSFM. A schematic diagram of the pressure plate
extractor and the Tempe cell are shown in Fig. 2.5 and Fig. 2.6 respectively. The newly
developed CPM based system is automatic and allows for continuous direct determination of

the SWCC. Fig. 3.2 shows a schematic diagram of the newly developed CPM system.
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No Conponent Functions and remarks

89

1* AT pressure Measuring the applied air pressure within the pressurizing cell
transducer v' Measurenrent range: 0 — 700 kPa
v Accuracy: +025% (Full scale)
2% Water pressure Measuring the pore water pressure within the soil sanple
transducer v’ Each Micro-tensiometer i connected to a transducer through a separated pipe line equipped with a valve to flush water and remove any occluded air bubbles

v Measurenent range: 0—700 kPa
v Accuracy: +025% (Full scale)

3* Micro-tensiometer Three lengths 1, 25 and 4 cm fiom the surface of the CD were adopted.
v 03 om in dameter pipes are used
v" 03 cm in dianeter ceramic cups with an air entry value of 100 kPa

4* Donut CD v’ Inner dianeter: 3 cm Outer dianeter: 46 cm Thickness: 04 cm
v' AEV: 100 kPa
v k: 86 x 10% my'sec.

5% Sanple chamber Contams the soil sanple

v’ Specimen dinensions: Diameter: 5cm  Height: 5 cm

6* Actylic mold Pressurzing cell container, made of nanspalent acrylic cylinder
v\ Maximum pressure capacity: 1
v' Dinensions: Inner diameter: 5cm He]ght 85 cm

7* Perforated plate Hang]ng fiom the top cap. Restrains the sanple and prevents any volume changes during the wetting phase.
v’ Since hanged, it does not exert any pressure to the sanple

gk Air pressure regulator  Controks the air pressurizing rate following a predetemmined value using the control software
kPa

and motor v\ Maximum capacity:
v’ Pressurizing rate: 0001 kPa/min. — 10 kPa/min.
Cal Balance Continuously recording the amount of drained/absorbed water

v\ Maxinum capacity: 320 g
v’ Readability: 001 g

10%* Drained water Cokcts the drained water under the drying phase and as a water reservoir during the wetting phase
container v' 02 cmsilicon oil layer is spread over the water surface, in addition, the container i covered with a ubber menrbrane (hole for the drainage pipe) to minimize water losses
[1¥** Conputer Conmol and data acquision (using a GUI software)
v’ Atlkast two USB ports are needed (data logger and balance)
2% Data logger Transmits commands to the regulator and measuring data (transducers)
v' 5channel logger is required for one pressurizing cell
13 Valve Control water and ar flow through the pipelines
14 Ouings Sealing
15 Top cap Equipped with the perforated phte, air pressure transducer and seals the cap to the chamber by screws and O+4ing
16 Top ring Fasten the sanplk chanber to the base and seals it using screws and O+4ing
17 Base Equ]ptped with ahigh AEV ceramic disk, conpartments for water pressure transducers, drainage and pore water pressure pipes connected to valves which allow flushing water
out of the compartments to get rid of any occluded air bubbles
Others Afr conpressor and vacuum pressure generator (Saturation and deaerating water)

*  Pressurizing unit
** - Water collection unit
***  Control and acquisition unit
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Fig. 3.2: Experimental setup of the newly developed SWCC determination CPM system. [schematic]



The system consists of three main units: control and acquisition unit, pressurizing unit,
and water collection unit. The three main units comprising the developed system are elucidated
in Fig. 3.3. In addition, some of the comprising components and tools used for preparing the
tested sample are illustrated through Fig 3.4. The air pressure is supplied to the sample through
the air inlet valve attached to the top of the cell, where a regulator and a motor connected to the
computer control the air pressurizing/depressurizing rate. The air pressure is measured directly
using the air pressure transducer which is directly connected to the control and acquisition unit.
Meanwhile, a MT installed at the center of the sample instantly and continuously measures the
developing pore water pressure in response to the changing air pressure. The donut high AEV
CD installed to the base retains the air pressure and allows dissipating the accumulating pore
water pressure by draining water out of the sample through the drainage outlet. The drained
water is collected into a container that is continuously weighed using a balance with 0.01 g
readability that is directly connected to the control and acquisition unit. A 5 cm in diameter and
5 cm in height soil specimen contained in an acrylic mold with 5 cm inner diameter and 8.5 cm
height is adopted as illustrated in Fig. 3.2. A perforated plate hanging from the top cap using a
rod is used to restrain the sample and prevent volume changes through testing (mainly the
wetting phase). Since the plate is hanged by a rod from the top cap, the exerted overburden
pressure to the sample surface is too small and therefore assumed to be negligible. The function

and specifications of each component are listed in Fig. 3.2.

| ™
Controland |
acquisition unit |

collection unit }
\ .
—

Water i[‘

Pressurizing
unit 3

Fig. 3.3: Developed CPM system comprising units. [picture]
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Fig. 3.4: Comprising components and preparation tools.
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Three pressurizing cells were prepared for optimizing and validating the developed
CPM system. The cells were equipped with different high AEV CDs varying in their AEVs and
saturated coefficient of hydraulic conductivity as elucidated through Table 3.1. In addition,
several MTs varying in their lengths and equipped with various ceramic cups with different

AEVs were used for optimizing the developed system as illustrated in Table 3.1.

The control and acquisition unit is comprised of a set of sensors connected to a data
logger in a way where all the system is operated and controlled using a Graphical User Interface
(GUI) software. The GUI software serves as a panel to provide the inputs that allow controlling
several testing conditions and parameters. In addition, it allows recording the sensors and
balance readings versus the elapsed time. The developed system operates following three modes,
pressurizing mode where the air pressure is linearly increased with time, depressurizing mode
where the air pressure is linearly decreased with time, and the constant mode where the air
pressure is maintained at a constant value with time. The air pressure motor and regulator unit
allows applying a pressurization/depressurization rate ranging from 0.001 kPa/min. to 10
kPa/min.. Prior to testing the recording time interval, step duration and the threshold to proceed
to the next step are provided. The threshold condition can be set either as a time-controlled
mode where the software proceeds to the next pressurizing step after a predetermined time or
as an air pressure mode where the software proceeds to the next step once reaching a
predetermined air pressure value. It must be noted that the threshold priority can be set up to
the time priority, air pressure priority or equal priority (time and air pressure, whichever is
achieved earlier). The developed system is capable of operating two cells at the same time,
therefore, the active motor and the air pressurizing rate for each step can be determined when
providing the testing schedule. All air and pore water pressure transducers have a capacity of

700 kPa with 0.001 kPa readability.

Table 3.1: CPM system pressurizing cells.

Ceramic disk Micro-tensiometer
Cell Alr entry Hydr.aL.llic Porosity Length Air entry value
value conductivity [;] [7]
(kPa) (cm/s) (em) (kPa)
JH100 100 8.60x10° 045  1-25-4 100
N10O 100 7.56x107 034 1-25-4 100
N200 200 6.30 x 107 0.32 2.5 200
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3.4 Methodology
3.4.1 Preparation of the specimen

Samples preparation starts with determining the desired density and initial water content,
where the desired mass of dry soil is mixed with a specific amount of water to achieve the
desired initial water content inside a plastic bag. The sample is left inside the sealed plastic bag
to rest in order to ensure uniform and consistent water content distribution. The bottom
perforated plate covered with a Nylon mesh is then attached to the acrylic mold as illustrated
through Fig. 3.5. Soil is compacted directly into the acrylic mold to the desired density into
several layers (3 — 4 layers). The perforated plate and a perforated cylinder are attached to the
sample’s bottom and top surfaces to restrain volume changes during the saturation process. A
Nylon mesh filter layer is installed between the perforated cylinder/perforated plate and the soil
particles in order to avoid any soil particles loss through the cylinder/plate grooves and to ensure
uniform distribution of the water during the saturation process. Soil layers are compacted with
the same compaction energy and identical placement technique in order to ensure consistent

and uniform densities through the prepared specimen profile.
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Fig. 3.5: Sample preparation molds and methodology (CPM).
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3.4.2 Preparation of the pressurizing cell

Since the developed system adopts using high AEV interfaces (MTs’ ceramic cups and
high AEV CD), a high degree of saturation of the high AEV interfaces should be confirmed
prior to starting the test. The pressurizing cell saturation process is carried out by submerging
the whole base (CD and the underlying compartment) and the MTs in a water tank then applying
a negative pressure of 90 kPa for about 24 hours to ensure fully saturated conditions and to get
rid of any occluded air bubbles. On the other hand, two specimen saturation techniques, vacuum,
and capillary were adopted. For the vacuum saturation technique, soil samples contained in
acrylic molds are submerged into a water tank, then a negative pressure of 90 kPa is applied for
about 24 hours to get rid of any occluded air bubbles and to ensure full saturation of the whole
specimen. While for the capillary saturation technique, saturation is carried out by allowing the

samples to stand in a water bath for about 24 hours.

The pressurizing unit is assembled starting with the base, where the pore water pressure
transducer is installed followed by the MT which is installed directly by flushing deaerated
water using a syringe into the MT’s pipe, then the MT is attached to the base. Finally, water is
flushed through the compartment and the pipeline through the valve to get rid of any occluded
air bubbles within the system. The drainage pipe is then assembled to the base, followed by
flushing water through the water compartment beneath the CD into the drainage pipe to get rid
of any occluded air bubbles. It must be noted that deaerated water is used for flushing the air
bubbles out of the system. Care should be taken to keep the CD and the MT’s ceramic cup
saturated during the preparations to reduce the error resulting from losing water due to the
evaporation which might significantly affect the accuracy of the pore water pressure

measurement.

Since the developed system adopts determining the suction value under transient
conditions, the response time and accuracy of the sensors and the MT are of great importance
to ensure accurate measurement of the pore water pressure which results in obtaining reliable
SWCCs. The degree of saturation of the MT is tested prior to starting the test by assembling an
empty acrylic mold to the prepared base (after installing the MT and its transducer) and filling
it with deaerated water. Three O-rings [G-50 rubber rings] are used (base-acrylic mold, acrylic
mold-top ring, and top cap-top ring) in order to seal the pressurizing cell and to prevent any
water or air leakage as indicated through Fig 3.2. Different air pressure values (less than the
CD’s AEV) are applied and the response accuracy and time required to achieve equilibrium

(where the measured water pressure value converges to be equal to the applied air pressure
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value) are monitored. Slow or not accurate response (deviation > 0.2 kPa) indicates a low degree

of saturation and requires extending or repeating the saturation process.

Samples contained in acrylic molds are then removed from the tank and the perforated
cylinder is replaced by a dummy acrylic cylinder to support the sample during the process of
preparation. The perforated plate attached to the other end is detached and replaced with a metal
cap designed with a hole at its center. A hole is excavated with diameter and depth equal to the
designated MT’s dimensions using a drill bit. A steel dummy is used to support the soil and to
ensure a smooth path for the MT which is kept until installing the sample to the cell. The initial
mass of the empty acrylic mold, the tested sample, and the dummy cap are recorded to calculate
the sample’s initial water content later on (final water content at the end of the test can also be

used to inversely determine the initial water content of the tested sample).

The steel dummy is then removed and the prepared sample is moved and attached to the
base with the MT guided carefully through the excavated hole to avoid disturbing the
surrounding soil and ensure good contact between the MT’s ceramic cup and the surrounding
soil particles. The top ring is then attached and the screws are tightened to seal the top and
bottom sides of the sample chamber. Followed by assembling the top cap, then the perforated
plate hanging from the top is docked to its initial position where the perforated plate touches
the surface of the sample without inducing any overburden pressure. Finally, the top cap is
assembled and the screws are tightened to seal the pressurizing cell. Three O-rings are used
(base-acrylic mold, acrylic mold-top ring, and top cap-top ring) in order to seal the pressurizing

cell and to prevent water or air leakage during testing.

The water collection unit is prepared starting with the balance leveling, then taring the
reading (zero) before moving the water container onto the balance. The initial water level inside
the container is set to be on the same level as that of the sample’s surface (to eliminate any
water gradient associated with water head difference between the sample and the water
container). The pressurizing unit is moved to the stand with the drainage pipe guided into the
water container as illustrated in Fig. 3.3. The level of the stand is modified in a way to ensure
that the sample’s surface and the water inside the container are on the same level. It must be
noted that the water container was covered with a rubber membrane with a small hole opened
at the center where the drainage pipe is guided through, therefore, water losses due to
evaporation during testing which might induce significant error is minimized. In addition, in
order to maximize the accuracy, the balance was equipped with an acrylic chamber in order to

minimize the error resulting from the wind influence on the readings of balance.
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3.4.3 Testing conditions and data acquisition

Prior to starting the test, the testing schedule is provided using the GUI software. Where
for each step, the air pressurizing/depressurizing rate (kPa/min.), printing interval (ranging
between 1 second to several hours), and the duration of each step can be controlled as elucidated
through Fig. 3.6. The drainage valve is then opened manually, followed by initializing all the
transducers and the readings of the balance (zero reading) using the GUI software. Finally, the
test is commenced by clicking the start button using the GUI software. Fig. 3.7 a illustrates the
testing process and the sequence of the steps that should be followed in order to obtain a full
wetting and drying SWCCs utilizing the newly developed CPM system. While Fig. 3.7 b
demonstrates the sample preparation process starting from preparing the testing molds until

installing the tested specimen into the pressurizing cell.

During testing, the applied air pressure (u4), pore water pressure (), and the cumulative
mass of drained water are continuously measured versus the elapsed time as shown in Fig. 3.8.
Positive air pressurizing rate triggers an increase in the applied air pressure thus induces the
drying phase conditions where the head gradient drives the water out of the sample through the
drainage pipe into the water container. While the negative rate triggers the wetting phase where
the head gradient is reversed, consequently drives the water from the water container through
the drainage pipe into the sample. The drying phase ends when achieving an equilibrium state
where no water flows out of the sample regardless of the air pressure and the pore water pressure
values, while the wetting phase ends when no more water flows into the sample. After the
completion of the test, the sample is removed and the water content at the end of the test is

directly determined by drying the tested sample for 24 hours in an oven at 110 (°C).

3.5 Materials

Two distinct soil groups were used to validate and confirm the reliability, accuracy, and
repeatability of the developed CPM system. The first group includes three standard testing silica
sands (Toyoura sand, K-7 sand, and K-4 sand), while for the second group, it includes natural
samples collected at two Geo-disaster affected sites. After Kumamoto earthquake, Japan in
April 2016, a massive landslide as a result of the jolts and the following rainfall events has
occurred. Samples were collected in the middle of October the same year next to a landslide as

elucidated in Fig. 3.9.
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A heavy rainfall storm has struck Fukuoka and Oita prefectures, Japan in the beginning
of July 2017. One of the highly affected areas was Asakura region located in Southern Fukuoka,
Japan. Samples were collected in the middle of November the same year at the landslide and
debris flow site as shown in Fig. 3.9. Some of the pictures of the affected areas are also shown
in Fig. 3.9. The particle size distribution curves for the adopted standard testing soils are
illustrated in Fig. 3.10, while Fig 3.11 shows the particle size distribution curves for the natural
soils collected at Kumamoto landslide and Asakura landslide. It must be noted that A1, A2, A3,
and A4 represent the natural soils collected at locations (1), (2), (3), and (4) respectively. A
summary of the physical properties of the adopted standard testing soils and collected natural

soils are shown in Table 3.2.
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Fig. 3.8: Raw measured data versus elapsed time (Toyoura 0.05
kPa/min.) [CPM system].

Table 3.2: Summary of the standard and natural soil properties.

. Spec1.ﬁc Dry density ks Void ratio Do
Group Soil gravity

Gs (g/cm?) (m/s) e (mm)
B o KA 2640 1551 2.07x107 0698 0630
S5 Toyura 2646 . 1560 129107 0693 0116

% = K-7 2.642 1.618 1.14 x10° 0.629 0.059
o _Kumamoto VA  2.278 | 0400 8.04x10% 4701 0008
R Al 2701 1425 1.08x10° 0850 0285
T AZ_ 2711 Lell - 2.15x10° 0658 0590
S A3 2693 . 1.557 238x10% 0545 0490

A2 2.705 1.731 1.91 x107 0.720 0.410
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Fig. 3.11: Particle size distribution curves (natural collected soils).

3.6 Validation of the CPM system

Three main approaches were adopted to validate the newly developed CPM system: 1)

82

the SWCCs determined using the newly developed CPM system are compared to the SWCCs
obtained utilizing the conventional MSFM for the drying and wetting phases. 2) the reliability
of the CPM system using various air pressurizing rates and various air pressurizing patterns
was confirmed by comparing the SWCCs obtained adopting low, moderate, and high air

pressurizing rates. 3) the accuracy of the CPM system was confirmed, where the SWCCs



obtained utilizing the CPM system were numerically fitted using VG-model (Van Genuchten,
1980), then the fitting parameters were compared to the parameters obtained by fitting the
SWCCs determined using the conventional MSFM.

Fig. 3.12 and Fig. 3.13 show the drying and wetting phases SWCCs for Toyoura sand
and K-4 sand respectively. While Fig. 3.14 shows the drying SWCC for K-7 sand. The black
solid continuous line represents the SWCC obtained utilizing the newly developed CPM system
using 0.5 kPa/min. air pressurizing rate for the drying and wetting phases for Toyoura sand and
K-4 sand, while only the drying phase was determined for K-7 sand as indicated. Utilizing the
newly developed system, the suction was determined by taking the difference between the
applied air pressure and the pore water pressure measured at the center of the sample (2.5 cm
in length MT). The red squared scattered plots represent the discrete measurements obtained
using the conventional MSFM under the drying phase, while the dark blue triangular scatter
plots represent the discrete measurements obtained using the conventional MSFM
corresponding to the wetting phase for the tested soil as elucidated though Fig 3.12, Fig. 3.13
and Fig. 3.14.

It can be observed that the proposed CPM system is capable of providing smooth,
continuous and accurate SWCCs under both the drying and the wetting phases. The SWCCs
obtained using the CPM system are in good agreement with the SWCCs obtained using the

conventional MSFM with precise accurate capturing of the AEV and the residual suction value

<
(o)
|

——CPM-0.5 kPa/min. 0O D-MSFM a W-MSFM

<
[
l

e
~
1 l

e ¢
NS
Ll

Volumetric water content (6)
o
(98]
|

e
—
]

e
o

100

e
i

Suction [y] (kPa)

Fig. 3.12: Toyoura sand SWCCs (standard testing soil).
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Fig. 3.14: K-7 sand SWCCs (standard testing soil).

which corresponds to the residual water content. However, once exceeding the residual suction
value, for the SWCC obtained using the CPM system, the suction was pinned at almost constant
value regardless of the steady increase in the applied air pressure value. While for the SWCC
obtained using the conventional MSFM, the suction value monotonically increases with

increasing the applied air pressure increment value.

The VWC for Toyoura sand and K-4 sand decreases slightly then converges to the
saturated VWC before reaching the AEV, this can be attributed to the adopted testing

84



methodology where 5 ml of water was added to the top of the samples before starting the test
to ensure accurate capturing of the full SWCC staring from 100% degree of saturation. While
K-7 sand SWCC doesn’t exhibit a similar pattern, where the SWCC was determined without

the addition of the 5 ml extra water to the soil surface.

It must be noted that the conventional MSFM only provides discrete measurements
along the SWCC with difficulties associated with obtaining data for the small suction values
region due to the technical difficulties in maintaining small air pressure values. In addition, the
difficulties associated with the accurate determination of the equilibrium point at the end of
each pressure increment which is more paramount for pressure increments with small amounts

of drained water adds to the complexity of the conventional MSFM concept.

The developed CPM system pressurizing unit (air pressure regulator and motor) allows
performing the test with a rate of air pressurization ranging from 0.001 kPa/min. to 10 kPa/min..
In order to confirm the reliability of the developed system, the SWCCs of Toyoura, K-4, and
K-7 sand were determined using low (0.05 kPa/min.), moderate (0.5 kPa/min.), and high (5
kPa/min.) air pressurizing rates. Fig. 3.15, Fig. 3.16 and Fig. 3.17 show the SWCCs for Toyoura,
K-4, and K-7 standard testing sand respectively. The red squared scattered plots and the dark
blue triangular scatter plots represent the discrete measurements obtained using the
conventional MSFM under the drying and the wetting phases respectively. Only the drying
SWCCs are shown for K-7 sand due to human-associated errors that have led to misleading

results corresponding to the wetting phase.
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Fig. 3.15: Toyoura sand SWCCs determined using high, moderate and
low air pressurization rates (CPM) [standard testing soil].

85



0.6

— CPM-0.05 kPa/mn. = = = CPM-0.5 kPa/mn.
{ - - CPM-5 kPa/mn. O D-MSFM
0.5 1 A W-MSEM

Volumetric water content (6)

100

Suction [y] (kPa)
Fig. 3.16: K-4 sand SWCCs determined using high, moderate and low air

pressurization rates (CPM) [standard testing soil].

0.6

1 —— CPM-0.05 kPa/min. = = = CPM-0.5 kPa/min.
0.5 ] - .- CPM-5 kPa/min. o D-MSFM

] e | K7

e
~
l

Volumetric water content (0)
(=]
(98]
l

0.2 F---nmmmee- et TR S i

R T R
T : 1 o

0.0 o+ 4
0.01 0.1 1 10 100

Suction [y] (kPa)
Fig. 3.17: K-7 sand SWCCs determined using high, moderate and low air
pressurization rates (CPM) [standard testing soil].

Fig. 3.18 illustrates the SWCCs of Kumamoto volcanic ash (VA) obtained utilizing the
newly developed CPM system. Through Fig. 3.15, Fig. 3.16, Fig. 3.17, and Fig. 3.18, the three
curves (black, red, and green) represent the SWCCs obtained using the CPM system under low,
moderate, and high air pressurizing rate respectively for the drying and wetting phases as
indicated for each tested soil. For the SWCCs obtained utilizing the newly developed CPM
system, the suction was determined by taking the difference between the applied air pressure

and the pore water pressure measured at the center of the sample. It can be observed that almost
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identical SWCCs were obtained using various air pressurizing rates for all the tested samples.
The slight differences can be attributed to the difficulties in preparing identical samples with
exactly the same micro-pore network, human-associated errors, and due to the disturbance
while testing the samples. Fig. 3.19 illustrates the SWCCs for the natural soil samples collected
at four spatially distributed locations at Asakura site as indicated in Fig. 3.9. It must be noted

that an air pressurizing rate of 0.05 kPa/min. was adopted for all samples (A1, A2, A3, and A4).
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Fig. 3.18: Kumamoto VA SWCCs determined using high, moderate and
low air pressurization rates (CPM) [natural soil].
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Fig. 3.19: Asakura soil SWCCs. Different sampling locations. (CPM)
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It can be observed that the developed CPM system allows accurate determination of the
SWCCs of natural soils where smooth full SWCCs with distinct AEV and residual suction can
be obtained regardless of the heterogeneity of the collected material. Comparing the SWCCs of
different sampling locations, it can be observed that despite the distance separating the sampling

locations and the void ratio differences, the samples exhibit similar AEVs.

It was found that using high air pressurizing rate induces a rapid increase in the pore
water pressure throughout the tested specimen without allowing proper dissipation of the
accumulated pore water pressure by draining water into the attached container. As shown in
Fig. 3.20, Fig. 3.21 and Fig. 3.22 for K-4 sand, K-7 sand, and Kumamoto VA respectively, the
final suction was pinned at lower values when high (5 kPa/min.) and moderate (0.5 kPa/min.)
air pressurizing rates are used in comparison to the final suction value obtained using low air
pressurizing rate (0.05 kPa/min.). Fig. 3.23 illustrates the air pressure and degree of saturation
development with time using low (0.05 kPa/min.), moderate (0.5 kPa/min.), and high (5
kPa/min.) air pressurization rates. It must be noted that all adopted pressurization patterns
consider pressuring the tested sample to the same air pressure value at the end of the test within
each group. However, using high and moderate air pressurizing rates, the degree of saturation
remained relatively high in comparison to the low air pressurizing rate, while the suction values
remained relatively lower. Where dissipating the accumulated pore water pressure is a function
of the high AEV CD hydraulic conductivity and the allowed pore water pressure dissipation

period.
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Fig. 3.20: K-4 sand SWCCs determined using different air pressurizing
patterns (CPM).
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Fig. 3.21: K-7 sand SWCCs determined using different air pressurizing
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Fig. 3.22: Kumamoto VA SWCCs determined using different air
pressurizing patterns (CPM). Ext. indicates extended drainage time.

Similar tests with the same aforementioned air pressurizing rates (low, moderate, and
high) were carried out using different pressurizing patterns. Through those tests, a pressurizing
step in which the air pressure value was maintained constant for a certain period of time (zero
air pressurizing rate) as elucidated in Fig. 3.24 was added to the testing schedule. It was found
that allowing proper dissipation of the accumulated pore water pressure by giving longer time
for draining the water out of the sample, where water is allowed to drain under a maintained air

pressure value (same value for all adopted patterns within each group) until no more water
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flows out of the sample, results in reducing the degree of saturation of the tested samples to the
residual stage in significantly shorter period of time in comparison to the time required adopting
low air pressurizing rate. Consequently, the suction increases gradually until reaching the
residual VWC zone, where the SWCCs obtained by allowing proper dissipation of the pore
water pressure are identical with the SWCCs obtained using lower air pressurizing rates as
elucidated in Fig. 3.15, Fig. 3.16, Fig. 3.17 and Fig. 3.22 for Toyoura sand, K-4 sand, K-7 sand,

and Kumamoto VA respectively.
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Fig. 3.25 illustrates the rate of change in the degree of saturation using low (0.05
kPa/min.) and high (5kPa/min.) air pressurization rates for Toyoura sand. It can be observed
that the air pressurization rate strongly affects the rate at which the degree of saturation changes.
It must be noted that even under different degree of saturation changing rates, almost identical
SWCCs were obtained. Where the newly developed CPM system adopts instantaneous
measurement of the applied air pressure and the developing pore water pressure using high
resolution and rapid response pressure transducers. Consequently, the calculated suction value
is then plotted against the average water content of the tested sample, which is deducted from

the drained water content measured at the same time (t).

The reliability of the developed CPM system was verified by performing three or more
independent trials on the same soil sample under the same testing conditions and the same air
pressurizing rate. The SWCCs obtained from three independent trials using the CPM system
for Toyoura sand adopting low air pressurization rate (0.05 kPa/min.) and the SWCCs obtained
from two independent trials using the CPM system for Kumamoto VA adopting low air
pressuring rate (0.05 kPa/min.) are shown in Fig. 3.26 and Fig. 3.27 respectively. The results
indicate that for the same soil sample under similar testing conditions and the same pressurizing
rate and pattern, the obtained SWCCs are repeatable with precise capturing of the AEV and the
residual suction value. Low, moderate, and high air pressurizing rates were also tested using
various soil types (Toyoura sand, K-4 sand, K-7 sand, and Kumamoto VA) where similar results

were obtained.
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Fig. 3.25: Rate of change in the degree of saturation using low and high
air pressurizing rates (CPM).
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Furthermore, the SWCCs obtained using the CPM system adopting 0.5 kPa/min. air
pressurizing rate were fitted using VG model, then the VG fitting parameters (8, 6, @, and n)
were then compared to the VG model fitting parameters corresponding to the SWCCs obtained
using the conventional MSFM under the drying phase as illustrated in Fig. 3.28. Where 7 is a
measure of the pore size distribution and « is related to the inverse of the AEV, while 6; and 6.
are the saturated and residual VWC respectively. It can be observed that the VG fitting
parameters determined by fitting the SWCCs obtained using the CPM system compare well
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with the fitting parameters determined using the SWCCs obtained utilizing the MSFM with the
maximum difference corresponding to K-7 sand. This can be attributed to the percentage of the
fines comprising this soil where the volume changes become more pronounced. In addition,
during the preparation of K-7 samples, the fines were not uniformly distributed which adds to

the complexity of preparing identical samples, therefore, magnifies the error.

3.7 Pore water pressure measurement necessity

The conventional suction determination concept (MSFM) is based on the main
assumption that the pore water pressure dissipates totally once achieving the equilibrium state,
where at this point the pore water pressure inside the sample is assumed to be equal to the water
pressure within the water compartment beneath the high AEV interface (typically zero
[atmospheric pressure]). Usually, the amount of water flowing in/out of the sample is

continuously recorded (or discrete measurements are performed) until reaching the equilibrium
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state point which is defined as the point where the in/outflow ceases. The total amount of water
flowing in/out of the sample associated with a specific pressurization/depressurization step
varies significantly depending on the location of the predetermined air pressure value on the

SWCC relative to the AEV and the residual VWC stage.

Fig. 3.29 illustrates the cumulative amount of water drained out of the sample
corresponding to the air pressurization steps 1, 2, and 3 [u, =2 kPa - 4.6 kPa] under the drying
phase for Toyoura sand. It can be observed that approximately 23 g of water was drained out
of the sample, where equilibrium was achieved after 12000 minutes. Where the amount of
drained water is relatively large and required a relatively long time to achieve equilibrium and
thus obtain a single plot on the desired SWCC. On the other hand, the cumulative amount of
water drained out of the same Toyoura sand sample corresponding to the air pressurization steps
5 and 6 [u, = 8.4 kPa — 15.8 kPa] is shown in Fig. 3.30. It can be observed that only 0.2 g of
water was drained out of the sample, where equilibrium was achieved after approximately 2000
minutes, however small amounts of water kept flowing out of the sample. For such
pressurization/depressurization steps, accurate determination of the equilibrium point is
extremely difficult and associated with significant uncertainties which add to the complexity of
the test. Considering the aforementioned difficulties, controlling the air
pressurization/depressurization steps in order to obtain a smooth uniformly distributed scatter
plots along the SWCC is a very tedious process and requires huge efforts and longtime, which

adds to the complexity of the conventional MSFM testing concept.
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In order to confirm the necessity of measuring the pore water pressure, the conventional
MSFM setup was equipped with a MT installed at the center of the sample, while tests were
performed following the conventional MSFM standard procedure. The conventional suction
determination concept (MSFM) is based on the main assumption that the pore water pressure
dissipates totally once achieving the equilibrium state, where at this point the pore water
pressure inside the sample is assumed to be equal to the water pressure within the water

compartment beneath the high AEV interface (typically zero [atmospheric pressure]).

The SWCCs of Toyoura sand and K-4 sand were determined using the modified MSFM
setup adopting the standard testing procedure. 6 drying stages and 5 wetting stages were
adopted for Toyoura sand, while 10 drying stages and 3 wetting stages were adopted for K-4
sand. For each stage, the predetermined air pressure (i), the pore water pressure measured at
the center of the sample (uw), the degree of saturation (S,), and the matric suction (y = us — uw),
calculated by taking the difference between the air pressure and the measured pore water
pressure under the equilibrium state where no more water flows in/out of the tested samples,
were measured as summarized in Table. 3.3 and Table. 3.4 for Toyoura sand and K-4 sand

respectively.
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Table 3.3: Toyoura sand pressurizing and depressurizing steps using the conventional MSFM.

Dryin i Wettin
Pressure stage = , =
1 2 3 4 5 6 | 1 2 3 4 5
Alr pressure (i) 20 36 46 68 84 158 | 80 59 36 34 22
PR U
Pore water pressure (u:) - 5 1.0 02 06 14 90 | 12 -08 -06 05 03
S L. <. S
Y= la — Ua
Ha —lh 17 26 44 62 70 68 | 68 67 42 29 1.9
o KPa)
De; f saturation (S, |
greeo e NS g3 9712 47 1378 1224 1200 | 1241 1352 2422 7601 8192
() |

Table 3.4: K-4 sand pressurizing and depressurizing steps using the conventional MSFM.

Dryin; : Wettin;
Pressure stage S * =
1 2 3 4 5 6 7 8 9 10 1 2 3
Air pressure (¢,)
b 046 054 062 097 150 153 201 268 38 981 | 204 185 121
Pore Wate[gf]sme @) 008 015 031 030 035 001 005 02 09 592 | 061 002 -0.50
________ e
P 038 039 031 067 115 152 196 248 290 389 | 265 187 171
Degreeof saturation (S)) .

%] 106.81 10481 103.61 103.11 10260 4391 15.36 1434 13.53 1028 14.54 1812  23.19
() 1




Fig. 3.31 and Fig 3.32 illustrate the drying phase recorded air pressure values and the
corresponding residual pore water pressure values under equilibrium state for the adopted
pressurization steps for Toyoura sand and K-4 sand respectively. It was found that the pore
water pressure did not totally dissipate at the end of each pressurization step, and is more
pronounced for low VWC values. Where considering the drying phase, for the pressurizing
stages 1 to 5 for Toyoura sand and from stage 1 to stage 9 for K-4 sand, the residual pore water
pressure under equilibrium state ranges from 0.3 to 1.4 kPa for Toyoura sand and from 0.01 to
0.96 for K-4 sand. While for the last pressurizing stage (stage 6 for Toyoura sand and stage 10
for K-4 sand) the residual pore water pressure was significantly higher reaching 9.0 kPa and

5.92 kPa for K-4 sand and Toyoura sand respectively.
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Fig. 3.31: Residual pore water pressure values adopting the conventional MSFM (Toyoura sand).
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Fig. 3.33 shows the error associated with adopting the conventional matric suction
calculation concept (MSFM), where the pore water pressure is neglected (¥ = u,) versus the
degree of saturation for Toyoura sand and K-4 sand adopted pressurization stages. It was
confirmed that neglecting the residual pore water pressure when determining the matric suction
results in significant overestimation of the matric suction value, where it becomes more
paramount for low degrees of saturation. The residual pore water pressure resulted in 55% and
60 % overestimation of the matric suction value for Toyoura sand and K-4 sand corresponding

to the final pressurizing increment under the drying phase.

The suction values were then recalculated considering the residual pore water pressure
by taking the difference between the applied air pressure and the residual pore water pressure
measured at the center of the sample (equilibrium state). The modified SWCCs for both
Toyoura and K-4 sand are illustrated through Fig. 3.34 and Fig. 3.35 respectively. It can be
observed that considering the pore water pressure when calculating the matric suction results
in pinning the matric suction at lower values, leading to better agreement with the CPM
obtained results. This can be attributed to the residual amount of water entrapped within the
specimen and to the adsorbed water where it is difficult to remove those water molecules even
under high air pressure values. This was confirmed by drying the samples for 24 hours at 110
(°C) where further reduction in the VWC was observed. Finally, it can be concluded that
assuming that the matric suction equals the applied air pressure (equilibrium state) results in a
significant error that cannot be neglected. Therefore, considering the residual pore water

pressure when calculating the matric suction utilizing the axis-translation technique is necessary.
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Fig. 3.33: Matric suction deviations (neglecting the residual pore water pressure) [MSFM concept].
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It must be noted that adopting the conventional concept requires allowing proper pore
water pressure dissipation period until achieving equilibrium under a predetermined air pressure
value. A difference between the predetermined initial air pressure values and the final measured
values ranges between 0.4 kPa to 1.6 kPa for Toyoura sand was observed. This difference is
significant, however, it is difficult to be evaluated and considered using the conventional
calculation method which adds to the complexity of the test. On the other hand, the newly
developed CPM system adopts instant measurement of the applied air pressure and the
corresponding pore water pressure, therefore, such kind of difficulties which result in

significant uncertainties in the calculated suction values can be avoided.
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Fig. 3.34: Modified MSFM concept (y =u, — u, ) [Toyoura standard testing sand SWCCs].
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3.8 Factors affecting the SWCC determination utilizing the CPM
3.8.1 Pore water pressure measurement position

The newly developed CPM system adopts determining the matric suction by taking the
difference between the applied air pressure and the developing pore water pressure at the center
of the tested sample. In order to validate the assumption in which the center of the sample is
considered as a representative point for measuring the developing pore water pressure and
results in obtaining reliable SWCCs, three MTs with three different lengths 1 cm, 2.5 cm, and
4 cm were used to determine the SWCC using the developed CPM system. The adopted MTs
allow measuring the pore water pressure at three levels top layer (h/H = 0.8), center of the
sample (h/H = 0.5), and bottom layer (h/H = 0.2). Where H is the sample length (5 cm) while £
is the MT position relative to the high AEV CD’s surface. A specially designed pressurizing
cell instrumented with three MTs openings, transducers, and pipelines were prepared and used,
detailed description of the cell and the system are provided in Chapter 4 (Fig. 4.4). Tests were
carried out using Toyoura sand and K-4 sand adopting low (0.05 kPa/min.), moderate (0.5

kPa/min.), and high (5 kPa/min.) air pressurization rates.

Fig. 3.36 and Fig. 3.37 show the SWCCs determined using the CPM system adopting
0.5 kPa/min. air pressurization rate for Toyoura sand and K-4 sand respectively. It can be
observed that the SWCC obtained considering the pore water pressure averaged along the soil
specimen indicated by the black dashed line agrees well with the SWCC measured adopting the
pore water pressure measured at the center of the sample [h/H = 0.5] represented by the red
solid line, where both compare well to the SWCC determined using the conventional MSFM
for both the drying and the wetting phases.

On the other hand, adopting the pore water pressure being measured within the top layer
(h/H = 0.8) results in significant overestimation of the calculated matric suction value under the
same average VWC. While adopting the pore water pressure being measured within the bottom
layer (h/H = 0.2) results in significant underestimation of the matric suction value under the
same average VWC. Similar results were obtained under low and high air pressurization rates.
It must be noted that the tests were repeated two to three times using different types of soil
(Appendix I) to ensure the reliability of the obtained results under such transient testing
conditions, where almost identical results were obtained. Therefore, it can be concluded that
the center of the sample can be considered as a representative point for measuring the

developing pore water pressure resulting in obtaining a reliable accurate SWCC for sandy soils.
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3.8.2 Saturation technique

Two specimen saturation techniques, vacuum, and capillary were adopted. For the
vacuum saturation technique, soil samples contained in acrylic molds were submerged into a
water tank, then a negative pressure of 90 kPa was applied for about 24 hours to get rid of any
occluded air bubbles and ensure full saturation of the whole specimen. While for the capillary
saturation technique, saturation was carried out by allowing samples to stand in a water bath

for about 24 hours.
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a) Vacuum saturation. b) Capillary saturation.

Fig. 3.38 a and Fig. 3.38 b show the SWCC for Toyoura sand determined adopting the
vacuum saturation technique and the capillary saturation technique respectively. The solid line
represents the SWCC determined using the newly developed CPM system, while the scatter
plots represent the SWCC determined utilizing the conventional MSFM for both drying and
wetting phases. It can be observed that adopting the vacuum saturation technique, a full SWCC
starting from 100% degree of saturation could be obtained. On the other hand, only 83% degree

of saturation could be achieved adopting the capillary saturation technique where the obtained
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SWCC covers the range starting from 83% degree of saturation to the residual degree of
saturation. It must be noted that for Toyoura sand similar AEV was obtained using either of the
adopted saturation techniques. However, the error becomes more pronounced for soils with
AEV corresponding to a degree of saturation larger than the maximum degree of saturation
attainable using the capillary saturation technique. Especially for such soils, the resulting error
must be carefully considered or avoided by adopting the vacuum saturation technique instead

of the capillary saturation technique.
3.8.3 Saturated coefficient of hydraulic conductivity of the ceramic disk

The newly developed system adopts instantaneous measurement of the air pressure and
the pore water pressure to determine the matric suction value under transient conditions. In
order to confirm the reliability and generalize the developed method, the influence of the high
AEV CD saturated coefficient of hydraulic conductivity (k) on the SWCC determination was
investigated by comparing the SWCCs obtained utilizing the developed CPM system using two
sets of CDs with identical AEV of 100 kPa and one order difference in the (k) value (H100 and
N100, Table 3.1). Fig. 3.39 shows the SWCCs obtained for Toyoura sand utilizing the newly
developed CPM system using the two adopted CD sets [low and high (&;)]. Tests were carried
out using 0.05 kPa/min. air pressurization rate for both the wetting and drying phases. It can be
observed that regardless of the adopted CD’s (%), almost identical SWCCs with the same AEV
and the same residual suction value were obtained. Therefore, utilizing the developed CPM
system, the calculated suction value is not affected by the CD’s (k;), where the pore water
pressure is measured directly and instantly within the soil sample and deducted from the applied
air pressure to determine the suction value. Consequently, the pore water pressure measurement
has no correlation with the CD’s (£5). Finally, it can be concluded that the influence of the CD’s
coefficient of hydraulic conductivity on the SWCC determination is minor and therefore can be

neglected.

It must be noted that the CD’s saturated coefficient of hydraulic conductivity
significantly affects the SWCC obtaining time, where the CD’s (k) reflects the speed and ease
at which the CD allows the pore water pressure to dissipate by draining water out of/into the
sample. Where the rapid dissipation of the pore water pressure while continuously measuring
the developing air pressure and pore water pressure results in a significant reduction in the time

required to obtain a full SWCC over the whole saturation range.
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Fig. 3.39: CD’s saturated coefficient of hydraulic conductivity influence

on the SWCC determination (CPM).

3.8.4 Atmospheric pressure fluctuations influence on the SWCC determination

Several pressurization/depressurization patterns can be adopted for testing using the
newly developed CPM system to determine the drying and wetting SWCCs. Through constant
air pressure stages (maintained air pressure), significant fluctuations in the measured air
pressure and pore water pressure were observed. Fig. 3.40 a elucidates the measured air pressure
(ua) and the pore water pressure (u,) during the wetting process corresponding to the reduction
in suction value from 8 kPa to 4 kPa using the newly developed CPM system for Toyoura sand.
In addition, the atmospheric pressure recorded by the JMA (2018) during the same testing
period (corresponding to y = 8 kPa = 4 kPa) is illustrated through Fig. 3.40 a represented by
the green solid line. The air pressure was measured using the pressure transducer installed at
the top of the pressurizing cell, while the pore water pressure was measured using the pressure
transducer attached to the MT installed at the center of the sample as illustrated in Fig. 3.2. The
measured air pressure fluctuates with a deviation of (1 kPa) around the predetermined air
pressure value (u. = 4 kPa). The fluctuations in the measured pore water pressure were found
to be identical with the fluctuations in the measured air pressure following exactly the same
pattern with almost the same magnitude. In addition, it was found that the fluctuations
associated with the measured air pressure and the pore water pressure compare very well to the
fluctuations in the recorded atmospheric pressure as elucidated through Fig. 3.40 a. Therefore,

it can be concluded that the fluctuations in the measured air pressure and pore water pressure
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can be attributed to the surrounding zone atmospheric pressure fluctuations which are measured

directly by the pressure transducers during testing.

As mentioned in section 3.6 and section 3.7, the conventional MSFM only provides
discrete measurements along the SWCC with difficulties associated with obtaining data for the
small suction region due to the technical difficulties in maintaining small air pressure values.
In addition, a difference between the predetermined initial air pressure values and the final
measured values ranges between 0.4 kPa to 1.6 kPa for Toyoura sand was observed using the
conventional MSFM. This difference is significant, however, it is difficult to be evaluated and
considered using the conventional calculation method. On the other hand, the newly developed
CPM system adopts calculating the matric suction by taking the difference between the applied
air pressure and the developing pore pressure measured at the center of the tested sample.
Consequently, the error associated with the atmospheric pressure fluctuations influence on the
measured pore water cancels the error resulting from the error associated with the atmospheric
pressure fluctuations influence on the measured air pressure as illustrated in Fig. 3.40 b.
Therefore, a correction reflecting the atmospheric pressure fluctuations influence on the
calculated matric suction values is not required. While adopting the conventional MSFM
concept, where the matric suction is assumed to be equal to the applied air pressure value under
equilibrium state, requires correction factor to account for the atmospheric pressure fluctuations
influence in order to ensure obtaining reliable and accurate SWCCs. Which in turn adds to the

complexity and limitations of the conventional MSFM concept.

8 . : r 107
= Predetermined ! Toyoura sand | |
% air pressure ! . B
o 6 T——————— == —4—— T Arrpressure () —T 105 =
£ 7] = i : -
8 41 i —C - f103 2
= | | e £l 2
S A ' | | = < | 8
B2 oo —— == y————= 5o 1T 101 =
L 1 Atmospheric | ! " %D < | [ 2
& pressure | | | £ &\ 2
S 0 1+————""—3 / ' -4 § ot 9 &
E E 1 1 Il N @]
A 1 I i | s || E
8 E 1 1 1 - <
g -2 : T T - 97
> Pore water pressure (u,) | r
< ] . . ! a | [

'4 T T T T I T T T T I T T T T I T T T T 95

0 5000 10000 15000 20000

Elapsed time [t] (min.)
Fig. 3.40: Fluctuations in the measured air and pore water pressures.
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105



Toyoura sand i i b
i Wetting phase i
= 5 _______________i _____ y =8 kPa— 4 kPa __i _____________
z i i
= | |
8 V=, |
% 1 ]
@A ST B " Iy i
3 T T T T i T T T T i T T T T i T T T T
0 5000 10000 15000 20000

Elapsed time [t] (min.)
Fig. 3.40: Fluctuations in the measured air and pore water pressures.
b) Matric suction (CPM concept).

3.9 SWCC determination time

Generally, conventional SWCC determination techniques are complex and require
prolonged testing time. Therefore, the SWCC determination is considered as a very tedious
process. The testing time required to obtain a full SWCC using the conventional MSFM and
the newly developed CPM method adopting several air pressurization rates are illustrated in
Fig. 3.41. The drying and wetting phases required testing time are indicated. Using the
conventional MSFM, it took in total 44000 minutes (30.6 days) to obtain a full SWCC for the
drying and the wetting phases. Where determining the drying SWCC required 17000 minutes
(11.8 days) using the conventional MSFM, while the wetting SWCC took 27000 minutes (18.8
days). On the other hand, utilizing the newly developed CPM system, it took about 3852
minutes (2.7 days) and 1968 minutes (1.37 days) to determine the full wetting and drying phases
SWCCs adopting 5kPa/min. and 0.05 kPa/min. air pressurizing rates respectively. It was
confirmed that using the newly developed CPM system (considering all adopted air
pressurization rates), full SWCCs corresponding to the drying and wetting phases can be
obtained in less than 9% of the time required to obtain the same drying and wetting SWCCs
using the conventional MSFM. It must be noted that the same high AEV CD with an AEV of
100 kPa and a saturated coefficient of hydraulic conductivity (k) of 8.60 x 10 cm/s was used
for both the conventional MSFM and the developed CPM system.
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Fig. 3.41: Testing time CPM and MSFM (drying and wetting phases).

The time required to obtain a full drying and wetting SWCCs using the newly developed
CPM system adopting low (0.05 kPa/min.) and high (5 kPa/min.) are shown in Fig. 3.41 for
Toyoura sand. It was found that adopting high air pressurization rates result in reducing the
time required to determine the drying phase SWCC. However, the opposite trend was observed
where longer time was needed to obtain a full wetting SWCC adopting the high air
pressurization rate. In total, it can be concluded that adopting high air pressurization rates
significantly reduces the time required to obtain a full drying SWCC. On the other hand, using
low air pressurization rates slightly shortens the time required to determine full drying and
wetting SWCCs. It must be noted that regardless of the adopted air pressurization rate, the
testing time required to obtain a full drying and wetting SWCCs is significantly reduced

(reduction in the testing time > 91%)).

The influence of the CD’s saturated coefficient of hydraulic conductivity (ks) on the
SWCC determination time was also investigated by comparing the results obtained using two
sets of CDs with one order (k) difference (N100 and H100, Table 3.1). Fig. 3.42 shows the
time required to obtain a full SWCC using the two adopted CDs under the drying and the
wetting phases using an air pressurization rate of 0.05 kPa/min. for Toyoura sand. It took about
8621 minutes (5.9 days) to obtain the drying and wetting SWCCs using the CD with the lower
(ks), while it took only 1968 minutes (1.3 days) using the CD with the higher (k). It was
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confirmed that using a CD with one order higher (k;) results in a significant reduction in the
SWCC determination time, where a full SWCC under both the drying and wetting phases was
obtained in less than 23% of the time required using the lower coefficient of hydraulic
conductivity CD for Toyoura sand. The reduction in the required testing time is less significant
for the drying phase in comparison to the wetting phase, this can be attributed to the driving
head. Where during the drying phase, the water was drained out driven by the increasing air
pressure inside the testing cell. On the other hand, during the wetting phase, the water was

allowed to enter the sample driven by the capillary head without any external head.

The remarkable reduction in the testing time significantly enhances the accuracy and
reliability of the SWCC determination, where it eliminates the errors associated with the
prolonged testing time. Among those errors, the human-associated errors, surrounding
environmental fluctuations (such as temperature and pressure), air dissolving in the water filling
the pores associated errors, and air diffusing through the high AEV CD and getting entrapped
in the water compartment. can be addressed. In addition, it must be noted that the newly
developed CPM system provides continuous SWCCs in comparison to the discrete plots
obtained using conventional methods. Finally, it can be concluded that the newly developed
system is accurate with precise repeatability, reliable, direct and requires very short time SWCC

obtaining system.
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5.0 Days |\ 100 3

®©
S

n
()

Testing time (%)
D
[«=)

[\
(=]

Time (min.)
D
S
S
S

N100 H100

Fig. 3.42: CD’s saturated coefficient of hydraulic conductivity influence on the
testing time (CPM).
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3.10 Summary

Through this chapter, the development of a novel SWCC determination technique and

system utilizing the Continuous Pressurization Method is presented. The theory, assumptions,

experimental setup, testing methodology, validation of the system, accuracy, repeatability,

advantages, and limitations of the developed system are thoroughly discussed. The main

conclusions can be summarized as follows:

1-

The developed novel automatic system allows rapid, direct, continuous, and simple
determination of the SWCC adopting the CPM, where the matric suction is measured
under transient state (not equilibrium state). Regardless of the applied air pressurization
rate, the accuracy, precision, reliability, and repeatability of the CPM system were
confirmed. It must be noted that the system reliability was confirmed for low suction
range (depending on the high AEV CD and the MT’s ceramic cup), where a maximum
200 kPa AEV CD and MT were used.

Unlike the conventional methods, the developed system allows obtaining smooth and
continuous SWCC (not discrete plots). In addition, it was verified that the center of the
sample can be considered as a representative point for measuring the developing pore
water pressure which results in obtaining reliable accurate SWCCs.

The developed CPM system allows determining the drying and wetting SWCs in a
remarkably short time, where the drying and wetting SWCCs can be obtained in less than
9% of the time required to obtain the same SWCCs using the conventional Multi-Step
Flow Method (MSFM).

It was found that the CD’s saturated coefficient of hydraulic conductivity (k) influence
on the SWCC determination is negligible. However, using a CD with one order higher
(ks) results in a significant reduction in the SWCC determination time, where the drying
and wetting SWCCs were obtained in less than 23% of the time required using the CD
with one order higher (k).

It turned out that the conventional MSFM concept which assumes that the matric suction
equals the applied air pressure once reaching the equilibrium state results in a significant
error that cannot be neglected. Therefore, considering the pore water pressure when

calculating the matric suction utilizing the axis-translation technique is necessary.

Using the CPM system, it was found that the fluctuations in the measured air pressure

and pore water pressure can be attributed to the surrounding zone atmospheric pressure
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fluctuations. Consequently, a correction reflecting the atmospheric pressure fluctuations
influence on the calculated matric suction values is not required when adopting the newly
developed CPM system. While adopting the conventional MSFM concept, the matric
suction requires a correction factor in order to ensure obtaining reliable and accurate

SWCCs.
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CHAPTER 4

Development of HCF determination
system adopting the continuous
pressurization method

4.1 Introduction

Generally, the Hydraulic Conductivity Function (HCF) determination techniques are
limited in terms of number, reliability, and applicability. Similar to the Soil Water
Characteristics Curve (SWCC) determination techniques, the HCF determination techniques
vary widely in terms of cost, complexity, testing time, and effective measurement range. The
existing techniques and setups are limited due to several reasons including mainly testing
complexity, high cost, applicable only under the drying phase, discrete measurements, and
prolonged testing time where depending on the number of data points desired, testing may
require at least several months. It must be noted that commonly the HCF is indirectly obtained
by fitting the SWCC combined with the saturated coefficient of hydraulic conductivity (k)
using empirical or statistical-based models. Where the SWCC and the HCF are strongly
correlated and both are functions of the micro-pore structure. In general, the existing direct
determination techniques consider determining the SWCC and the HCF separately and both are
limited due to the testing complexity and prolonged testing time. Therefore, a simple, accurate,
and reliable method that considers a concurrent determination of the SWCC and the HCF in

one test using the same sample in a short time is still lacking.

Through this chapter, a novel concurrent SWCC and HCF determination technique
utilizing the Continuous Pressurization Method (CPM) is proposed. Where the theory,
experimental setup, accuracy, repeatability, advantages, and limitations of the developed
technique are thoroughly discussed. In addition, the pore water pressure profile development
using various air pressurizing rates under the transient testing state corresponding to different

degrees of saturation is investigated. Finally, an empirical model that fits the suction profile
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development with time under transient state (developed CPM technique) is proposed and used

to systematically and reliably determine the HCF.

4.2 Theory

4.2.1 Conventional steady-state method

The conventional steady-state method using the constant head technique is commonly

used to directly determine the HCF. Fig. 4.1 shows the commonly used experimental setups

adopting the conventional steady-state method. As shown in Fig. 4.1 a, a Mariotte bottle or an

accumulator is used to maintain the desired constant head while allowing direct measurement

of the flow rates. Rigid wall permeameters are also commonly used where the permeameter is

placed inside a pressurizing chamber and the air pressure is supplied and maintained at the

desired value as illustrated in Fig. 4.1 b. Employing the constant head method, the hydraulic

conductivity can be calculated as follows:

Head water

4.1

Air pressure

source N,@

___Marriotte
bottle
Permeameter
Porous
plate
e
L 3 _ L 2
4% T L 2
Ll k32
L 3 L 2
L - i
U2 C\) : Porous
i A

Tail water

Inverted
Marriotte
bottle

Fig. 4.1: Commonly used experimental setups adopting the conventional steady-state
method. a) Marriot bottle apparatus. [Klute and Dirksen, 1986]
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Fig. 4.1: Commonly used experimental setups adopting the conventional steady-state
method. b) Rigid wall permeameter. [Klute and Dirksen, 1986]

where ¢, is the steady-state volumetric water flux at a specific matric suction (y), L is the
specimen length, and 4H; is the drop in the total head across the specimen. Where similar to
the standard saturated hydraulic conductivity testing procedure (ASTM D5084, 1994), the
testing is continued until reaching an equilibrium state where the computed hydraulic
conductivity is steady and the inflow rate equals the outflow rate. Once reaching the equilibrium
state, the flow rate is directly measured before proceeding to the next pressurizing step. At the
end of the test, the specimen is carefully disassembled and the water content of the sample is

directly determined by drying the sample for 24 hours at 110 (°C).

An alternative rarely used technique adopts applying a constant flow rate (gs,,) while
measuring the developed hydraulic gradient (4Hy). Usually, a computer-controlled pump is
used to maintain a constant flow rate, while pressure transducers are used to continuously

measure the pore water pressure which is used to determine the hydraulic gradient.

When using the conventional steady-state technique, the key difference between the
saturated and unsaturated hydraulic conductivity determination concepts is the use of the high
Air Entry Value (AEV) interface when measuring the unsaturated hydraulic conductivity.
Where the high AEV interface provides the hydraulic connection between the pore fluid and
the water filling the compartment beneath the high AEV interface. Typically, the hydraulic
permeability of the high AEV interface is significantly lower than the standard porous stones
used in the saturated hydraulic conductivity determination case. Which in turn might cause

significant impedance that should be carefully considered especially for high degrees of
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saturation. Uno et al. (1995) proposed a method to consider the impedance of the high AEV

interface, where the total head loss is modified using the following formula:

AH=AH — s,y /i+ !

— 4.2
ks kst

where 4H is the drop in the total head across the specimen and the high AEV interface, kg is
the saturated hydraulic conductivity of the top porous plate, and ks is the saturated hydraulic

conductivity of the bottom porous plate.

The primary advantage of this conventional steady-state method is that the adopted
analysis method is simple, free of ambiguities, and contains no assumptions that are difficult to
verify. On the other hand, the primary disadvantage is the significantly prolonged required
testing time where depending on the number of points desired, it takes several months to
determine the HCF. In addition, the flow rate can be very low and therefore, is difficult to be

measured accurately.
4.2.2 Continuous Pressurization Method

The proposed Continuous Pressurization Method (CPM) based system allows direct
simple, continuous, and concurrent determination of the SWCC and the HCF. The developed
system adopts the axis-translation technique, where a saturated interface usually a high AEV
Ceramic Disk (CD) or a cellulose acetate membrane is used to retain the air pressure while
allowing the pore water pressure to dissipate by draining water liquid molecules out of the
sample. In contrast to the conventional steady-state method which involves incrementally
pressurizing/depressurizing the tested sample followed by an equilibration period then directly
measuring the flow rate under a predetermined hydraulic gradient, the proposed CPM technique
adopts directly measuring the average flow rate and the hydraulic gradient under transient

conditions (achieving equilibrium conditions is not required).

The developed CPM system adopts Darcy-Buckingham’s law, which states that the
unsaturated hydraulic conductivity is a function of the water content or the matric potential.
The driving force for flow in a saturated porous medium under a constant gravitational head is
the applied gradient of positive pressures, whereas for the unsaturated conditions the gradient

involves negative matric potentials.

qw = kr(h) X ksar % %1 4.3
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where g, is the flow rate, k(%) is the relative permeability defined as k/ksas, k& is the unsaturated

hydraulic conductivity of the tested sample, ks is the saturated hydraulic conductivity of the

tested sample, 4H/Az is the hydraulic head gradient along the tested sample comprised of the

matric head and the gravitational head, and z is the sample depth (flow direction).

The developed technique adopts a soil sample of a height L placed in contact with a high

AEV CD, where the reference datum z = 0 is set at the top of the specimen as illustrated in Fig.

4.2. The black circles indicate the adopted pore water pressure measuring positions (levels).

The proposed HCF determination theory considers the validation of the following assumptions:

1-

Water flowing out of/into the sample can be considered as a succession of steady states
where the hydraulic gradient and the water flux are simply constant within each time
interval (time: #; to 12).

One dimensional flow of water (1-D), following the applied hydraulic head gradient
(downwards).

The proposed HCF determination is valid within the effective measurement range which
extends between the saturated Volumetric Water Content (VWC) [6;] and the residual
VWC [6,] as illustrated in Fig. 4.3.

Since theoretically water does not flow out of the sample for suction values (v < AEV)
falling in the range where the VWC equals to or larger than the saturated VWC (0 > 6),
the hydraulic conductivity is assumed to be equal to the saturated hydraulic conductivity
(ks) determined using the standard laboratory testing method (constant head or falling
head).

For the suction values falling in the range where the VWC equals to or less than the
residual VWC (6 < 6,), the hydraulic conductivity equals the residual hydraulic
conductivity (k(6,)), which is the lowest measurable hydraulic conductivity value
calculated just before all the water is drained out of the sample.

Isothermal, isoelectric, and isosmotic conditions are assumed, where water flows out
of/into the sample induced by the applied hydraulic head which is controlled by the
pressurization/depressurization of the tested sample.

The calculated coefficient of hydraulic conductivity value corresponds to the averaged
water content/averaged suction value of the considered time interval.

For each time interval, the calculated coefficient of hydraulic conductivity corresponds

to the beginning of the interval (time #;).
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Fig. 4.3: Hydraulic conductivity function effective measurement range

(CPM system).

Under isothermal, isoelectric, and isosmotic conditions the total head potential equals

to the total hydraulic head in the sample which is comprised of the pressure head (%) and the

gravitational (elevation) head (z).

H@E)=h()- z
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The capillary pressure head (%) including the air and water pressures can be expressed as

follows:

hc = Lzt = ha - hw 45
pvg

where p,, is the water density, and g is the gravitational acceleration. Consequently, 4. is related

to H as follows:
hL:ha_H(Z)_Z 4.6

Under equilibrium state, the total head is assumed to be constant (H(z) constant),
consequently no water flows out of the sample. Using the conventional methods operated

utilizing the axis-translation technique, under equilibrium state, the capillary pressure head (%)

equals to the matric suction (hc= us — uw) and exhibits a linear profile with a slope of -1.

Utilizing the axis-translation technique, a step-change in the externally applied pressure
is followed by an equilibration period through which the capillary pressure profile becomes

linear again (Reginato and Van Bavel, 1962).

Under transient unsaturated flow conditions, the total hydraulic head profile curvature
might be non-linear (greater than the first order) (Hillel, 1980), where it is a function of the
transient conditions change rate. Considering such transient unsaturated flow conditions, the

simplest form of (H) that can be assumed is a parabola:
HGEt)=az +bz+c 4.7

Where a, b, and c are the parabola coefficients, which are functions of time. In order to
determine those coefficients (unknowns), three boundary conditions (defined points) should be
known. The proposed method adopts the pressure head (%) measured at three locations (z;, z2,

and z;3) at a specific time (¢) as follows:

Hi=hy — z; z=2z 481
Hy="hyy — 22 z=2z 4.8 11
H3;=hyw; — z3 z =23 4.8 111
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Substituting Eq. 4.8 I, Eq. 4.8 I, and Eq. 4.8 III into Eq. 4.7 and solving for the unknowns a, b,

and c, the three unknowns can be expressed as follows:

2_ f)hwl - (ﬁ) B2+ hws
—ZI —ZI
/ 4.9

a:
z3° —z2 Xz3+tz; X2
I how.
b=—-a(zi+z)+— — -] 4.10
Z2—Z1 Z2 —Z1
¢c=hw — z1 — az’ — bz 4.11

Considering that the flow rate (qw) and the hydraulic gradient (41H/4z) are known at a
specific point, the relative hydraulic conductivity (k-) can be calculated following Darcy-
Buckingham’s law (Eq. 4.3). The high AEV CD-soil interface (z = L) indicated by the red (x)
in Fig. 4.2 is selected as a representative point to determine the (k). At the selected
representative point, the flow rate (¢.) is assumed to be equal to the directly measured flow rate
draining out of the cell over a specific time interval (¢ = #; to t), assuming full saturation

conditions of the high AEV CD. Where the flow rate can be expressed as follows:

_ 49
= To 4.12

Where Q is the cumulative water flow, 4 is the CD cross-sectional area, and At is the duration

(time interval #; — ¢;).

The hydraulic gradient can be obtained by finding the derivative of the total head potential H(z,?)
at the selected CD-soil interface (z=L) point.

A —2az+b 4.13
ozly,

The calculated relative coefficient of hydraulic conductivity value (k) corresponds to the

averaged water content/averaged suction value over the considered time interval.

As mentioned earlier, the developed CPM system allows rapid, simple, continuous,
direct and concurrent determination of the SWCC and the HCF. Using the developed CPM
system, the SWCC can be obtained, where the matric suction (y) can be calculated by taking
the difference between the applied air pressure (u.) at the top of the sample and the averaged
pore water pressure (Uwave. ) along the soil sample, or the pore water pressure measured at the
center of the sample (u2). While the water content can be deduced from the cumulative drained

water in relation to the initial or final water content of the tested sample.

l// =Uqg — uWavg_ or l//: Ug — U2 414
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4.3 Experimental setup

The newly developed CPM system is automatic and allows for a continuous direct
concurrent determination of the SWCC and the HCF. A schematic diagram of the developed
CPM system is shown in Fig. 4.4. The system consists of three main units: control and
acquisition unit, pressurizing unit, and water collection unit. The three main units comprising
the developed system are elucidated in Fig. 4.5. In addition, some of the comprising components

and the tools used for preparing the sample are illustrated through Fig 4.6.

Similar to the developed SWCC determination system explained through chapter 3, the
concurrent SWCC and HCF determination developed system adopts supplying the air pressure
to the sample through the air inlet valve attached to the top of the pressurizing cell, where a
regulator and a motor connected to the computer control the air pressurizing rate. The air
pressure is measured directly using the air pressure transducer which is directly connected to
the control and acquisition unit. Meanwhile, three MTs installed at 1, 2.5, and 4 cm from the
surface of the CD instantly and continuously measure the developing pore water pressure in

response to the changing air pressure.

The donut high AEV CD installed to the base retains the air pressure and allows
dissipating the accumulating pore water pressure by draining water out of the sample through
the drainage outlet. The drained water is collected into a container that is continuously weighed
using a balance with 0.01 g readability that is directly connected to the control and acquisition
unit. A 5 cm in diameter and 5 cm in height soil specimen contained in an acrylic mold with 5
cm inner diameter and 8.5 cm height is adopted as illustrated in Fig. 4.4. A perforated plate
hanging from the top cap using a rod is used to restrain the sample and prevent volume changes
during testing (mainly the wetting phase). Since the plate is hanged by a rod from the top cap,
the exerted overburden pressure to the sample’s surface is too small and therefore assumed to
be negligible. The function and specifications of each component are listed in Fig. 4.4. The
control and acquisition unit is comprised of a set of sensors connected to a data logger in which
are all operated and controlled using a Graphical User Interface (GUI) software. The GUI
software serves as a panel to provide the inputs that allow controlling several testing conditions
and parameters. In addition, it allows recording the sensors and balance readings versus the
elapsed time. The developed system operates following three modes, pressurizing mode where
the air pressure is linearly increased with time, depressurizing mode where the air pressure is
linearly decreased with time and the constant mode where the air pressure is maintained at a

constant value with time.
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No Conponent Functions and remarks

0c¢I

I* AT pressure Measuring the applied air pressure within the pressurizing cell
transducer Measurenent range: 0— 700 kPa
v’ Accuracy: +025% (Full scak)
2% Water pressure Measuring the pore water pressure within the soil sample
transducer v’ Fach Micro-tensiometer i connected to a transducer through a separated pipe line equipped with a valve to flush water and remove any occluded air bubbles

v Measurenent range: 0— 700 kPa
v’ Accuracy: +025% (Full scak)

ki Microtensiometers MT1, MT2 and MT3: indicating the micro-tensiometers installed at 1, 25 and 4 cm from the surface of'the CD.
v 03 em in dianeter pipes are used
v' 03 cm in dianeter ceramic cups with an air entry value of 100 kPa

4 Donut CD v’ Inner diameter: 3 cm Outer dianeter: 46 cm Thickness: 04 cm
v AEV: 100 kPa
v k86 x 10® mysec.

5% Sanple chamber (bntams the soil sanple

v’ Specimen dimensions: Dianeter: 5cm  Height: 5 cm

6* Acrylic nold Pressurizing cell container, made of transparent acrylic cylinder
Maxinum pressure capacity: | MPa.
v’ Dinensions: Inner diameter: 5 cm Height: 85 cm

T Perforated plate Hangmg fiom the top cap. Restrains the sanple and prevents any volume changes during the wetting phase.
v" Since hanged, it does not exert any pressure to the sanmple

grx* Arr pressure regulator (bnm)]s the air pressurizing rate following a predetemmined value using the control software

and notor v\ Maximum capacity: 200 kPa
v’ Prssurizing rate: 0001 kPa/min. — 10 kPa/min.
Ok Balance Cont]nuously recording the amount of drained/absorbed  water

v' Maxmum capacty: 320 g
v' Readability: 001 g

10%* Drained water (bkcts the drained water under the drying phase and as a water reservoir during the wetting phase
container v' 02 cm silicon oil layer i spread over the water surface, in addition, the container is covered with a ubber menbrane (hole for the dranage pipe) to minimize water losses
11k Conputer (bnttol and data acquisition (using a GUI software)
v Atleast two USB ports are needed (data logger and balance)
12%** Data logger Tmnsmts commands to the regulator and measuring data (transducers)
v' 5channel logger i required for one pressurizing cell
13 Valve Control water and ar flow through the pipelines
14 Ouings Sealing
15 Top cap Equipped with the perforated phte, air pressure transducer and seals the cap to the chanber by screws and O+ing
16 Top ring Fasten the sanple chamber to the base and seals it using screws and O4ing
17 Base Equ]p%)ed with ahigh AEV ceramic disk, conpartments for water pressure transducers, drainage and pore water pressure pipes connected to valves which allow flushing water
out of the compartments  to get rid of any occluded air bubbles
Others Air conpressor and vacuum pressure generator (Saturation and deaerating water)

*  Pressurizing unit
**  Water collection unit
***  Control and acquisiton unit
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Fig. 4.4: Experimental setup of the newly developed concurrent SWCC and HCF determination CPM system. [schematic]
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Fig. 4.5: Developed CPM system comprising units (SWCC and HCF). [picture]

The air pressure motor and regulator unit allows applying a
pressurization/depressurization rate ranging from 0.001 kPa/min. to 10 kPa/min.. Prior to
testing the recording time interval, step duration, and the threshold to proceed to the next step
are provided. Where the threshold condition can be set either as a time-controlled mode where
the software proceeds to the next pressurizing step after a predetermined time or as an air
pressure mode where the software proceeds to the next step once reaching a predetermined air
pressure value. It must be noted that the threshold priority can be set up to the time priority, air
pressure priority or equal priority (time and air pressure, whichever is achieved earlier). All air

and pore water pressure transducers have a capacity of 700 kPa with 0.001 kPa readability.

4.4 Methodology
4.4.1 Preparation of the specimen

Samples preparation starts with determining the desired density and initial water content,
where the desired mass of dry soil is mixed with a specific amount of water to achieve the
desired initial water content inside a plastic bag. The sample is left inside a sealed plastic bag
to rest in order to ensure uniform and consistent water content distribution. The bottom
perforated plate covered with a Nylon mesh filter is then attached to the acrylic mold (similar

to the adopted sample preparation technique, elucidated in Fig. 3.5).
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Soil is compacted directly into the acrylic mold to the desired density into several layers
(3 —4 layers). The perforated plate and a perforated cylinder are attached to the sample’s bottom
and top surfaces to restrain volume changes during the saturation process. A Nylon mesh filter
layer is installed between the perforated cylinder/plate and the soil particles in order to avoid
any soil particles loss through the grooves and to ensure uniform distribution of the water to the
top and base of the sample. Layers were compacted with the same compaction energy and using
identical placement technique in order to ensure consistent and uniform densities through the

prepared specimen profile.
4.4.2 Pressurizing cell preparation

Since the developed system adopts using a high AEV interface, a high degree of
saturation of the high AEV interfaces should be confirmed prior to starting the test. The
pressurizing cell saturation process is carried out by submerging the whole base (CD and the
underlying compartment) and the MTs in a water tank then applying a negative pressure of 90
kPa for about 24 hours to ensure saturated conditions and to get rid of any occluded air bubbles.
On the other hand, soil samples contained in acrylic molds were submerged into a water tank,
then a negative pressure of 90 kPa was applied for about 24 hours to get rid of any occluded air
bubbles and ensure full saturation of the whole specimen. The pressurizing unit is assembled
starting with the base, where the MTs are installed one by one. For each MT, the pore water
pressure transducer is installed followed by the MT which is installed directly by flushing water
using a syringe into the MT’s pipe, then the MT is attached to the base.

Finally, water is flushed through the compartment and pipeline through the valve to get
rid of any occluded air bubbles. The drainage pipe is assembled, followed by flushing water
through the water compartment beneath the CD into the drainage pipe to get rid of any occluded
air bubbles in the system. It must be noted that deaerated water was used for flushing the air
bubbles out of the system. Care should be taken to keep the CD and the MTs’ ceramic cups
saturated during the preparation to reduce the error resulting from losing water due to the
evaporation which might significantly affect the accuracy of the pore water pressure

measurement.

Since the developed system adopts determining the suction value under transient
conditions, the response time and accuracy of the sensors and the MTs are of great importance
to ensure accurate measurement of the pore water pressure which results in obtaining reliable

SWCCs. The degree of saturation of the MTs is tested prior to starting the test by assembling
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an empty acrylic mold to the base and filling it with deaerated water. Three O-rings [G-50
rubber rings] are used (base-acrylic mold, acrylic mold-top ring, and top cap-top ring) in order
to seal the pressurizing cell and to prevent any water or air leakage as indicated through Fig.
4.4. Different air pressure values (less than the CD AEV) are applied and the response accuracy
and time required to achieve equilibrium (where the measured water pressure value converges
to be equal to the applied air pressure value) are monitored. Slow or not accurate response
(deviation > 0.2 kPa) in any of the MTs readings indicate a low degree of saturation and requires

extending or repeating the saturation process.

Samples contained in acrylic molds are then removed from the tank and the perforated
cylinder is replaced by a dummy acrylic cylinder to maintain and support the sample during the
process of preparation. The perforated plate attached to the other end is detached and replaced
with a metal cap designed with 3 holes separated by a distance following the adopted 3 MTs
configuration as elucidated in Fig. 4.6. Holes are excavated one by one with a diameter and
depth equal to the designated MTs’ dimensions (set of drill bits). Steel dummies are used to
support the soil structure and to ensure a smooth path for the MTs. Depending on the tested soil
type, thin-walled plastic pipes can be used to support the sample skeleton. The plastic pipes are
3 mm shorter in length than the designated M Ts lengths, which allows driving the MTs through
the pipes while keeping the ceramic cups exposed and in good contact with the surrounding soil
particles at the other end of the pipe. The initial mass of the empty acrylic mold, the tested
sample, and the dummy cap are recorded to calculate the sample’s initial water content (final

water content at the end of the test can also be used to determine the initial water content).

The steel dummies are then removed one by one and the prepared sample is moved and
attached to the base with the MTs guided carefully through the excavated holes (plastic pipes
if used) to avoid disturbing the surrounding soil and to ensure good contact between the MTs’
ceramic cups and the surrounding soil particles. The top ring is then attached and the screws
are tightened to seal the top and bottom sides of the sample chamber. Followed by assembling
the top cap, then the perforated plate hanging from the top is docked to its initial position where
the perforated plate touches the surface of the sample without inducing any overburden pressure.
Finally, the top cab is assembled and the screws are tightened to seal the cell. Three O-rings are
used (base-acrylic mold, acrylic mold-top ring, and top cap-top ring) in order to seal the

pressurizing cell and to prevent any water or air leakage during testing.

The water collection unit is prepared starting with the balance leveling, then taring the

reading (zero) before moving the water container onto the balance. The initial water level inside
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the container is set to be on the same level as that of the sample’s surface (to eliminate any
water gradient associated with water head difference between the sample and the water
container). The pressurizing unit is moved to the stand with the drainage pipe guided into the
water container as illustrated in Fig 4.5. The level of the stand is modified in a way to ensure
that the sample’s surface and the water inside the container are on the same level. It must be
noted that the water container was covered with a rubber membrane with a small hole opened
at the center where the drainage pipe is guided through, therefore, water losses due to
evaporation during testing which might induce significant error is minimized. In addition, in
order to maximize the accuracy, the balance was equipped with an acrylic chamber in order to

minimize the error resulting from the wind influence on the readings of the balance.
4.4.3 Testing conditions and data acquisition

Prior to starting the test, the testing schedule is provided using the GUI software. Where
for each step, the air pressurizing/depressurizing rate (kPa/min.), printing interval [ranging
between 1 second to several hours] and the duration of each step can be controlled (as elucidated
through chapter 3, Fig. 3.6). The drainage valve is then opened manually, followed by
initializing all the transducers and the balance readings (zero reading) using the GUI software.
Finally, the test is commenced by clicking the start button using the GUI software. Fig. 4.7 a
illustrates the testing process and the sequence of steps that should be followed in order to
concurrently determine the wetting and the drying SWCCs and HCF utilizing the newly
developed CPM system. While Fig. 4.7 b demonstrates the sample preparation process starting

from preparing the testing molds until installing the tested specimen into the pressurizing cell.

During testing, the applied air pressure (u.), pore water pressure measured at three levels
by the MTs (uw1, uw2, uws) and the cumulative mass of drained water are continuously measured
versus the elapsed time as shown in Fig. 4.8. Positive air pressurizing rate triggers an increase
in the applied air pressure thus induces the drying phase conditions where the head gradient
drives the water out of the sample through the drainage pipe into the water container. While the
negative rate triggers the wetting phase where the head gradient is reversed, consequently,
drives the water from the water container through the drainage pipe into the sample. The drying
phase ends when achieving an equilibrium state where no water flows out of the sample
regardless of the air pressure and the pore water pressure values, while the wetting phase ends
when no more water flows into the sample. After the completion of the test, the sample is
removed and the water content at the end of the test is directly determined by drying the tested

sample for 24 hours in an oven at 110 (°C).
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4.5 Materials

Three texturally distinct soils were adopted to validate and confirm the reliability,
accuracy, and repeatability of the developed concurrent SWCC and HCF determination system.
The adopted soil include standard testing silica sands (Toyoura sand and K-4 sand) and natural
soil collected at Asakura region located in southern Fukuoka, Japan. Samples were collected at
a landslide and debris flow site induced by the heavy rainfall storm that has stuck Fukuoka and
Oita prefectures in 2017 as illustrated in Fig. 3.9. The particle size distribution curves and a

summary of the soil physical properties are shown in Fig. 4.9 and Table 4.1 respectively.

Table 4.1: Summary of soil properties.

. Spe01'ﬁc Dry density ks Void ratio Do
Soil gravity
Gs (g/cm®) (m/s) e (mm)
_________ K4 ..2640 L1551 207x10°  0.698 0630
_______ Toyoura 2646 1560 129x107 0693 0116
Asakura 2.711 1.611 2.15x107 0.658 0.590
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4.6 Pore water pressure and matric suction profiles development

The developed CPM system considers performing measurements under transient
conditions, where the air pressure and/or the pore water are changing continuously. The system
allows controlling the air pressure inside the pressurizing cell, while it only allows measuring
the developing pore water pressure in response to the applied air pressure. Under saturated
conditions, the applied air pressure induces an equal pressure value to the tested sample which
is comprised of solid soil particle and liquid water molecules. Assuming that the solid soil
particles and the liquid water molecules are incompressible, the exerted pressure transmits
isotopically through the soil pores resulting in an equal increase in the measured pore water

pressure values along the specimen. Therefore, the calculated matric suction values remain

almost zero (y = 0 = us — uw), as illustrated in Fig. 4.10. The end of the saturated range (onset

of the unsaturated range) can be clearly observed indicated by the AEV, where a sudden
increase in the matric suction associated with a sudden reduction in the degree of saturation can
be clearly distinguished. This sudden increase in the matric suction can be attributed to the onset
of air ingression into the specimen, where the gaseous air pushes the water molecules out of the
sample and fills the pores. The same trend was observed for all adopted pore water pressure
measurement positions for Toyoura sand. However, significant discrepancies were observed
for highly uniform natural soils, where the pore water pressure varies significantly with depth

as illustrated in Fig. 4.13 for Asakura natural soil.
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Fig. 4.11 and Fig. 4.12 illustrate the suction profile distribution for Toyoura sand and
K-4 sand (drying and wetting phases) applying (a) low air pressurization rate (0.05 kPa/min.),
(b) moderate air pressurization rate (0.5 kPa/min.), and (c) high air pressurization rate (5
kPa/min.) using the developed CPM system (transient state). While Fig. 4.13 shows the suction
profile distribution of Asakura natural soil (drying and wetting phases) using low air

pressurization rate (0.05 kPa/min.).

As shown in Fig. 4.11 and Fig. 4.12, using low air pressurizing rates induce slightly
higher uniformity and gentler slope of the suction profile. Where the discrepancies of the
calculated matric suction values between the top, bottom, and center in reference to the
averaged matric suction values are relatively low in comparison to the matric suction
discrepancies corresponding to the higher air pressurizing rates. It must be noted that regardless
of the adopted air pressurization rate, the suction profile exhibits relatively uniform linear
profile under high degrees of saturation, however, the profile changes into higher-order non-
linear profile by achieving low degrees of saturation. Where the curvature and order of the
suction profile are strongly related to the air pressurization rate, the soil grading properties
(reflects the pore network distribution), and the CD’s saturated hydraulic conductivity (k)

which reflects its capability of dissipating the accumulating pore water pressure.
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Fig. 4.11: Suction profile development for Toyoura sand under the drying and wetting phases.

a) 0.05 kPa/min. air pressurizing rate. b) 0.5 kPa/min. air pressurizing rate.

¢) 5 kPa/min. air pressurizing rate.
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¢) 5 kPa/min. air pressurizing rate.
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Comparing the adopted standard silica sand which can be classified as poorly graded
soil (Fig. 4.11 and Fig. 4.12) to Asakura natural soil which can be considered as a well-graded
soil (Fig. 4.13), the calculated matric suction values exhibit significantly higher discrepancies
with depth for well-graded soil in comparison to the poorly graded soil using the same air
pressurization rate especially for low VWC values. This can be attributed to the heterogeneity

of the distribution of the pores for well-graded soil in comparison to the poorly graded soil.

As shown for all adopted samples (Fig. 4.11, Fig. 4.12, and Fig. 4.13), the simplest form
that can be considered to capture the total head profile (H(z)) which is a function of the suction
profile (Darcy-Buckingham’s law) is a parabola. This supports the adopted parabola form that
the CPM considers in the calculations when determining the HCF. However, it must be noted
that the top and bottom boundaries of the soil sample might not follow the assumed parabola
profile, and might not be consistent with the heads directly measured using the MTs. For the
top boundary layer, exceeding the AEV announces the onset of air ingress into the soil pores
pushing the water to drain out of the tested sample. Consequently, exceeding AEV, air replaces
the top boundary layer’s water which gets pushed to lower levels, therefore, the suction value
theoretically should equal to the applied air pressure value at the top boundary layer. While for
the bottom boundary layer, the adopted axis-translation technique considers using a high AEV
CD with relatively lower (k) in comparison to the tested specimen (ks). Where pressurizing the

sample pushes the water through the pores to lower levels. The water flows through the pores
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controlled by the hydraulic conductivity characteristics of the soil then accumulates within the
bottom soil layer, where the flow speed decreases significantly due to the low permeability of
the CD. This hypothesis can be validated by comparing the measured suction values within the
bottom layer to the upper layers, where the matric suction is relatively low within the bottom
layer due to the higher measured pore water pressure under the same air pressure value. Overall,
it can be concluded that under such transient pressurization conditions, water gets lost non
uniformly and from localized regions depending on the pressurizing rate, tortuosity of the
porous medium, and the CD’s hydraulic properties. In addition, the air pressure which is
measured at the top of the sample in comparison to the pore water pressure which is measured
within the sample, and the MTs’ response time could induce additional time lag which might
add to the complexity, however, the resulting errors are neglected in the proposed HCF

determination theory.

4.7 Validation of the SWCC and HCF concurrent determination CPM based system

The developed CPM system allows concurrent determination of the SWCC and the HCF
utilizing the CPM. Two stages to validate the developed system are mainly considered. The
first stage focuses on the SWCC determination, where a detailed description of the theory,
experimental setup, accuracy, repeatability, advantages, and limitations of the developed
SWCC determination technique are thoroughly discussed through chapter 3. While the second

stage considers validating the HCF determination technique utilizing the CPM system.

Two main approaches were adopted to validate and optimize the newly developed HCF
determination system: 1) the HCFs determined using the newly developed CPM system
following the proposed theory (Parabolic head profile) are compared to the HCFs obtained
using the conventional steady-state method and to the HCFs reported by other researchers in
the literature (Toyoura sand, standard silica sand). 2) the HCFs determined using the newly
developed CPM system following the proposed theory (Parabolic head profile) are compared
to the HCFs indirectly determined by numerically fitting the obtained SWCCs using VG-model
(Van Genuchten, 1980).

Fig. 4.14 shows the HCF of Toyoura sand (standard testing silica sand). The black
squared scatter plots represent the HCF determined using the newly developed CPM system
adopting the proposed theory (Parabolic head profile), the green triangular scatter plots

represent the HCF determined using the conventional steady-state method, the red circular
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scatter plots represent the data collected from the literature (JGS technical report, 1997), while
the black solid line represents the HCF indirectly determined by numerically fitting the obtained
SWCC using the VG-model. It must be noted that the SWCC obtained considering the pore
water pressure being averaged along the whole soil profile is used accompanied with (k) to
indirectly determine the HCF using the VG-model. Similarly, Fig. 4.15 and Fig. 4.16 illustrate
the HCF for K-4 sand and Asakura soil respectively. Similarly, the black squared scatter plots
represent the HCF determined using the newly developed CPM system adopting the proposed
theory (Parabolic head profile), while the black solid line represents the HCF indirectly
determined by numerically fitting the obtained SWCC using the VG-model.

It must be noted that the coefficient of hydraulic conductivity (k) directly calculated
following the proposed CPM technique was significantly lower than the (k) determined using
the conventional and indirect numerical methods even for the saturated coefficient
corresponding to 100% degree of saturation. Consequently, the relative hydraulic conductivity
(k) was calculated assuming that the (k,) directly determined corresponding to 100% degree of

saturation is equivalent to the saturated coefficient of hydraulic conductivity (k) indicated in
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the proposed theory. Therefore, the relative hydraulic conductivity (k) shown in Fig. 4.14, Fig.
4.15 and Fig. 4.16 is defined as the ratio of the calculated coefficient of hydraulic conductivity
(k) to the initially calculated coefficient of hydraulic conductivity (ko) [k =k / ko).

As shown in Fig. 4.14 for Toyoura sand, the HCF obtained using the proposed CPM
system is not in good agreement with the HCF determined using the conventional steady-state
method, nor with HCF indirectly determined using VG-model, and does not compare well to
the data collected from the literature. Similarly, the HCFs determined using the proposed CPM
system for K-4 sand and Asakura soil are not in good agreement with the HCF indirectly
determined using the VG-model as illustrated in Fig. 4.15 and Fig. 4.16 respectively. The
discrepancies in the HCF can be attributed to the assumptions in the proposed theory. Where
the flow rate (¢w) and the hydraulic gradient (dH/dz) are required to calculate the coefficient of
hydraulic conductivity. For air pressure values less than the AEV of the CD (100 kPa), the flow
rate (qw) at the top surface of the ceramic disk (CD-soil interface) is assumed to be equal to the
flow rate (gw) at the bottom of the CD considering maintaining full saturated conditions of the
CD (ksat). Therefore, the discrepancies in the obtained HCF can be related to the proposed
simple parabolic head fitted profile, where the proposed simple parabola is not capable of
accurately capturing the realistic hydraulic gradient at the CD-soil interface. Especially for low
VWCs, the boundary layers (top and bottom) exhibit extreme deviated head values which might
not follow the head profile within the soil specimen and consequently requires considering more

complex representative head profile.

Several common functions were adopted and fitted with the MTs’ readings to determine
the hydraulic gradient. However, the extreme deviated head values corresponding to the
boundary layers (top and bottom surfaces) do not follow the head profile within the soil profile
and consequently results in significant error. This phenomenon was addressed by many

researchers and defined in literature as the impedance of the high AEV interface.

4.8 Evaluation of the CD impedance on the HCF determination

As a trial to quantify the impedance of the CD on the hydraulic head profile under
transient conditions, the hydraulic gradient determined using the proposed CPM theory
considering a parabolic function to fit the hydraulic head profile was plotted with the hydraulic

gradient inversely calculated using the VG-model corresponding to the directly measured flow
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rate (qw) over a specific time interval versus the average matric suction as shown in Fig. 4.17 a

and Fig. 4.17 b for Toyoura sand, K-4 sand, and Asakura soil respectively.

A significant gap up to four orders in the measured hydraulic gradient was observed,
with the gap decreasing for higher suction values (lower VWC), where the specimen’s hydraulic
conductivity decreases significantly reaching values close to the high AEV CD’s saturated
coefficient of hydraulic conductivity. Therefore, it can be concluded that the total hydraulic
head acting on the CD-soil interface which drives the water from the sample through the CD
into the drainage tank is not well captured using the proposed simple parabolic hydraulic head

profile.
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Fig. 4.17: Impedance of the high AEV CD on the calculated hydraulic gradient (CPM parabola and
VG-model). a) Standard testig soils (Toyoura sand and K-4 sand). b) Asakura natural soil.
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Despite the significant discrepancies in the obtained hydraulic head gradients, a
correction coefficient that accounts for the limitations of the proposed simple parabolic
hydraulic head profile was proposed. The correction factor can be obtained by taking the ratio
of the hydraulic gradient inversely calculated from the HCF fitted with VG-model to the
hydraulic gradient determined directly following the proposed simple parabola hydraulic head
profile (ivG/irarabola). The proposed correction factor was plotted versus the average matric

suction using a semi-log scale graph for Toyoura sand, K-4 sand, and Asakura soil as illustrated

in Fig. 4.18 a and Fig. 4.18 b.
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A power trend line using the power regression model was obtained with a coefficient of
determination R’ of 0.88 for both Toyoura sand and Asakura soil and 0.9 for K-4 sand. This
leads to the conclusion that a calibration function can be systematically developed, which can
be used in quantifying the impedance of the CD on the hydraulic gradient at the CD-soil
interface. The fitting trend line equation was then used as a correction coefficient to calibrate
the hydraulic gradient and account for the impedance of the high AEV CD. The HCFs for
Toyoura sand, K-4 sand, and Asakura natural soil were recalculated following Darcy-
Buckingham’s law using the modified hydraulic gradient and then plotted versus the
corresponding VWC as illustrated in Fig. 4.19, Fig. 4.20, and Fig. 4.21 respectively. It can be
observed that the HCF calculated using the corrected hydraulic gradient (black square scatter
plots) compares very well with the HCF determined using the conventional steady-state method
and with the data collected from the literature (JGS technical report, 1997) for Toyoura sand.
In addition, the modified HCF determined using the CPM system is in good agreement with the
HCF numerically obtained using the VG-model for Toyoura sand, K-4 sand, and Asakura
natural soil. Finally, it can be concluded that applying a proper correction coefficient to consider
the impedance of the CD on the hydraulic head gradient results in obtaining a reliable accurate

HCF within the effective zone ranging between the saturated and the residual VWCs (6s to 9,).
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4.9 Concurrent SWCC and HCF obtaining time

Generally, conventional SWCC and HCF determination techniques are complex and
require prolonged testing time. The existing determination techniques consider obtaining the
SWCC and the HCF separately, therefore, the retention and hydraulic conductivity

determination are considered as very tedious processes.

The testing time required to obtain a full drying and wetting SWCCs using the
conventional MSFM and the newly developed CPM system adopting several air pressurization
rates are illustrated in Fig. 4.22. In addition, the time required to obtain the drying phase HCF
using the conventional steady-state method and the newly developed CPM system is also
illustrated. The drying and wetting phases SWCC and HCF required testing time using the
conventional (MSFM and steady-state method) and the newly developed CPM system for
Toyoura sand are indicated. Using the conventional methods, it took in total 61000 minutes
(42.4 days) to obtain a full SWCC for the drying and the wetting phases and a drying phase
HCF.

Where determining the drying SWCC required 17000 minutes (11.8 days) using the
conventional MSFM, while the wetting SWCC took 27000 minutes (18.8 days). In addition, it
took 1700 minutes (11.8 days) to obtain the HCF for the drying phase using the conventional
steady-state method. On the other hand, using the newly developed CPM system, it took about
3852 minutes (2.7 days) and 1968 minutes (1.37 days) to concurrently determine the SWCC
and the HCF adopting 5 kPa/min. and 0.05 kPa/min. air pressurizing rates respectively. It was
confirmed that using the newly developed CPM system (considering all adopted air
pressurization rates), concurrent full SWCC and HCF corresponding to the drying and wetting
phases can be obtained in less than 7% of the time required to obtain the same drying and
wetting SWCCs and HCF using the conventional methods (MSFM and steady-state method).
It must be noted that the same high AEV CD with an AEV of 100 kPa and a saturated coefficient
of hydraulic conductivity (ks) of 8.60 x 10 cm/s was used for both the conventional setups and

the developed CPM system.

The time required to concurrently obtain full drying and wetting SWCCs and HCF using
the newly developed CPM system adopting low (0.05 kPa/min.) and high (5 kPa/min.) is
illustrated in Fig. 4.22 for Toyoura sand. Overall, it can be concluded that adopting high air
pressurization rates significantly reduces the time required to concurrently obtain the SWCC

and the HCF (drying and wetting phases). Fig. 4.23 illustrates the concurrent determination

143



process of the SWCC and the HCF adopting the newly developed CPM system. It must be noted
that regardless of the adopted air pressurization rate, the testing time required to concurrently
obtain a full drying and wetting SWCC and HCF is significantly reduced (testing time

reduction > 93%).

The remarkable reduction in the testing time significantly enhances the accuracy and
reliability of the SWCC and HCF determination, where it eliminates the errors associated with
the prolonged testing time. Among those errors, the human-associated errors, surrounding
environmental fluctuations (such as temperature and pressure), air dissolving in the water filling
the pores associated errors, and air diffusing through the high AEV CD and getting entrapped
in the water compartment. can be addressed. In addition, it must be noted that the newly
developed CPM system provides continuous SWCCs and HCFs in comparison to the discrete
plots obtained using the conventional methods. Finally, it can be concluded that the newly
developed system is accurate with precise repeatability, reliable, direct, and requires short time
concurrent SWCC and HCF determination system. However, a proper evaluation of the CD

impedance on the driving hydraulic head gradient is necessary.
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Fig. 4.23: Concurrent determination process of the SWCC and the HCF
using the CPM system.

4.10 Summary

Through this chapter, the development of a novel concurrent SWCC and HCF
determination system utilizing the Continuous Pressurization Method is presented. The theory,
assumptions, experimental setup, testing methodology, validation of the system, accuracy,
repeatability, advantages, and limitations of the developed system are thoroughly discussed.

The main conclusions can be summarized as follows:

I- It was confirmed that the developed CPM based system is accurate with precise
repeatability, reliable, direct and requires short time that allows concurrent determination
of the SWCC and HCF. However, a proper evaluation of the Ceramic Disk (CD)

impedance on the driving hydraulic head gradient is necessary.

145



2- It was found that a correction function can be systematically developed, which can be
used to quantify the impedance of the CD on the hydraulic gradient at the CD-soil
interface, consequently, led to obtaining reliable accurate HCFs within the effective zone
ranging between the saturated and the residual Volumetric Water Contents (VWC).

3- Regardless of the adopted air pressurization rate, the testing time required to concurrently
obtain a full drying and wetting SWCC and HCF is remarkably short which accounts for
less than 7% of the time required to obtain the same results using the conventional
methods (MSFM for the SWCC and Steady-State Method for the HCF).

4- The results showed that under transient pressurization conditions, water gets lost non
uniformly and from localized regions depending on the pressurizing rate, tortuosity of the
porous medium and the CD’s hydraulic properties. The matric suction distribution
showed relatively uniform and linear profile under high degrees of saturation, however,
the profile changed into higher-order non-linear by achieving low degrees of saturation.
Where the curvature and order of the suction profile are strongly related to the air
pressurization rate, the soil grading properties (reflects the pore network distribution) and
the CD’s saturated hydraulic conductivity (&) which reflects its capability of dissipating
the accumulating pore water pressure. Consequently, the simplest form that can be
considered to capture the total head profile which is a function of the suction profile is a
parabola. However, the top and bottom boundaries of the soil sample might not follow

the assumed parabola profile.
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CHAPTER 5

U y

Evaluation of the degree of
disturbance influence on the reliability
of the SWCC and HCF determination

5.1 Introduction

The evaluation and analysis of natural soil profiles stability, internal water and solute
movement, and the related boundary fluxes strongly depend on the accuracy and reliability of
the input parameters. When considering unsaturated soil profiles, the SWCC and the HCF are
of great importance where the accuracy and reliability rely on the ability to preserve the natural
micro and macro conditions of the tested soil sample. The SWCC and the HCF are functions of
the micro-pore network which can be significantly affected by the disturbance, handling, and
particles rearrangement of the tested sample. It must be noted that the heterogeneity of the
natural soil profiles might add to the complexity. Therefore, considering the spatial variations
of the SWCC and the HCF significantly enhances the reliability of the input parameters which
in turn directly affects the decisions related to the countermeasures and mitigation in the case
of Geo-disasters, design, and management of soil masses. Generally, the existing SWCC and
HCF determination setups consider testing only remolded samples where little attention was
given for obtaining undisturbed samples SWCC and HCF. Therefore, it is necessary to develop
innovative sampling and testing techniques that consider preserving the natural conditions of
the tested sample. Through this chapter, a sampling methodology and a novel full automatic
system adopting the Continuous Pressurization Method (CPM) that allows continuous, direct,
and accurate determination of undisturbed samples SWCC and HCF in a short time are
developed. In addition, the discrepancies resulting from adopting remolded samples in

comparison to undisturbed samples are discussed thoroughly.
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5.2 Undisturbed sampling and testing methodology (Continuous Pressurization Method)
5.2.1 Undisturbed sampling methodology

An undisturbed sampling methodology aiming at minimizing the degree of disturbance
during sampling, transporting, handling, preparing, and testing is proposed. Specially designed
undisturbed sampling molds with 5 cm diameter and 5.1 cm height with a wall thickness of 1
mm were prepared as illustrated in Fig. 5.1. Starting with the molds preparations, a sampling
sheet including the molds’ number, the weight of the empty molds and weight of the covers
(top and bottom) should be recorded prior to moving to the sampling site. Several tools are
needed to determine the natural conditions of the sampling location (mainly the natural bulk
density and the natural water content) including a portable balance, tape, sealed bags for
keeping the samples and preserving the natural water content, hammer, grease oil, brush,

spatulas, and shovels.

A brief exploration of the site to determine the proper sampling locations was carried
out in order to avoid the highly disturbed soil locations especially when considering Geo-
disaster affected sites, where collapsed highly disturbed soil masses might cover the natural
undisturbed ground. After determining the proper sampling locations and the number of needed
samples, the vegetation cover is gently removed at the sampling point. The sampling mold is
then covered with grease oil to reduce the friction which in turn leads to reducing the

disturbance during sampling.

Steel mold
Dinner =35 cm
H=5.1cm
Thickness = 0.1 cm

Sharp edge
Thickness 7 0.05 cm

Fig. 5.1: Undisturbed sampling molds (steel). a) Schematic. b) Picture.
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A guiding shaft and a hammer are used to drive the mold with the sharp edge guided to
cut through the ground into the desired direction (vertical, horizontal or inclined at a specific
angle) as elucidated in Fig. 5.2. The mold is driven into the ground until the soil particles start
to flow out through the holes in the guiding shaft cap. A small shovel and a brush are used to
remove the surrounding soil, while a 7 cm in diameter steel plate is used to hold the other side
of the sample while elevating it from the sampling ground. Once the sample is taken, a spatula
is used to trim the sharp edge soil’s surface then the cover is attached and sealed with tape.
Similarly, the opposite surface of the sample is trimmed and the cover is attached and sealed.
The total weight of the sample is then recorded in order to calculate the natural bulk density of
the sample. Meanwhile, disturbed soil is collected from the same sampling location and
preserved in sealed plastic bags in order to determine the natural water content and the physical
properties of the soil at the sampling location. Finally, samples are transported carefully to the

experimental room for testing.

Hammer driven ]E

./ HOICS\.

Steel mold
D=5cm
H=5.1cm

Sharp edge
/

»

Fig. 5.2: Undisturbed sampling
methodology. a) Schematic. b) Picture.
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5.2.2 Undisturbed samples testing setup and methodology
5.2.2.1 Experimental setup

The newly developed CPM based system is automatic and allows for a continuous,
direct, and concurrent determination of the SWCC and the HCF of undisturbed soil samples.
The CPM system developed for the concurrent determination of remolded samples SWCC and
HCF [Chapter 4 (Fig. 4.4)] was modified in a way to contain and test undisturbed samples. The
sample chamber and the acrylic mold were redesigned as illustrated in Fig. 5.3, where the inner
diameter of the acrylic mold was enlarged by 3 mm in order to contain the undisturbed sample.
In addition, two grooves to fit the rubber O-rings [G-50 rubber rings] as illustrated in Fig. 5.3
were engraved within the internal wall of the acrylic mold. The theory, experimental setup,
operation modes, accuracy, repeatability, advantages, and limitations of the developed CPM

technique are explained in details through chapter 3 and chapter 4.

Steel mold

G-50 O-rubber
rings

i i

Fig. 5.3: Undisturbed samples
testing configuration.

150



5.2.2.2 Preparation of specimen and pressurizing cell

The testing process starts with removing the tape used to fix the top and bottom covers
of the undisturbed samples contained in steel molds, followed by carefully cleaning the external
wall of the steel mold, then recording the total weight comprised of the covers and the mold
filled with the sample. A spatula is used to trim the surface of the soil sample to ensure good
contact with the high Air Entry Value (AEV) Ceramic Disk (CD) during testing. Two perforated
plates are then attached to the top and bottom surfaces of the sample in order to support the
specimen and to restrain volume changes during the saturation process. A Nylon mesh filter
layer is installed between the perforated plates and the top and bottom soil surfaces of the
sample in order to prevent soil particles loss through the grooves and to ensure uniform water
distribution during the saturation process. The samples are then saturated by submerging the
molds into a water tank where a negative pressure of 90 kPa is applied for about 24 hours to get
rid of any occluded air bubbles and ensure fully saturated conditions of the tested specimen.
Meanwhile, the pressurizing cell saturation process is carried out by submerging the whole base
(CD and the underlying compartment) and the MTs in a water tank then applying a negative
pressure of 90 kPa for about 24 hours to ensure high degrees of saturation and to get rid of any

occluded air bubbles in the system.

The preparation of the pressurizing cell is carried out following the same procedure
explained in chapter 4 (section 4.4.2), where initially the MTs and their corresponding
transducers are installed one by one. The drainage pipe is then assembled, where deaerated
water is flushed through the drainage pipe, water compartments and pipes of the MTs to get rid
of any occluded air bubbles within the system. After that, the response time and accuracy of the

sensors and the MTs are checked to ensure accurate measurements of the pore water pressure.

The undisturbed sample contained in the steel mold is removed from the tank, where
the perforated plate attached to the top surface of the sample (sharp edge) is detached. Grease
oil is spread on the external wall of the steel mold, the internal wall of the acrylic mold, and on
the two rubber O-rings in order to reduce the friction and smoothly drive the steel mold inside
the acrylic mold, which in turn minimizes the disturbance of the tested specimen. The two G-
50 rubber rings are used to prevent water and air from flowing between the steel and the acrylic
molds’ surfaces. The steel mold is driven carefully into the acrylic mold as illustrated in Fig.

5.4.
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The perforated plate attached to the other end of the specimen is replaced with a
cylindrical acrylic dummy (3.5 cm in height and 5.2 cm in diameter) which is used to support
and drive the sample during preparation. A metal cap designed with 3 holes separated by a
distance following the adopted 3 MTs configuration as elucidated in Fig. 4.6 is attached to the
sharp edge end of the sample (steel mold contained in the acrylic mold). Holes are excavated
(one by one) with diameter and depth equal to the designated MTs’ dimensions using a set of
drill bits. Steel dummies are used to support the soil structure and to ensure a smooth path for
the MTs. Depending on the tested soil type, thin-walled plastic pipes can be used to support the
skeleton of the tested sample. The plastic pipes are 3 mm shorter in length than the designated
MTs, which allows driving the MTs through the pipes while keeping the ceramic cups exposed

and in good contact with the surrounding soil particles at the other end of the pipe.

The steel dummies are then removed one by one and the prepared sample is moved and
attached to the base with the MTs guided carefully through the excavated holes (plastic pipes
if used) in order to avoid disturbing the surrounding soil and to ensure good contact between
the MTs’ ceramic cups and the surrounding soil particles. The top ring is then attached and the
screws are tightened to seal the top and bottom sides of the sample chamber. Followed by
assembling the top cap, then the perforated plate hanging from the top is docked to its initial
position where the perforated plate touches the surface of the sample without inducing any
overburden pressure. Finally, the top cab is assembled and the screws are tightened to seal the
cell. Three O-rings are used (base-acrylic mold, acrylic mold-top ring, and top cap-top ring) in
order to seal the pressurizing cell and to prevent water or air leakage during testing. Fig. 5.4
demonstrates the sample preparation process starting from preparing the undisturbed samples

contained in the steel molds until installing the tested specimen into the pressurizing cell.

The water collection unit is prepared starting with the balance leveling, then taring the
reading (zero) before moving the water container on the balance. The initial water level inside
the container is set to be on the same level as that of the sample’s surface (to eliminate any
water gradient associated with water head difference between the sample and the water
container). The pressurizing unit is moved to the stand with the drainage pipe guided into the
water container as illustrated in Fig 5.5. The level of the stand is modified in a way to ensure
that the sample’s surface and the water inside the container are on the same level. It must be
noted that the water container was covered with a rubber membrane with a small hole opened
at the center where the drainage pipe is guided through, therefore, water losses due to

evaporation during testing which might induce significant error is minimized. In addition, in
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order to maximize the accuracy, the balance was equipped with an acrylic chamber in order to

minimize the error resulting from the wind influence on the readings of the balance.

Prior to starting the test, the testing schedule is provided using the Graphical User
Interface (GUI) software. The drainage valve is then opened manually, followed by initializing
all the transducers and the balance readings (zero reading) using the GUI software. Finally, the
test is commenced by clicking the start button using the GUI software. During testing, the
applied air pressure (1), pore water pressure measured at three levels by the MTs (w1, ty2, tw3)
and the cumulative mass of drained water are continuously measured versus the elapsed time
as shown in Fig. 4.8. Positive air pressurizing rate triggers an increase in the applied air pressure
which induces the drying phase conditions where the head gradient drives the water out of the
sample through the drainage pipe into the water container. While the negative rate triggers the
wetting phase where the head gradient is reversed, consequently, drives the water from the
water container through the drainage pipe into the sample. The drying phase ends when
achieving an equilibrium state where no water flows out of the sample regardless of the air
pressure and the pore water pressure values, while the wetting phase ends when no more water
flows into the sample. After the completion of the test, the sample is removed and the water
content at the end of the test is directly determined by drying the tested sample for 24 hours in
an oven at 110 (°C).

- =
Water collection unit . Control and acquisition unit
% DS o T = -

Fig. 5.5: Developed undisturbed samples testing (CPM) system comprising units
(SWCC and HCF). [picture]
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5.3 Materials

Three natural soil samples collected at three Geo-disaster affected sites were collected
for validating the proposed sampling methodology and testing system. After Kumamoto
earthquake, Japan in April 2016, a massive landslide as a result of the jolts and the following
rainfall events has occurred. Samples were collected in the middle of October the same year
next to a landslide as elucidated in Fig. 5.6 (1). A heavy rainfall storm has struck Fukuoka and
Oita prefectures, Japan at the beginning of July 2017. One of the highly affected areas was
Asakura region located in Southern Fukuoka. Samples were collected in the middle of
November the same year at a landslide site as shown in Fig. 5.6 (2). In addition, samples were
collected at a landslide that has occurred at Yabakei valley, Oita prefecture, Japan in April 2018
as illustrated in Fig. 5.6 (3). The particle size distribution curves, a summary of soil properties
and natural soil characteristics for the collected natural soils are shown in Fig. 5.7, Table 5.1

and Table 5.2 respectively.

Table 5.1: Summary of the natural soil properties.

Soil Specific gravity Dry density k, Voidratio Dy,
oi
Gs (g/cmz) (m/s) e (mm)
Kumamoto 8
Voleanic Ash(vA) 2278 0420 80410 4440 0008
Al 2.701 1.425 1.08x10 0.850 0.285
Asakura -t oo
A 2 2711 Lell 21510 0.658  0.590
) Y1 2.619 1.199 1.13x10 0.991 0.140
Yabakel -----------mmmmmmmmmomo oot e
Y2 2.654 1.317 8.44x10 1.219 0.120

K, A, and Y indicate Kumamoto, Asakura, and Yabakei soils.
1 and 2 indicate the sample number (collected within the same zone).

Table 5.2: Natural soil characteristics.

. Natural Natural
Organic
. matter water degree. of
Soil content saturation
L, (%) w,(%) S, (%)
_Kumamoto VA 48.95 1813 93.1
. Y1 5.25 34.5 91.2
ekl vy sss 412 eod
1 - 18.6 18.6
Asakura -5 ) 30.3 313
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Fig. 5.6: Natural soil sampling locations.
1) Kumamoto Volcanic Ash (VA). 2) Asakura soil. 3) Yabakei soil.
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Fig. 5.7: Particle size distribution curves.

5.4 Validation of the undisturbed samples testing system (CPM)

The developed undisturbed SWCC and HCF concurrent determination system adopts
the CPM technique which is explained in details through chapter 3 and chapter 4. However, the
undisturbed samples SWCC and HCF determination system considers testing samples
contained in specially designed steel molds. Therefore, in order to validate the developed
undisturbed samples CPM system, the boundary conditions influence considering the
undisturbed samples being contained in steel molds, while the remolded samples being
contained in acrylic molds was investigated. Toyoura sand (standard testing silica sand)
remolded samples were prepared by compacting the soil directly into the steel molds that are
designed for undisturbed sampling. Tests were carried out following the procedure described
in section 5.2.2, then the obtained results were compared to the results corresponding to the

remolded samples contained acrylic molds.

Fig. 5.8 shows the drying and wetting SWCCs obtained using the developed CPM
system applying 0.5 kPa/min. air pressurizing rate for Toyoura sand. The red solid line
represents the SWCC for Toyoura sand sample that was compacted directly into the
conventional acrylic mold and tested following the standard method described in chapter 3 and
chapter 4. While the black dashed line represents the SWCC for Toyoura sand compacted
directly into the undisturbed samples steel mold and tested following the undisturbed samples

testing procedure. The rectangular and triangular scattered plots represent the drying and
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wetting SWCCs determined using the conventional Multi-Step Flow Method (MSFM)

respectively.

It can be observed that the SWCC corresponding to the sample contained in the
undisturbed samples steel mold is in good agreement with the SWCC obtained for the sample
contained in the standard acrylic mold. In addition, the drying and wetting SWCCs determined
using the developed CPM system compares well to the SWCCs obtained using the conventional
MSFM with accurate precise capturing of the AEV and the residual suction value regardless of
the containing mold. Therefore, it can be concluded that the containing mold material influence
on the SWCC determination using the developed CPM system is minor and negligible. It must
be noted that the effectiveness of the proposed design where two O-rings [G-50 rings] are used
to seal the space between the steel and the acrylic molds was confirmed, where the O-rings
sealed the space and prevented water and air from flowing in the space even under high air

pressure values (200 kPa).
5.5 Undisturbed and remolded samples reliability and discrepancies

In order to obtain reliable representative results, samples disturbance should be
minimized and natural conditions should be preserved during sampling, preparing, and testing.
The newly developed undisturbed samples SWCC obtaining system considers minimizing the
disturbance and obtaining the SWCC in a short time in order to avoid affecting the tested sample

microstructure and properties.

0.5 7 — — Steel mold

Acrylic mold
1 o D-MSFM
0.4 T s ] a2  W-MSFM

] + | Toyoura sand
03 f----mmm e R EREREELLELELII

Swkid

0.2 F---m-mmmmmmmmeme- |

Volumetric water content (0)

S

Alr pressurising rate
0.5 kPa/min.

0.1 1 10 100
Suction [y] (kPa)

Fig. 5.8: Toyoura sand SWCCs obtained using samples

contained in steel and acrylic molds.
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In order to validate the developed CPM system and as a trial to evaluate the degree of
disturbance influence on the natural soil micro-pore structure and consequently their retention
properties, undisturbed natural soil samples collected at the three Geo-disaster affected sites
Fig. 5.6, in addition to remolded samples collected at the same sites and compacted directly
into the acrylic molds to the natural bulk densities and natural water contents were prepared

and tested using the developed CPM system.

Fig. 5.9, Fig. 5.10 and Fig. 5.11 illustrate the SWCCs corresponding to the natural soil
samples collected at Kumamoto site, Asakura site, and Yabakei site respectively. The dashed
and dotted line curves (red, green, and blue) represent the SWCCs of the undisturbed samples
collected at the Geo-disaster affected sites. The drying and wetting phases were determined as
indicated through Fig. 5.9, Fig. 5.10 and Fig. 5.11. The black solid line represents the SWCC
determined using a remolded sample prepared adopting the natural bulk density and natural
water content at the affected site. While the scattered plots indicate the natural water contents
directly measured while collecting the samples versus the corresponding natural suction value.
Re. indicates remolded samples, K, A, Y indicate the sampling site (Kumamoto, Asakura,

Yabakei), and 1, 2, 3 indicate the number of the sample (collected within the same site).

| === K1 e K2 ——K3 ——KRe.
09+
8 4
R
g —_——_——— Natural water
........................... -~
S 08 4 \$ \)\ content
S B R =
2 N e
E SNx e,
% 07 —: ---------------- s\\ l .......................
;O Drying —>- I S
] | Wetting €— \\"“‘::::a.
0.1 1 10 100

Suction [y] (kPa)

Fig. 5.9: Kumamoto Volcanic Ash (natural soil) SWCCs (undisturbed
and remolded). Re. indicates remolded. K: indicates Kumamoto while 1,
2,3 indicate the number of sample (same site).

159



0.5
414 eceeee Al ......... A2 —ARe
S 04 ] Y Drying >
R ke
Q
=S
A I S
5 =<
< J
3 J
9 02 h .
= 1 =
E
§0‘1:_
o +—r—-—-—+——tt—————
0.01 0.1 1 10 100

Suction [y] (kPa)

Fig. 5.10: Asakura natural soil SWCCs (undisturbed and remolded).
Re. indicates remolded. A: indicates Asakura while 1, 2 indicate the
number of sample (same site).
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Fig. 5.11: Yabakei natural soil SWCCs (undisturbed).
Y: indicates Kumamoto while 1, 2,3 indicate the number of sample (same site).

It can be observed that smooth continuous curves can be obtained using the newly
developed undisturbed sampling methodology and SWCC obtaining system for the drying and
the wetting phases. Comparing the undisturbed samples SWCCs to the remolded samples
SWCCs, it was found that the remolded samples SWCCs are not in good agreement with the
undisturbed samples SWCCs, even though the remolded samples were prepared adopting the

undisturbed samples natural bulk densities and natural water contents.
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Furthermore, the remolded and undisturbed samples SWCCs were fitted using the VG-
model (Van Genuchten, 1980). The discrepancies associated with considering remolded
samples on the VG fitting parameters in comparison to the undisturbed samples were estimated

as elucidated through Fig. 5.12. The proposed discrepancy index can be expressed as follows:

. . True value [Undisturbed]
Discr %) = (1- )i 1
iscrepancy index (A) Approximated value [Remolded] 00 S

For Kumamoto VA, discrepancies of 77.5%, 5.1%, 15.8%, and 0.03% corresponding to
o, n, 05, and 6, were measured, while Asakura natural soil showed 21.1%, 45.7%, 35.5%, and
9.5% differences for a, n, s, and 6, respectively. Therefore, it can be concluded that remolded
samples do not properly represent the in-situ conditions with significant discrepancies that
should be carefully considered when conducting analysis and proposing countermeasures
against unsaturated soil-related Geo-disasters. In addition, the necessity to develop a systematic
simple approach to determine the spatial distribution of natural soil profiles retention

characteristics was also confirmed.

05 —O— Kumamoto
K 2 N —{1— Asakura

_ True value [Undisturbed]
Approximated value [Remolded]

Discrepancy index(%)=(1 ) %100

Fig. 5.12: Undisturbed and remolded samples discrepancies.
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5.6 Numerical confirmation of the discrepancies associated with adopting remolded

samples

Generally, numerical simulations are used to provide designs, to propose
countermeasures and mitigations against Geo-disasters, and to evaluate and simulate a specific
Geo-disaster that has occurred. The numerical simulations apply the existing flow, diffusion,
failure, stability, and other models and basic theories on a set of data and inputs for a specific
case or site. The inputs vary significantly depending on the nature of the case. However, for the
cases that involve unsaturated soils such as slope stability, water and solute movement, seepage,
erosion, and so on, the SWCC and the saturated coefficient of hydraulic conductivity are of

great importance.

Commonly, numerical simulation software generates the SWCC based on either the
classification of the considered soil profile adopting a set of statistical data provided through
the software, or a provided set of inputs based on experimental element testing results. For the
case where the SWCC is generated based on an experimental set of inputs, usually the SWCC
is determined directly then fitted using one of the existing models such as VG-model (Van
Genuchten, 1980) or BC-model (Brooks and Corey, 1964), then the fitting parameters are
provided to the software to generate the SWCC.

As a trial to investigate the significance of the discrepancies that result from adopting
remolded samples to measure the SWCC in the laboratory, Hydrus 2-D commercial software
was used to simulate a case of water flow through an unsaturated soil profile. A 100 cm by 50
cm soil strip was adopted for simulation as shown in Fig. 5.13. Water was set to flow induced
by the water head difference, where the initial condition of the soil profile was set with a
Volumetric Water Content (VWC) equals to the residual VWC (6,) except for the point at the
top boundary of the section (pink point) as indicated in Fig. 5.13, which was set with a VWC
equals to the saturated VWC (6). No flux boundary conditions were assigned to the top, right
and left sides of the adopted soil strip except the pink point, where a constant VWC equals to
the saturated VWC was assigned. While a free drainage boundary condition was assigned to
the bottom side. Four observation nodes were selected through the soil profile as indicated in
Fig. 5.13. Two cases using Asakura soil parameters were considered, where for case I the
remolded sample SWCC fitting parameters were used while the undisturbed sample (A2) fitting
parameters were used for case Il as illustrated in Table 5.3. Simulations were run for 180 hours

for each case.
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Fig. 5.13: Water flow through an unsaturated soil profile. Adopted soil strip and
boundary conditions (case I and case I1I) [Hydrus 2-D].

Table 5.3: Water flow through an unsaturated soil profile simulation cases
and their corresponding parameters [Hydrus 2-D].

Case 1 Case Il Case III Case IV
State Remolded Undisturbed Remolded Undisturbed
del O 0.39909 ! 0.44094 039909 | 0.44094
V(g;ﬁfg © 6. 0073529 01354 0073529 0.1354
parameters * 0.060916 0.05033 0.060916 0.05033

Asakura B
TS ANRR 1.8453 28603 ] 1.8453 28603
ok (em/min) 129 129 129 129 .
_______ Tortuosity I .05 .05 .05 05
.. Dimensions (cm) 100X 50 100X 50 100X 50 100X 50

Inflow flux 1 point 1 point Top surface  Top surface

Fig. 5.14 and Fig. 5.15 show the development of the VWC (6) with time monitored at

four locations (h/L =0, 0.3, 0.6 and 0.9) for case I (remolded sample) and case I (undisturbed
sample) respectively. Where /4 is the distance from the bottom while L is the soil strip length
(100 cm). It can be observed that adopting the remolded sample, the initial VWC is significantly
lower through the whole soil profile in comparison to the undisturbed sample. This can be
attributed to the provided initial conditions, where it was set to be equal to the residual VWC

for both cases. In addition, after converging to a constant VWC, the obtained VWC through the
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soil profile is significantly higher for the undisturbed sample case in comparison to the case of
the remolded sample. Where this also can be attributed to the provided initial conditions and
boundary conditions, where the obtained saturated VWC (6y) is higher for the undisturbed
sample, which was also assigned to the point of origin where the infiltration takes place
(boundary condition, pink point). The time needed for the VWC to start increasing in addition
to the rate at which the VWC increases differ significantly. Where it took a remarkably long
time for the VWC to start increasing with a slightly lower rate corresponding to the case of the

remolded sample in comparison to the undisturbed sample case.

Asakura

Volumetric water content (0)

i Remolded sample
| —WL=09
i —MNWL=0.6
] i —MNWL=03
{| Casel E ——HhL=0
0 —/—m—mt — —
0 50 100 150 200

0.4 : ; :
S ' ' -
203l e
2 ] : : !
s | | :
o . | | !
S 7 | : '
§ 0.2 +H44--------4-------o--- e Asaukura
o ] i I Undisturbed sample
‘I | | —WL=09
SO | | —NL=0.6
_ i | —MhL=0.3
{| Casell i i WL =0
0 +——— — : : =
0 50 100 150 200

Time (min.)

Fig. 5.15: Asakura undisturbed sample A2 (Case II), VWC development with time.
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It must be noted that the top observation node represented by the black solid line (h/L =
0.9) exhibits significantly higher VWC in comparison to the other observation nodes. This can
be attributed to the balance between the inflow rate and the drainage rate of through the adopted
system, where the inflow is maintained from a single point while free drainage flux is assigned
to the bottom surface as illustrated in Fig. 5.13. In order to confirm the aforementioned
hypothesis, the boundary conditions of the soil strip were modified, where the inflow flux was
set to the top surface as shown in Fig. 5.16. Fig. 5.17 and Fig. 5.18 show the development of
the VWC () with time monitored at four locations (h/L = 0, 0.3, 0.6 and 0.9) for case III
(remolded sample) and case IV (undisturbed sample) respectively. The same pattern as for case
I and case II was observed. However, the VWC converged to the saturated VWC (6;) through
all the observation nodes, wherein this case the inflow flux is significantly higher than the

drainage outflow flux.

Saturated VWC (6,)

-100 cm
90 cm
<
=
=
o
Z
é 60 cm
=
Z.
30 cm
0 cm

50 cm

¥

Free drainage

Fig. 5.16: Water flow through an unsaturated soil profile. Adopted soil
strip and boundary conditions (case III and case V) [Hydrus 2-D].
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Fig. 5.18: Asakura undisturbed sample A2 (Case IV), VWC
development with time.

Fig. 5.19 elucidates the VWC redistribution (development of contours) with time for
the remolded sample and the undisturbed sample (case I and case II). It can be observed that at
time ¢ = 0 (initial VWC distribution) and ¢ = 180 (final VWC distribution), the VWC
profile/contours of the remolded sample case significantly differ from that corresponding to the

case of the undisturbed sample.
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Fig. 5.19: Undisturbed and disturbed samples volumetric water content profile and contours development with time (case I and case II) [Asakura soil].



In addition, the VWC distribution and redistribution with time follow distinctively
different patterns and different rates. Where it took a significantly shorter time for the VWC
profile to converge to a constant steady-state distribution for the undisturbed sample in
comparison to the case of the remolded sample. Overall, the significant discrepancies that result
from considering remolded samples in comparison to the undisturbed samples (natural

conditions) were confirmed.

Finally, it can be concluded that remolded samples do not properly represent the in-situ
conditions with significant discrepancies that should be carefully considered when conducting
analysis and proposing countermeasures against unsaturated soil-related Geo-disasters.
Therefore, developing an innovative systematic approach that considers preserving the natural
conditions and reflects the spatial distribution of the natural soil profiles retention
characteristics is necessary to ensure safe, environmentally friendly, and optimum designs and

decisions.

5.7 In-situ determination of the saturated coefficient of hydraulic conductivity

The saturated coefficient of hydraulic conductivity (k) is usually determined in
laboratory adopting a remolded sample compacted to its natural bulk density and natural water
content following the standard testing approach (ASTM D5084, 1994; JGS-0311, 2000). A
simple direct measurement device referred to as the Mini-Disk Ifiltrometer (MDI) was
developed by the METER Group Inc., USA (2017). The device allows measuring the saturated
and unsaturated (low suction range) in-situ coefficient of hydraulic conductivity. Fig. 5.20

illustrates a schematic diagram of the MDI.

The MDI measures the coefficient of hydraulic conductivity of the porous medium that
it is placed on. The suction control tube allows performing the measurements under a specific
suction range, which in turn allows eliminating the macro-pores with AEV smaller than the set
suction value. Consequently, the obtained coefficient reflects the soil state excluding the natural
cracks such as wormholes. A detailed explanation of the theory, applications, and limitations
of the MDI can be found in the literature (Meter-group/MDI). The MDI adopts Zhang (1997)
method to determine the infiltration flux into a dry porous medium, where the method requires
measuring the cumulative infiltration versus time, then fitting the results with the following

function:
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I=C t+Co vE 52

Where C; (ms™) and C> (ms?) are fitting parameters, C; is related to the hydraulic conductivity
while C: is the soil sorptivity. The hydraulic conductivity of the porous medium (k) can be then

calculated as follows:
k== 5.3

Where C; is the slope of the cumulative infiltration versus the square root of time curve and 4
is a function relating the Van-Genuchten fitting parameters to a given soil type, the adopted
suction, and the radius of the infiltrometer disk (more details are provided in the user manual

issued by the manufacturer).

The MDI in-situ tests were carried out at the heavy rainfall-induced landslide that has
occurred at Asakura region, Japan as shown in Fig. 3.9. The coefficient of hydraulic
conductivity was directly determined at the four sampling locations as indicated in Fig. 3.9
using a -2 cm applied suction to exclude the effect of the holes and grooves in the natural ground
surface with AEV of 2 cm or smaller (pores with relatively large radius). Tests were carried out
following the standard method provided by the developer. However, a stand equipped with
bubble levels was designed and used as illustrated in Fig. 5.21. The stand allows maintaining
the MDI in a leveled profile to ensure well contact between the sintered steel disk and the soil
surface and to eliminate any errors associated with the MDI inclination which directly affects

the applied suction head.

In order to confirm the reliability of the MDI, remolded samples prepared with the same
natural bulk density and natural water content were tested to determine the hydraulic
conductivity in laboratory adopting the constant head method (JGS-0311, 2000). The obtained
results were compared to the coefficient of hydraulic conductivity determined in-situ using the
MDI. Fig. 5.22 shows the coefficient of hydraulic conductivity corresponding to the four
selected sampling locations determined using the MDI in-situ test versus the values obtained
using the standard constant head testing method in the laboratory. In general, the MDI obtained

results are in poor agreement with the values obtained by the standard laboratory testing method.
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Fig. 5.22: In-situ versus laboratory determined saturated coefficient of hydraulic conductivity.
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Fig. 5.23: Mini-Disk Infiltrometer in-situ test.
a) With stand. b) Without stand.

However, it must be noted that the MDI test carried out at location (1) was performed
using an accurately leveled stand to hold the MDI and ensure perfect contact between the
surface of the ground and the steel disk as shown in Fig. 5.23 a, where the obtained result is in
good agreement with the hydraulic conductivity determined in the laboratory using the standard
constant head method. On the other hand, the other tests were conducted on steep slopes, where
setting up the stand was not doable. Therefore, the MDI leveling was conducted by hand as
shown in Fig. 5.23 b which resulted in a significant error in the measured coefficient of
hydraulic conductivity corresponding to locations (2), (3), and (4). Finally, it can be concluded
that the MDI can be used to accurately obtain the in-situ saturated coefficient of hydraulic
conductivity only if a perfect leveled contact between the steel disk and the surface of the

ground is confirmed.

5.8 Summary

This chapter covers the development of an undisturbed sampling and testing
methodology that considers preserving the natural conditions of the tested sample. The
developed CPM based system and allows continuous, direct, and accurate determination of
undisturbed samples SWCC and HCF in a short time. In addition, the discrepancies resulting
from adopting remolded samples in comparison to undisturbed samples were confirmed. The

main conclusions can be summarized as follows:
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1- It was confirmed that the developed CPM based system is accurate with precise
repeatability, reliable, direct and requires short time that allows concurrent determination
of undisturbed samples SWCC and HCF.

2- It was found that remolded samples do not properly represent the in-situ conditions with
significant discrepancies that should be carefully considered when conducting analysis
and proposing countermeasures against unsaturated soil-related Geo-disasters. Therefore,
in order to assess the impact resulting from considering remolded samples in comparison
to the undisturbed samples (natural conditions), numerical simulation (Hydrus-2D) that
consider simulating water movement through unsaturated soil profiles was used, where
the significance of the difference on the flow patterns was confirmed.

3- The proposed CPM system considers testing undisturbed samples, where the proposed
undisturbed sampling and testing methodology can be used to accurately evaluate the
spatial variations of the retention properties regardless of the heterogeneity of the natural

soil profiles.
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CHAPTER 6

Optimizing natural soil covers to
combat desertification

6.1 Introduction

Evaporation from porous mediums is an essential process that involves water and vapor
mass exchange between land and atmosphere. The extreme evaporation of soil water induces
the generation of salt efflorescence, soil crusts, and significantly affects the vegetation cover
which in turn causes serious environmental degradation and extreme drought conditions. Under
such extreme conditions, the wind easily mobilizes the dust from the ground surface (Gillette
et al.,, 2001). Dust production is considered as a major environmental concern, where the
particulate matter impacts the quality of air and human’s health (Schwartz, 1994). Van Brakel
(1980) and Prat (2002) highlighted the complexity of the interactions between the medium
properties, the transport processes, and the boundary conditions which result in a wide range of
evaporation behaviors that are difficult to predict. The evaporation process involves two main
distinct stages: constant rate stage (SI) and falling rate stage, mainly divided into two sub-stages:
falling rate stage (SII) and residual rate stage (SIII) as explained in chapter 2. Especially in arid
and semi-arid regions, most of the water loss occurs during stage II, where stage I lasts only for

a short time after rainfall or irrigation events (Brutsaert and Chen, 1995).

6.2 Recent findings related to the actual evaporation flux

Lehmann et al. (2008) proposed the intrinsic characteristic length concept that can be
deduced from the pore size distribution of the soil medium. The characteristic length is a
measure of the distance over which the hydraulic continuity can be maintained considering the

balance between the gravitational, capillary, and viscous forces. It was reported that when the
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drying front which is defined as the equivalent distance extending from the evaporating surface
to the drying front position exceeds the characteristic length, the small capillaries liquid menisci
start retreating below the evaporating surface which interrupts the liquid continuity to the

surface indicating the onset of SII.

Shahraeeni et al. (2012) studied the surface boundary conditions in link to the internal
mechanism of mass transport and elaborated the evolution of the surface water dynamics and
its impact on the macroscopic evaporation flux during the first stage of evaporation. The study
revealed that for large ratios of boundary layer thickness (J) to the pore size [radius (7)], the
relative evaporation rate (ratio of the actual evaporation rate from a porous medium surface to
the potential evaporation rate emitting from a free water surface subjected to the same
conditions) remains almost constant even in the case were the surface water content is reduced
to its residual volumetric water content (VWC) value. Considering the evaporation from small
pores into a thick boundary layer (large /7 ratio), the vapor diffusion field evolves from nearly
1-D stratified structure corresponding to the initially wet surface to a collection of 3-D
individual vapor shells that form over the discrete pores as the surface dries and the spacing
between the active pores increases. These changes in the diffusion field configuration result in
a significant increase in the vapor flux per pore that might fully compensate for the reduction

in the evaporating surface area.

Diaz et al. (2005) indicated in an experimental study considering evaporation from
various thicknesses of volcanic mulch layer overlying a silty clay layer that regardless of the
thickness and grain size of the mulch layer, evaporation from the covered soil was lower than
the uncovered soil. The effect of the sequence of layers on the evaporation behavior in two-
layered porous profiles was investigated by Pillai et al. (2009) using the pore network model.
The simulation results showed that the sequence of the layers significantly affects the liquid
phase distribution patterns and the evaporation rates. It was reported that preferential water loss
occurred for a soil layer with small pores overlying a soil layer with large pores. On the other
hand, for a reversed sequence, air invades the underlying fine soil layer after invading the top
coarse soil layer which reaches low degrees of saturation earlier than the bottom layer. The
characteristic length (Lehmann et al., 2008) was extended considering layered porous mediums.
The proposed composite characteristic length (Shokri et al., 2010) indicates the drying front
depth at the end of SI. It was demonstrated that air ingress into the interface between the fine
and the coarse sand layers results in a capillary pressure jump and subsequent relaxation that

significantly modifies the liquid phase distribution. Where for fine overlying coarse sand layers,

174



a rapid and disproportionate water displacement ejecting the water from the bottom coarse soil
layer into the upper fine soil layer as a result of the introduced pressure was observed. This
indicates that the water distribution through layered soil profiles is significantly different and

more complicated in comparison to the homogeneous soil profiles.

Most of the existing studies focus on evaluating the evaporation from multilayered soil
profiles without considering the role of the textural layering on the actual evaporation rate and
the water redistribution within each layer. This chapter aims at identifying the mechanism and
dynamics in which the textural contrast boundary and the individual layer thickness affect the
actual evaporation rate and water conservation through double-layered soil profiles. In addition,
the evaporation dynamics considering the influence of the textural contrast boundary presence
on the vapor diffusion and the receding front depth through the falling evaporation rate stage
(SII) are elaborated. Finally, the findings serve as a basis for providing optimal adaptations for
a natural soil cover that functions in a way to reduce the actual evaporation rate and maximizes
the water conservation capabilities, where it can be considered as an environmental-friendly
approach to combat desertification in arid and semi-arid regions. Fig. 6.1 shows a schematic
diagram demonstrating the practical application of adopting natural covers to combat

desertification. As illustrated in Fig. 6.2, the cover principle focuses on two main aims:

1- Breaking the hydraulic connection between the water table and the soil surface, which in
turn accelerates the end of stage I (highest evaporation rate) and therefore announces the
onset of stage II.

2- Shortening the second stage of evaporation (stage II) duration, where achieving the

residual evaporation rate significantly suppresses the amount of water loss.

6.3 Methodology and materials

6.3.1 Materials

Usually, deserts are characterized with a wide diurnal and seasonal temperature range
reaching extremely high degrees during the daytime and falling sharply at night. Such large
temperature variations have a destructive effect on the exposed rocky surfaces. The repeated
fluctuations subject the exposed rocks to shattering stresses. As a result of the continuous
weathering of the mountains and rocks located in the deserts, large areas of shattered rocks and

rubbles form where most of the weathering products are either dust or sand.
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Fig. 6.2: Optimized soil cover principals.

Dust is formed from solidified clay or volcanic deposits whereas sand generates from
the fragmentation of harder granites, limestone, and sandstone. Stresses produced by
temperature changes can break rocks provided that the rock particles are not below a certain
critical size. There is a certain critical size (about 0.5 mm) at which below further temperature-
induced weathering of rocks does not occur and this marks a minimum size for the sand grains

(Smalley et al., 1968).

Tests were conducted using standard silica sand that is resistant to volume changes
during desiccation. Consequently, the shrinkage and cracking effects are assumed to be
negligible. Two texturally distinct silica sand were used, K-7 (fine silica sand) and K-4 (coarse
silica sand). The particle size distribution curves are shown in Fig. 3.10. In addition, the SWCCs
determined using the conventional axis translation technique (Multi-Step Flow Method
[MSFM]) adopting the Tempe cells are shown in Fig. 6.3. The obtained SWCCs were then
fitted with the VG-model (Van Genuchten, 1980) represented by the solid and dashed lines. A
summary of the soil physical and the hydrological properties are listed in Table 6.1.

178



Table 6.1: Soil physical and the hydrological properties.

Physical properties K-7 K-4
_Specific gravity [GS] 2642 2640
Drydensity [p] (gem’) 1.618 1.5
Coarsesand () 00 195
Mediumsand () 100 80.5
Finesand () 746 00
sSaae () 154 00
_Uniformity coefficient [Uc] 2966  1.238
_Curvature coefficient [Uc'] 1395 . 0.969

Median diameter [ Ds] (mm) 0.161 0.740

Hydrological properties
ks (ms!) ] 1.14x10°  2.07x107°
O 0.420060  0.425400
O 0.075373  0.028457
O (cm’) | 0.011775 _0.075720
n_ ... 10448 3.194

Characteristics length [L;] (mm) 179 117

] 0 K<4[MSFM] = = = K4 [VGmode]]
0.5 1 O K-7[MSFM] —— K7 [VG-mode]]
04 f- ==
0.3 Jrommmmmm T e R s

02 F N

Volumetric water content (0)

) s S . 1

100

Suction [y] (kPa)

Fig. 6.3: SWCCs of K-4 (coarse silica sand) and K-7 (fine silica sand).

6.3.2 Experimental setup

A simple experimental setup that considers repeatability, low cost, and accurate
continuous measuring of the actual evaporation rate and the water redistribution through soil
profiles was developed. As illustrated in Fig. 6.4, columns were constructed using a 10.4 cm in
diameter acrylic cylindrical tube with a wall thickness of 0.5 cm. A perforated plate was
attached to the bottom side of the tubes in order to uniformly distribute the water to the soil

profile during the saturation process, followed by sealing the base circumference properly to
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No. Accessory Functions and remarks
Acrylic material, Diameter: 10.4
1 Soil column cm, wall thickness: 0.5cm,
oo _ _Deight [30,40,50]cm______
2 Watervalve________ For saturationpurposes _____
3 Scale GP-32K, AND Co. Ltd,
____________________________ readability=1g________
4 Water content EC-5 soil moisture sensors
__________ Sensors _ _ o ee___
250 watt, to accelerate the
5 Heater lamp :
o e eee_____Evaporationtests _______
6 Air blender Wind speed 102 m/min.
oo (Fanm) ___________torabbletheair. _______
Humidity/Tempe =~ MHT —381SD, humidity and
_______ ratures monitor _ temperature continuous monitoring_
8.9 Data loggers Continuous data acquisition
Sensor location
- (cm) [from soil surface]
| Configuration

7123 #4 # #

| #7#84#9 #10 #11 #12

2 2 2 2

7 7 7 7 Acrylic material
12 12 12 12 4 Wall thickness =
22 17 17 17 = 0.5cm
32 22 22 27
42 27 27 37 ¢
47 32 47 N\

37 I
LTy
3 ——] 3
i = i
: = EJ

Fig. 6.4: Experimental setup and adopted sensors configurations.

prevent water leakage during preparing and testing. A valve was installed at the base which
functions as a water inlet during the saturation process. Each column was instrumented with
moisture sensors installed through the drilled ports which allow continuous measuring of the
water distribution through the entire soil profile during the testing period. After installing the
sensors, ports were sealed properly using silicon paste in order to prevent water leakage during

preparing and testing. The actual evaporation rate from each soil column was continuously

[schematic]
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obtained by independently measuring the mass of each column using a balance with 31 kg
capacity and +1 g readability. Each balance was connected to a weighing data logger for
continuously recording the columns’ masses. The potential evaporation rate was measured
using an evaporation pan placed adjacent to the soil columns and subjected to the same testing
conditions. The pan was frequently replenished in order to keep the water surface at the same
level as the surfaces of the columns. Teng et al. (2014) reported that higher temperature and
higher wind speed result in increasing the evaporation rate and consequently accelerates the
testing process. Based on that, in order to decrease the testing period by increasing the
evaporation rate, a 250-watt heater lamp in addition to a fan capable of generating 102 m/min.
wind speed were installed above the soil surface of each column as depicted in Fig. 6.4. A
Hygro-thermometer was installed 15 cm above the experimental setup which allows continuous
recording of the Relative Humidity (RH) and the temperature within the experimental zone.

The function and specifications of each component of the developed setup are listed in Fig. 6.4.
6.3.3 Preparation of columns and testing procedure

Several sandy soil placement methods and techniques were developed and reported in
the literature such as the pluviation method, the vibration method, and the tamping method. Soil
columns were prepared starting with placing a single layer of filter paper on the perforated plate
in order to prevent soil loss or blockage of the grooves of the perforated plate and to uniformly
distribute water to the soil bottom surface during the saturation process. The soil was poured in
separated layers and compacted to the maximum dry density, where all the layers were placed
using identical placement technique following the standard Japanese testing method for

determining the maximum dry density of sandy soil (JGS 0161, 2000).

Moisture sensors were installed carefully during the placement of the sand layers. The
columns were filled in lifts of 3-6 cm and tapped with a rubber hammer to disturb the soil in
order to obtain consistent and uniform densities through the entire soil profile. Once the top soil
layer is placed and compacted, the surface was trimmed and leveled using a spatula. The ports
of the moisture sensors were sealed properly using silicon paste in order to prevent water
leakage during saturating and testing the sample. A constant water head was applied to the
columns through the water inlet valve installed at the base. The water supply was kept until the
columns achieved a fully saturated condition through the entire soil profile. Then the water

valves were closed and the water head was removed.

181



In total 12 fine overlying coarse and coarse overlying fine sand double-layered soil
configurations were adopted for testing. During testing, the actual evaporation rate, the potential
evaporation rate, the development of the saturation profile, the relative humidity, and the
temperature were continuously measured over a constant interval of 15 minutes. Tests were
shut down once the actual evaporation rate of all the tested columns reached SIII where the
evaporation rate converges to a low and stable value. The adopted soil configurations, layering
sequences, thicknesses of layers, and the corresponding composite characteristic length
(Lehmann et al., 2008; Shokri et al., 2010) are shown in Table 6.2. In addition, the recorded
average temperature (°C), the average relative humidity [RHave ] (%), and the average potential

evaporation rate within the testing zone are also depicted.

Following Lehmann et al. (2008) proposed model, the characteristic length (L) for the
coarse sand and the fine sand can be determined by linearizing the SWCCs shown in Fig. 6.3,

where (L.) can be calculated as follows:

26 /1 1

L=2(~-2) 6.1
pg \ ri r2

where o is the water-air surface tension, p is the water density, g is the acceleration of gravity,

r; is the smallest drainable pore, and r; is the largest drainable pore, which can be calculated as

follows:
20
1= et dheg) o2
2
m==q 6.3
pg

2n 1—n
n

e

2n
" — Mheap 6.5
where Ahcqp 1s the capillary head difference, /5 is the air entry value, o and n are the VG-model

fitting parameters where # is a measure of the pore size distribution and « is related to the

inverse of the air entry suction value.

The end of the constant rate of evaporation stage (SI) for multi-layered (including
double-layered) soil profiles is defined as the composite characteristic length (L) which can be

calculated as reported by Shokri et al. (2010) following the algorithm shown in Fig. 6.5.
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The drying front depth was determined assuming a linear decrease of the water content
from the drying front to the soil surface as reported by Lehmann et al. (2008). Therefore, the
drying front depth (FD) was calculated as follows:

FD=§(¢—9}LC 6.6

Where ¢ is the porosity.

Table 6.2: Adopted soil configurations and atmospheric conditions.

Layers sequence C/F F/C
Group O] ) 3) 4
Sample No. #(1, 2, 3) #(4,5, 6) #(7, 8, 9) #(10,11, 12)

Top layer thickness(cm) 5 15 25 5 15 25 5 15 25 5 15 25
Bottom layer thickness(cm) 45’ 35’ 25 25725725 45° 35’ 25 25725725

SO £ 25 N €111 ) R 50,117,117 50,117,117 167,267,179 167,267,179
__Average temperature (¢°) 309 3072 2167 2789
___________ RHye (%) 5963 6130 6576 6036
___Average [Ep] (mm/hr) 254 335 24 3.06
Duration (hrs.) 286.5 286.5 286.5 286.5

/ Input [Lla L2’ Zla ZZ’ hbla hb29 hrl’ hr2] /

| L.: Composite characteristic length (mm). I
; Li: Individual layer characteristic Length (mm). I
1 Z;: Layer Thickness (mm). |
1 h;: Suction corresponding to the residual water content (mm). |
| hy;: Air Entry Value (mm). I

Fig. 6.5: Determination of the composite characteristics length.
[Shokri et al, 2010]
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6.4 Evaporation and water redistribution through coarse overlying fine sand profiles
6.4.1 Actual evaporation rate and drying front depth

In total, six coarse overlying fine sand configurations divided into two groups were
adopted as illustrated in Table 6.2. The layering sequence was maintained for both groups
(coarse sand for the top layer overlying fine sand in the bottom layer). However, the influence
of the depth of the textural contrast boundary which is defined as the depth of the boundary
separating the upper and the bottom sand layers was investigated by changing the top to the
bottom layer thicknesses ratio. Where for the first group, the top and the bottom layer
thicknesses were varied through configurations #1, #2, and #3, while only the top coarse sand
layer thickness was varied meanwhile the thickness of the bottom fine sand layer was

maintained constant for group 2 (configurations #4, #5, and #6).

All adopted configurations were subjected to the same testing conditions within the
same group. For group 1, the testing duration was 286.5 hours with an average potential
evaporation rate (Ep) of 2.54 mm/hr., an average temperature of 30.98 (°C), and 59.63 %
average relative humidity (RH%). While for group 2, tests were shut down after 286.5 hours
with average potential evaporation of 3.35 mm/hr., 30.72 (°C) average temperature, and 61.30 %

average relative humidity.

Fig. 6.6 a and Fig. 6.7 a show the actual evaporation rate versus the elapsed time, while
Fig. 6.6 b and Fig. 6.7 b show the actual evaporation rate versus the drying front depth for group
1 (#1, #2 and #3) and group 2 (#4, #5 and #6) adopted configurations respectively. The potential
evaporation rate which was measured using an evaporation pan placed adjacent to the tested
soil columns and subjected to the same testing conditions is shown in Fig. 6.6 a and Fig. 6.7 a
for group 1 and group 2 respectively. The duration and the distance over which the drying front
receded through SII are indicated by the line intervals for each configuration as shown in Fig.

6.6 and Fig 6.7.

In general, the actual evaporation rates decreased at different slopes (rates) for all
adopted configurations due to the variations in the top and bottom layers’ thicknesses and the
depth of the textural contrast boundary. It can be observed that the shallower the textural
contrast boundary (closer to the soil surface) has the influence of decreasing the total duration
required to achieve SIII, which in turn results in reducing the total amount of evaporated water

through SI and SIL
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Fig. 6.6: Actual evaporation rates and development of the drying front depth
(group 1).

As illustrated in Fig 6.7 a and Fig. 6.7 b, #5 and #6 configurations exhibit identical
actual evaporation curves and identical rates at which the drying front depth recedes with time
with exactly the same duration of SI, same L. (onset of SII), and identical onset of SII. However,
for configuration #5, at the end of SII, the actual evaporation rate decreased abruptly
announcing the onset of SIII while the actual evaporation rate corresponding to configuration
#6 maintained gradual reduction until reaching a constant and stable rate indicating the onset
of SIII. This trend can be attributed to the presence of the textural contrast boundary at different
depths as will be elaborated in the next section (6.4.2). The same trend was expected for

configurations #2 and #3, however, the differences can be attributed to the lack of proper
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saturation through the bottom fine sand layer of configuration #2 as depicted in Fig. 6.8 b.
However, it can be observed that the actual evaporation rate corresponding to configuration #2
decreased abruptly to low and stable rate indicating the onset of SIII, while the actual
evaporation rate corresponding to configuration #3 maintained gradual reduction rate before
reaching SIII. Finally, it can be concluded that the shallower the textural contrast boundary

results in decreasing the duration and the depth over which the drying front recedes during SII.
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Fig. 6.7: Actual evaporation rates and development of the drying front depth

(group 2).
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6.4.2 Water redistribution and degree of saturation profile development

Shokri et al. (2010) reported that during SI, the largest capillaries of the top coarse sand
layer are invaded by air while other capillaries menisci persist at the soil surface. Subsequently,
once the capillary driving forces exceed the gravitational and the viscous forces, the menisci in
the smaller capillaries recede until only the smallest capillary remains filled with water. If the
vertical distance extending between the meniscus of the smallest and the largest capillaries of
the sand layer exceeds the capillary driving forces, the meniscus in the smallest capillary will
break and retreat from the surface interrupting the continuous liquid flow and mark the onset
of SII. In such a case, the drying front depth and the duration of SI will not be affected by the
presence of the textural contrast boundary. However, if the thickness of the top layer is smaller
than its characteristic length, the drying front recedes gradually until arriving at the interface

between coarse and the fine layers resulting in additional complexity.

Fig. 6.8 a, b and c illustrate the water redistribution with time for group 1 configurations,
while Fig. 6.9 a, b and ¢ demonstrate group 2 adopted configurations water redistribution with
time. The second stage of evaporation (SII) is indicated by the region lying between the black
and the red solid lines in each figure, representing the onset of SII and SIII respectively. In
addition, the drying front depth at the end of SI (L) and at the end of the second stage of
evaporation (SII) are also illustrated for each configuration. During SI, the water content of the
upper region extending from the soil surface to the drying front (L.) has decreased partially as
a function of the large capillaries water content. Once the drying front depth exceeded the (L),
the smallest capillary meniscus started retreating causing a dramatic reduction in the upper
partially dry layer water content, while the bottom layer (below the drying front) water content
was not significantly affected. This leads to the conclusion that through SII, water gets lost
mainly from the large capillaries followed by the small capillaries of the top coarse sand layer

rather than the bottom fine sand layer water-filled capillaries.

During SII, the drying front retreats gradually with the water molecules evaporating and
diffusing through the soil body to the surface and get lost into the atmosphere. For
configurations #3 and #6 (Fig. 6.8 and Fig. 6.9), tracing the water redistribution through SII
within the regions extending above and below the textural contrast boundary, the drying front
has gradually retreated then was pinned within the top coarse sand layer before arriving at the

textural contrast boundary.
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On the other hand, for configurations #1, #2, #4, and #5, the drying front has gradually
retreated until arriving at the textural contrast boundary where it caused pining the drying front
at the textural contrast boundary indicating the onset of SIII. At this point, the top coarse sand
layer small capillaries water evaporates and get lost, after that the air starts to ingress deeper
into the bottom fine sand layer largest capillaries. Therefore, it can be concluded that the water
content distribution above the drying front is significantly affected by the textural contrast
boundary, shifting the water distribution profile from a simplified linear to a complex non-linear
profile. Therefore, by the end of SII, the overlying coarse sand layer had undergone extensive

drying while the bottom fine sand layer maintained a high degree of saturation.

As illustrated in Fig. 6.6 b and Fig. 6.7 b for configurations #2, #3 and #5, #6, it must
be noted that the characteristics length (L.) equals to 11.7 cm (onset of SII). However, at the
end of SII, the drying front corresponding to configurations #2 and #5 was pinned at a shallower
depth in comparison to configurations #3 and #6 where the drying front receded deeper within
the soil profile. The pinning of the drying front for configurations #2 and #5 can be related to
the arrival of the drying front to the textural contrast boundary which interrupts the water

movement and announces the onset of SIII earlier than the case of configurations #3 and #6.

The red shaded area in Fig. 6.8 and Fig. 6.9 depict the severity and the thickness of the
desaturated zone corresponding to SII for the six adopted coarse overlying fine soils
configurations. It must be noted that the lack of proper saturation through the bottom fine sand
layer of configuration #2 resulted in a different water redistribution pattern in comparison to
the other configurations in the same group. Where the water infiltrated with time driven by the
gravitational and suction head forces from the top coarse sand layer to the underlying fine sand
layer resulting in increasing the degree of saturation through the bottom fine sand layer. While
the top coarse sand layer water content gradually decreased due to the evaporation and the water
movement to the bottom underlying fine sand layer. Excluding configuration #2 (due to the lack
of proper saturation), it can be concluded that the deeper the textural contrast boundary has the
influence of significantly increasing the thickness and the severity of the desaturated zone
corresponding to SII where water gets lost by diffusing through the severely dried layer above
the evaporation surface (the surface where water molecules change from liquid state to gaseous

state).
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6.5 Evaporation and water redistribution through fine overlying coarse sand profiles
6.5.1 Actual evaporation rate and drying front depth

The similar procedure with a reversed layering sequence as indicated in the previous
section was adopted. Where six fine overlying coarse sand configurations divided into two
groups were tested as illustrated in Table 6.2. The layering sequence was maintained for both
groups (fine sand for the top layer overlying coarse sand in the bottom layer). The depth of the
textural contrast boundary was investigated by changing the top to the bottom layer thicknesses
ratio. The top and bottom layers’ thicknesses were varied for configurations #7, #8, and #9
(group 3), while only the top fine sand layer thickness was varied meanwhile the bottom coarse
sand layer thickness was maintained constant through group 4 adopted configurations (#10, #11,

and #12).

All configurations were subjected to the same testing conditions within the same group.
Samples in group 3 were tested for 286.5 hours with 2.45 mm/hr., 21.67 (°C), and 65.76 %
average potential evaporation rate, average temperature, and average relative humidity
respectively. While group 4 tests were shut down after 286.5 hours with 3.06 mm/hr., 27.89
(°C) and 60.36 % average potential evaporation, average temperature and average relative

humidity respectively.

Fig. 6.10 a and Fig. 6.11 a show the actual evaporation rates versus the elapsed time,
while Fig. 6.10 b and Fig. 6.11 b show the actual evaporation rate versus the drying front depth
for group 3 (#7, #8, and #9) and group 4 (#10, #11, and #12) adopted configurations respectively.
The potential evaporation rate which was measured using an evaporation pan placed adjacent
to the tested soil columns and subjected to the same testing conditions is shown in Fig. 6.10 a
and Fig. 6.11 a for group 3 and group 4 respectively. The duration and the distance over which
the drying front receded through SII are indicated by the line intervals for each configuration
as shown in Fig. 6.10 and Fig 6.11. As illustrated in Fig. 6.10 and Fig. 6.11, the actual
evaporation rates decreased at different slopes for all adopted fine overlying coarse sand
configurations which can be attributed to the variations in the top and bottom layers’ thicknesses
and the depth of the textural contrast boundary. The same pattern as for the coarse overlying
fine sand configurations was observed, where the closer the textural contrast boundary to the
soil surface results in significantly decreasing the total duration required to reach SIII. Which

in turn leads to reducing the total amount of evaporated water through SI and SII.
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Fig. 6.10: Actual evaporation rates and development of the drying front depth
(group 3).

For fine overlying coarse sand profiles, it was found that the deeper the textural contrast
boundary results in maintaining a constant actual evaporation rate (through SI) almost equals
to the potential evaporation rate for longer period of time in comparison to the configurations
with shallower textural contrast boundary. It must be noted that even though the (J/7) ratio is
the same for all adopted configurations in each group (same top fine sand layer material [pore
size r] and same atmospheric conditions [boundary layer thickness 6]), the soil body capability
of supplying sufficient amount of water to the surface varies as shown in Fig. 6.10 and Fig.

6.11.
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Fig. 6.11: Actual evaporation rates and development of the drying front depth

Therefore, it can be concluded that even when the same top layer soil is used, the textural
contrast boundary depth significantly affects the capability of the porous medium to supply
sufficient amount of water to the surface to maintain an actual evaporation rate almost equals
to the potential evaporation rate under the same atmospheric conditions (high atmospheric

demand). In general, increasing the depth of the textural contrast boundary increases the

(group 4).

duration and the depth over which the drying front recedes during SII.
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6.5.2 Water redistribution and degree of saturation profile development

In the case where the composite characteristics length (L.) is smaller than the top fine
sand layer thickness, the distance over which the drying front recedes and the duration of SI are
not affected by the presence of the textural contrast boundary. However, if the thickness of the
top fine sand layer is smaller than its characteristic length, the drying front recedes and arrives

at the boundary between the fine and coarse sand layers resulting in additional complexity.

For fine overlying coarse sand profiles, as the meniscus in the large capillaries of the
top fine sand layer arrives at the textural contrast boundary, a capillary pressure equals to the
air entry value of the fine sand layer is introduced to the underlying coarse sand layer. The
introduced pressure value might be larger than the pressure required to break the bottom coarse
sand layer largest capillaries meniscus, consequently, the air invades the bottom layer. The
abrupt introduction of such excess capillary pressure (nominally expressed as the difference
between air entry values of the fine and the coarse sand layers) induces rapid and
disproportional displacement of water molecules. Consequently, in order to dissipate the
imposed energy and relax the pressure perturbation relative to the evaporation rate, water
ejection from the bottom coarse sand layer to the overlying fine sand layer occurs (Shokri et al.,

2010).

Fig. 6.12 shows the water redistribution corresponding to group 3 adopted
configurations, while Fig. 6.13 demonstrates the water redistribution corresponding to group 4
adopted configurations. The second stage of evaporation (SII) is indicated by the region lying
between the black and the red solid lines in each figure, representing the onset of SII and SIII
respectively. In addition, the drying front depth at the end of SI (L) and at the end of the second
stage of evaporation (SII) are also illustrated for each configuration. As illustrated in Fig. 6.12
and Fig. 6.13, the (L) is larger than the depth of the textural contrast boundary for
configurations #7, #8 and #10, #11. Therefore, the pumping phenomenon occurs causing
ejecting the water from the bottom coarse sand layer to the top fine sand layer during SI.
Whereas mentioned by Shokri et al. (2010), the amount of applied capillary pressure equals the
difference between the air entry values of the bottom and the top layers. Since the same material
(for each layer) was used for all adopted configurations, the amount of pressure that is
introduced to the bottom coarse sand layer should be equal for all the adopted configurations.
This hypothesis can be confirmed by tracing the drying front where it was pinned at the same

distance (depth) from the textural contrast boundary indicating the end of stage II (onset of SIII).

193



vol

0 hrs. — %= 8 hrs.
—4— 123 hrs. — % 40 hrs.
—O— 45 hrs. ----8---- 286.5 hrs.
—— Lc SII

0

—_
(=)

Depth (cm)
w [y}
S o

N
(e}

[
(e}

W
[

Height (cm)
N
S

—_
(=

S

Degree of saturation (%)

0 20 40 60 80 100

0 hrs. — % 8 hrs.
—/——352hrs. — % 40 hrs.
—O0— 102 hrs.  ----9----286.5 hrs.
—— Lc S1I

Ohrs. — % 8hs.
—Z— 169 hrs. —— 263 hrs.
— % 40hs. —O— 138 hrs.
- 65hs. — - —- Le

SII

Degree of saturation (%)
0 20 40 60 80 100

Degree of saturation (%)
0 20 40 60 80 100

F
C

W
S

[\
S

Fig. 6.12: Water redistribution and drying front depth development (group 3).

Ohs.  — = 8hn. Ohs.  — = 8hn. Ohrs. — — o 8hs.
—— 105 hrs. — % 40 hrs. —&—251hrs. — % 40 hs. — gg 1211r151‘rs —_0— él‘g4h£sﬁrs
—0— 497 hrs. ---=°---- 2865 hs, —O0— 975 hrs. ----0---- 2865 his. e 2865 hrs — = Lc ’ ’
—— Lo S SI SII

0 20 40 60 80 100

Degree of saturation (%)

0 20 40 60 80 100
Degree of saturation (%)

Fig. 6.13: Water redistribution and drying front depth development (group 4).

0 20 40 60 80 100
Degree of saturation (%)



Consequently, it can be concluded that for fine overlying coarse soil profiles with (L)
value larger than the top fine sand layer thickness, it was found that the end of SII is strongly
linked with the dissipation of the introduced capillary pressure from the top fine soil layer to
the bottom coarse sand layer associated with the arrival of the drying front to the surface of the

bottom coarse sand layer.

It can be observed that the (L) corresponding to configurations #9 and #12 is smaller
than the textural contrast boundary depth as depicted in Fig. 6.12 ¢ and Fig. 6.13 c. However,
the water content of the bottom coarse sand layer started to decrease even before the arrival of
the drying front at the textural contrast boundary. This leads to the fact that even for the case
where (L) is smaller than the depth of the textural contrast boundary, the pumping phenomenon
from the bottom coarse sand layer to the top fine sand layer takes place. This can be attributed
to the increasing suction forces (associated with the water reduction) within the top fine sand
layer which develops a driving head pulling the water through the connected capillaries between
the top and the bottom layers to the top fine sand layer. Through this stage where the drying
front is shallower than the textural contrast boundary, the degrees of saturation within the top

fine sand layer remain higher than the bottom coarse sand layer.

Once the drying front reaches the textural contrast boundary, the pumping phenomenon
due to the introduced capillary pressure reported by Shokri et al. (2010) enhances the ejection
of water from the bottom coarse sand layer into the top fine sand layer. This finally leads to a
water redistribution as illustrated in Fig. 6.12 c and Fig. 6.13 ¢ where the water contents of the
top layer are significantly high in comparison to the bottom layer. Therefore, at the end of the
test where the drying front has retreated below the textural contrast boundary, the whole soil

profile (top and bottom sand layers) has undergone extensive drying.

The red shaded area in Fig. 6.12 and Fig. 6.13 depict the severity and thickness of the
desaturated zone corresponding to SII for the six adopted fine overlying coarse soils
configurations. It can be concluded that the deeper the textural contrast boundary has the
influence of significantly increasing the thickness and severity of the desaturated zone
corresponding to SII where water gets lost by diffusing through the severely dried layer above
the evaporation surface (the surface where water molecules change from liquid state to gaseous

state).
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6.6 Optimized adaptations for enhancing double-layered soil profiles water conservation

capabilities

In order to provide optimal adaptations for a natural soil cover that functions in a way

to reduce the actual evaporation rate and maximizes the water conservation capabilities, the

following criteria should be considered carefully when providing such environmental-friendly

natural approach to combat desertification in arid and semi-arid areas:

1-

Minimizing the duration of the constant evaporation stage (stage I).

This can be achieved by breaking the hydraulic connection between the drying front and
the soil surface as early (fast) as possible, which in turn defines the end of stage I (highest
evaporation rate) and therefore announces the onset of stage II. Adopting the composite
characteristics length (L.) proposed by (Lenhman et al., 2008; Shokri et al., 2010), an
environmental-friendly material with relatively small (L.) provides the shortest duration
of SI. Which in turn significantly reduces the total amount of lost water during stage 1.
Minimizing the duration of the falling evaporation stage (stage II).

Based on the obtained results explained in sections 6.4 and 6.5, it was found that the
shallower the textural contrast boundary results in decreasing the duration of SII, the
depth over which the drying front recedes during SII, and significantly decreases the
thickness and severity of the desaturated zone corresponding to SII where water gets lost
by diffusing through the severely dried layer above the evaporation surface. This in total
significantly suppresses the amount of water loss during the second stage of evaporation
through both the top and bottom soil layers.

Immediately following the breakage of the continuous hydraulic connection between the
drying front and the evaporation surface, SII starts where the smallest capillaries menisci
retreat displacing the evaporation surface deeper below the soil surface with time.
Therefore, in order to evaluate the textural contrast boundary influence on the amount of
lost water during SII, the ratio between the top layer to the bottom layer residual water
content (6, which represents the smallest capillary) multiplied by the top layer to the
bottom layer thicknesses ratio is plotted against the reduction in the degree of saturation
corresponding to SII through the whole soil profile as illustrated in Fig. 6.14. It can be
observed that regardless of the sequence of layering, configurations with small ratio
exhibit higher water conservation capability during SII, where the water content reduction
is very small in comparison to the configurations with large ratios where a significant

drop in the degree of saturation was observed.
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Finally, it can be concluded that regardless of the atmospheric conditions and the
sequence of layering (coarse overlying fine and fine overlying coarse sand profiles), the
shallower the textural contrast boundary results in higher water conservation capabilities during

the first and second stages of evaporation (SI and SII) for double-layered soil profiles.

6.7 Summary

The dynamics and mechanism at which the textural contrast boundary and the individual
layer thickness affect the second stage of the actual evaporation rate and water conservation
through double-layered soil profiles were discussed. In addition, optimal adaptations for a
natural soil cover as an environmental-friendly approach to combat desertification were

delineated. The main conclusions can be summarized as follows:

1- It turned out that regardless of the layering sequence through double-layered soil profiles,
the shallower the textural contrast boundary results in decreasing the duration and the
depth over which the drying front recedes during SII, in addition, it significantly
suppresses the thickness and severity of the desaturated zone corresponding to SII where
water gets lost by diffusing through the severely dried layer above the evaporation surface.

2- For coarse overlying fine soil profiles, water gets lost mainly from the large capillaries
followed by the small capillaries of the top coarse sand layer rather than the bottom fine

sand layer’s water-filled capillaries through SII.
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3-

For fine overlying coarse soil profiles, even when the same surface material is used and
subjected to the same atmospheric conditions, the textural contrast boundary depth
significantly affects the capability of the porous medium to supply sufficient amount of
water to the surface to maintain relatively high actual evaporation rates. It was found that
the end of SII is strongly linked to the dissipation of the introduced capillary pressure
from the top fine soil layer to the bottom coarse sand layer associated with the arrival of
the drying front to the surface of the bottom coarse sand layer. It turned out that the
pumping phenomenon from the bottom coarse sand layer into the top fine sand layer takes
place even before the arrival of the drying front at the textural boundary, which can be
attributed to the increasing suction forces within the top fine sand layer driving the water
through the connected capillaries to the top fine sand layer.

It was found that regardless of the atmospheric conditions and the sequence of layering
(coarse overlying fine and fine overlying coarse sand profiles), the shallower the textural
contrast boundary results in higher water conservation capabilities during the first and
second stages of evaporation (SI and SII).

An optimal natural soil cover that functions in a way to reduce the actual evaporation rate
and maximizes the water conservation capabilities was proposed. The cover considers
minimizing the duration of the constant evaporation stage and the falling rate stage (SI
and SII). The duration of the SI can be minimized by breaking the hydraulic connection
between the drying front and the soil surface as early as possible, where an
environmentally friendly material with relatively small characteristics length provides the
shortest duration of SI. On the other hand, SII can be controlled by changing the depth of
the textural contrast boundary, where the shallower the textural contrast boundary results
in decreasing the duration of the SII, the depth over which the drying front recedes during
SII, and significantly decreases the thickness and severity of the desaturated zone. Which
in turn significantly suppresses the amount of water loss during the second stage of
evaporation through both the top and the bottom soil layers.

It was found that regardless of the sequence of layering in double-layered soil profiles,
configurations with small ratio (top layer to the bottom layer residual water content ratio
multiplied by the top layer to the bottom layer thicknesses ratio) exhibit higher water

conservation capability during SII.
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CHAPTER 7

Conclusions and future work

Two main goals were defined at the beginning of this dissertation. The first goal focuses on
evaluating the flow of water through unsaturated porous mediums and the related surface-
atmosphere boundary fluxes (mainly the evaporation). While the second goal aims at
developing optimal natural soil covers that function in a way to reduce the actual evaporation
rate from bare soil surfaces as well as maximizing the water conservation capabilities as a step
to combat desertification in arid and semi-arid regions. In order to achieve the aforementioned

goals, the following objectives were delineated:

1- To develop a novel technique for evaluating the ability of porous mediums (soil) to
transmit water which is a function of the permeability and retention characteristics of the
soil.

a. To develop a novel full automatic system utilizing the Continuous Pressurization
Method (CPM) that allows concurrent, continuous, direct and accurate determination
of the Soil Water Characteristics Curve (SWCC) and the Hydraulic Conductivity
Function (HCF) in a remarkably short time.

b. To propose a sampling methodology and testing setup that allows for rapid,
concurrent, continuous, direct, and accurate determination of undisturbed samples
SWCC and HCF.

2- To formulate a conceptual framework that elaborates the pore water pressure and suction

profile development through soil profiles under transient conditions.
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3-

4-

To evaluate the reliability of considering remolded samples to represent the in-situ
retention and permeability characteristics of soil profiles.

To identify the mechanism and dynamics in which the textural contrast boundary and the
individual layer thickness affect the actual evaporation rate and water redistribution
through double-layered soil profiles.

To optimize natural soil covers that function in a way to reduce the actual evaporation
rate and maximizes the water conservation capabilities as an environmental-friendly

approach to combat desertification in arid and semi-arid regions.

7.1 Conclusions

The results of the experimental, theoretical, numerical research, and the field investigations

indicate that the objectives of this study have been met with some limitations that require further

investigation which has led to new scopes to be investigated in the future as will be illustrated

at the end of this chapter. The main conclusions can be drawn as follows:

1-

A novel automatic system that allows rapid, direct, continuous, and simple determination
of the SWCC for both remolded and undisturbed samples adopting the CPM was
developed, where the matric suction is measured under transient state (not equilibrium
state). Regardless of the applied air pressurization rate, the accuracy, precision, reliability,
and repeatability of the CPM system were confirmed. In addition, it was verified that the
center of the sample can be considered as a representative point for measuring the
developing pore water pressure which results in obtaining reliable accurate SWCCs.
Where using the developed system, the drying and wetting SWCCs can be obtained in
less than 9% of the time required to obtain the same SWCCs using the conventional Multi-
Step Flow Method (MSFM).

The SWCC determination CPM system was extended to concurrently determine the
SWCC and the HCF. It was confirmed that the developed system is accurate with precise
repeatability, reliable, direct, and requires short time that allows concurrent determination
of the SWCC and HCF. However, a proper evaluation of the Ceramic Disk (CD)
impedance on the driving hydraulic head gradient is necessary. It was found that a
correction function can be systematically developed, which can be used to quantify the

impedance of the CD on the hydraulic gradient at the CD-soil interface, consequently, led
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to obtaining reliable accurate HCFs within the effective zone ranging between the
saturated and the residual Volumetric Water Contents (VWC). It must be noted that
regardless of the adopted air pressurization rate, the testing time required to concurrently
obtain a full drying and wetting SWCC and HCF is remarkably short which accounts for
less than 7% of the time required to obtain the same results using the conventional
methods (MSFM for the SWCC and Steady-State Method for the HCF).

It was found that the CD’s saturated coefficient of hydraulic conductivity (%) influence
on the SWCC determination is negligible. However, using a CD with one order higher
(ks) results in a significant reduction in the SWCC determination time, where the drying
and wetting SWCCs were obtained in less than 23% of the time required using the CD
with one order higher (k).

It turned out that the conventional MSFM concept which assumes that the matric suction
equals the applied air pressure once reaching the equilibrium state results in a significant
error that cannot be neglected. Therefore, considering the pore water pressure when
calculating the matric suction utilizing the axis-translation technique is necessary.

Using the CPM system, it was found that the fluctuations in the measured air pressure
and pore water pressure can be attributed to the surrounding zone atmospheric pressure
fluctuations. Consequently, a correction reflecting the atmospheric pressure fluctuations
influence on the calculated matric suction values is not required when adopting the newly
developed CPM system. While adopting the conventional MSFM concept, the matric
suction requires a correction factor in order to ensure obtaining reliable and accurate
SWCCs.

The results showed that under transient pressurization conditions, water gets lost non
uniformly and from localized regions depending on the pressurizing rate, tortuosity of the
porous medium, and the CD’s hydraulic properties. The matric suction distribution
showed relatively uniform and linear profile under high degrees of saturation, however,
the profile changed into higher order non-linear by achieving low degrees of saturation.
The curvature and the order of the suction profile are strongly related to the air
pressurization rate, the soil grading properties (reflects the pore network distribution) and
the CD’s saturated hydraulic conductivity (ks;) which reflects its capability of dissipating
the accumulating pore water pressure. Consequently, the simplest form that can be
considered to capture the total head profile which is a function of the suction profile is a
parabola. However, the top and bottom boundaries of the soil sample might not follow

the assumed parabola profile.
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7- It turned out that remolded samples do not properly represent the in-situ conditions with
significant discrepancies that should be carefully considered when conducting analysis
and proposing countermeasures against unsaturated soil related Geo-disasters. Therefore,
in order to assess the impact resulting from considering remolded samples in comparison
to the undisturbed samples (natural conditions), numerical simulation (Hydrus-2D) that
consider simulating water movement through unsaturated soil profiles was used, where
the significance of the difference on the flow patterns was confirmed. The proposed CPM
system considers testing undisturbed samples, where the proposed undisturbed sampling
and testing methodology can be used to accurately evaluate the spatial variations of the
retention properties regardless of the heterogeneity of the natural soil profiles.

8- It turned out that regardless of the layering sequence through double-layered soil profiles,
the shallower the textural contrast boundary results in decreasing the duration and the
depth over which the drying front recedes during SII, in addition, it significantly
suppresses the thickness and severity of the desaturated zone corresponding to SII where
water gets lost by diffusing through the severely dried layer above the evaporation surface.

9- For coarse overlying fine soil profiles, water gets lost mainly from the large capillaries
followed by the small capillaries of the top coarse sand layer rather than the bottom fine
sand layer’s water-filled capillaries through SII.

10- For fine overlying coarse soil profiles, even when the same surface material is used and
subjected to the same atmospheric conditions, the textural contrast boundary depth
significantly affects the capability of the porous medium to supply sufficient amount of
water to the surface to maintain relatively high actual evaporation rates. It was found that
the end of SII is strongly linked to the dissipation of the introduced capillary pressure
from the top fine soil layer to the bottom coarse sand layer associated with the arrival of
the drying front to the surface of the bottom coarse sand layer. It turned out that the
pumping phenomenon from the bottom coarse sand layer into the top fine sand layer takes
place even before the arrival of the drying front at the textural boundary, which can be
attributed to the increasing suction forces within the top fine sand layer driving the water
through the connected capillaries to the top fine sand layer.

11- 1t was found that regardless of the atmospheric conditions and the sequence of layering
(coarse overlying fine and fine overlying coarse sand profiles), the shallower the textural
contrast boundary results in higher water conservation capabilities during the first and

second stages of evaporation (SI and SII).
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12- An optimal natural soil cover that functions in a way to reduce the actual evaporation rate

and maximizes the water conservation capabilities was proposed. The cover considers
minimizing the duration of the constant evaporation stage and the falling rate stage (SI
and SII). The duration of the SI can be minimized by breaking the hydraulic connection
between the drying front and the soil surface as early as possible, where an
environmentally friendly material with relatively small characteristics length provides the
shortest duration of SI. On the other hand, SII can be controlled by changing the depth of
the textural contrast boundary, where the shallower the textural contrast boundary results
in decreasing the duration of the SII, the depth over which the drying front recedes during
SII, and significantly decreases the thickness and severity of the desaturated zone. Which
in turn significantly suppresses the amount of water loss during the second stage of

evaporation through both the top and the bottom soil layers.

13- 1t was found that regardless of the sequence of layering in double-layered soil profiles,

configurations with small ratio (top layer to the bottom layer residual water content ratio
multiplied by the top layer to the bottom layer thicknesses ratio) exhibit higher water

conservation capability during SII.

7.2 Future work

Although the objectives of this dissertation have been successfully achieved, further studies and

research scopes are required in order to enhance the developed element testing methods (SWCC

and HCF) and to be able to extend the natural cover system to the engineering practice. Some

of the scopes and issues that require more investigation are listed as follows:

1-

The developed SWCC and HCF determination system (CPM) reliability was confirmed
for low suction range (up to 200 kPa), where extending and validating the reliability of
the system to consider higher suction range (1500 kPa) is highly recommended.

The discrepancies in the obtained HCF can be related to the proposed simple parabolic
head fitted profile, where the proposed simple parabola is not capable of accurately
capturing the realistic hydraulic gradient at the CD-soil interface. Especially for low
VWCs, where the boundary layers (top and bottom) exhibit extremely deviated head
values which might not follow the head profile within the soil specimen. Therefore, it is

necessary to consider developing a more representative head profile. Which in turn is
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expected to provide a base for evaluating the localized retention and permeability
variations under transient conditions.

Evaluate and theoretically formulate the high Air Entry Value (AEV) CD (using the axis-
translation technique) impedance on the hydraulic profile under static and transient
conditions. Which is expected to enhance the retention and permeability testing
techniques, and will serve as the basis for evaluating the head profile development when
considering texturally distinct multi-layered soil profiles such as sand overlying clayey
soil.

The significance of the discrepancies resulting from adopting remolded samples was
confirmed through this thesis, however, a detailed theoretical study aiming at relating the
discrepancies to the microstructure in a systematic approach is highly needed.

Extend the internal water redistribution and boundary fluxes evaluation to cover various
boundary conditions including vegetated soils (root uptake) and multi-dimensional
heterogeneous soil profiles.

Consider more realistic conditions where several boundary fluxes are active at the same
time (evaporation, infiltration, root uptake, and so on). The comprehensive understanding
of the natural water fluxes system will support the process of combating desertification

and enhance the evaluation of the salinization and land degradation issues.
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Appendix I

The newly developed CPM system adopts determining the matric suction by taking the
difference between the applied air pressure and the developing pore water pressure at the center
of the tested sample. In order to validate the assumption in which the center of the sample is
considered as a representative point for measuring the developing pore water pressure and
results in obtaining reliable SWCCs, three MTs with three different lengths 1 cm, 2.5 cm, and
4 cm were used to determine the SWCC using the developed CPM system. The adopted MTs
allow measuring the pore water pressure at three levels top layer (h/H = 0.8), center of the
sample (h/H = 0.5), and bottom layer (h/H = 0.2). Where H is the sample length (5 cm) while 4
is the MT position relative to the high AEV CD’s surface. Fig. Al.1, Fig. A1.2, and Fig. A1.3
show the SWCCs determined using the CPM system for Kumamoto volcanic ash, Asakura

natural soil, and Yabakei natural soil respectively.
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Fig. A1.1: Kumamoto volcanic ash SWCC adopting different pore water
pressure measurement positions (undisturbed K3 sample).
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Similar results as explained in chapter 3 (section 3.8) were obtained, where the SWCCs
obtained considering the pore water pressure averaged along the soil specimen indicated by the
black dashed line agrees well with the SWCC measured adopting the pore water pressure
measured at the center of the sample [h/H = 0.5] represented by the red solid line, where both
compare well to the SWCC determined using the conventional MSFM for both the drying and

the wetting phases. On the other hand, adopting the pore water pressure being measured within



the top layer (h/H = 0.8) results in significant overestimation of the calculated matric suction
value under the same average VWC. While adopting the pore water pressure being measured
within the bottom layer (h/H = 0.2) results in significant underestimation of the matric suction
value under the same average VWC. Therefore, it can be concluded that the center of the sample
can be considered as a representative point for measuring the developing pore water pressure

resulting in obtaining a reliable accurate SWCC for sandy soils.



