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Abstract

FIELD SWCC MODELING AND SOIL WATER STORAGE EVALUATION THROUGH
GEOPHYSICAL TESTING

Linkan Sarker

The University of Texas at Arlington, 2018

Supervising Professor: MD. Sahadat Hossain
Evapotranspiration (ET) landfill cover is an emerging final cover system and offers several
benefits over conventional landfill closure system. It is a cost-effective green solution for the
sustainability of a landfill as its performance enhances with time compared to the conventional
solution where low hydraulic conductivity soil barrier deteriorates with time. ET cover system relies
on the water store-release principle and its performance depends on the site-specific factors such as
on-site climatological conditions, soil hydraulic properties and native vegetation. To effectively
monitor the performance of this type of cover system, its unsaturated behavior, field capacity,
available moisture for plant growth, soil water storage (SWS) and moisture retention capacity need
to be assessed in a continuous manner. In previous studies, those monitoring parameters were
observed through installed sensors and data logger system. But the main disadvantages associated
with those sensors, are, they damage with time and exhibit poor performance in the long run which
demands replacement of the sensors after a certain time. In this study, electrical resistivity imaging
(ERI) technique was employed as an alternative tool to measure the unsaturated behavior of the ET
cover system.
The study was conducted on test section ET cover (Lysimeter) on different types of
vegetation in the City of Denton landfill. Three types of vegetated soil; covering Native trail grass,
Switchgrass and Bermuda grass, were considered for the current study. Moisture content and matric

suction of the cover soil were measured by installed sensors in the lysimeter at different depths. ERI
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test was performed in the field at regular interval across the positions of the sensors. Based on the
field instrumentation and geophysical measurement, the change in electrical resistivity with
moisture content and matric suction was investigated at two different depths (12-inch and 30-inch)
from the surface. The results indicated a significant relationship between soil resistivity and field
unsaturated soil behavior. Field capacity, permanent wilting point and plant available water were
also estimated from ERI technique.

Average SWS was determined simultaneously from the installed sensors during the ERI
test. Unit cross sectional area resistance (pa) was introduced and concurrent values were extracted
from the obtained resistivity profile. An inverse relationship between SWS and p. was observed.
Existing soil moisture retention capacity (ESMRC) was also observed in terms of p.. Average SWS
and ESMRC were analyzed for three different assumed thicknesses of ET cover soil (4 ft, 3.5 ft and
3 ft) which showed that with decreasing ET cover thickness, its moisture holding capacity also
decreases.

The field investigation results showed the ERI technique to be a potential non-destructive
geophysical method to quantify and evaluate the field unsaturated behavior of ET cover and hence,

it is an effective alternative way to monitor the ET cover performance.
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Chapter 1
Introduction
1.1 Background

The primary purpose of a landfill final closure system is to isolate the municipal solid waste
(MSW) from the environment and restrict the entrance of water into the waste underlying it. The
conventional method for waste confinement involves the use of low hydraulic conductivity soil
barrier which is prone to deteriorate with time due to the change in the environmental condition thus
reduction in the cover performance (Dwyer 2000; Hauser et al. 2001). Evapotranspiration (ET)
cover system is a cost-effective green solution for the long-term viability of any landfill as its
performance improves with time (Albright et al. 2004; Hauser 2009; EPA 2003; Benson et al. 2001;
ITRC 2003). This type of cover system relies on the water store-release principle and has greater
potential for long-term successful performance comparative to traditional final cover performance
(Benson et al. 2002).

Performance of ET cover largely depends on the hydrologic behavior of the soil. One of
the major purposes of the ET cover system is to store precipitation and minimize percolation which
is the drainage of the stored water from the bottom of the cover into the underlying waste mass.
Thus, percolation is one of the major performance indicators of any ET cover system. Hydraulic
characteristics of cover soil such as hydraulic conductivity, soil water characteristic curve (SWCC)
and soil water storage (SWS) capacity affect percolation significantly (Khire et al. 1997; Ogorzalek
et al. 2008; Bohnhoff et al. 2009). Since the final cover is exposed to the environment, the hydraulic
properties of the soil change substantially due to the natural wet-dry cycling and freeze-thaw effect
(Chamberlain and Gow 1979, Beven and Germann 1982, Suter et al. 1993, Albrecht and Benson
2001). Therefore, continuous monitoring of soil moisture-suction behavior (SWCC) and soil water
storage (SWS) is essential to preserve the consistency of the ET cover system, thus maintain the

long-term successful performance.
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1.2 Problem Statement

Typical methods available for performance monitoring and evaluation of ET cover are
drainage lysimeter and soil moisture monitoring devices such as capacitance sensors, thermal
dissipation sensors, psychrometers, tensiometers, and time domain reflectometer (USEPA 2011). In
the Alternative Cover Assessment Program (ACAP), time domain reflectometry (TDR) probes
(Campbell Scientific Inc, Model 615) (Campbell and Anderson, 1998) and thermal dissipation
sensors (Campbell Scientific Inc, Model 229) (Phene et al., 1992) were utilized to measure the soil
moisture and matric potential in the sites. Alam et al. (2017) compared the percolation rate of flat
and slope section lysimeter using moisture and temperature sensors and tensiometers from Decagon
devices. Fredlund also developed thermal conductivity sensors to predict the field SWCC (Fredlund
2004). DeVries (2016) monitored the water balance cover performance using moisture and
temperature sensors and tensiometers. However, the existing methods available to monitor the
unsaturated behavior of field scale lysimeter equipped with instrumentation provide discrete
information. These methods are unable to provide an accurate spatial or depth-wise variation of
unsaturated soil characteristics. Moreover, sensors installation is expensive and sometimes they are
not durable enough to last ET cover design life.

1.3 Research Objectives

The overall objective of the current study is to evaluate the efficacy of the ERI technique
to determine the unsaturated behavior of the ET cover soil. In order to accomplish this objective,
following tasks were undertaken:
e Selection of the study area.

Soil Characterization.

ET cover performance analysis through installed sensors.

ET cover performance analysis through ERI technique.

Statistical analysis of the unsaturated soil parameters.

17



1.4 Thesis Organizations

The thesis is divided into five chapters that can be summarized as follows:
Chapter 1 provides a background for the current study, identification of the related problems
and corresponding research objectives to address the problems.
Chapter 2 presents the literature review on the unsaturated behavior of the ET cover system and
the changes of related unsaturated parameters with changing electrical properties of the soil. It
contains description of the unsaturated soil behavior, previous methods to evaluate unsaturated
soil properties, previous studies on ERI technique and finally the advantages of ERI technique
over conventional methods to address the ET cover performance.
Chapter 3 describes the research methodologies of the study including the selection of the study
area, characterization of the in-situ soil, field monitoring and geophysical investigation of the
instrumented study area, selection of a statistical software and procedures to establish best fitted
relations among soil electrical properties and unsaturated soil parameters.
Chapter 4 presents the results obtained from the laboratory tests and statistical observations of
the ERI technique to measure field unsaturated soil behavior.
Chapter 5 summarizes the results obtained from the field observations and statistical
determinations. It also includes the conclusions drawn from the obtained results and future

aspects of the current study.
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Chapter 2
Literature Review
2.1 Landfill Evapotranspiration (ET) Cover

The primary purpose of a landfill final cover system is to isolate the underlying Municipal
Solid Waste (MSW) from the surrounding environmental exposure and to minimize the amount of
leachate generation by restricting the water percolation through the waste in addition with
controlling fugitive gas emissions. In a conventional landfill, final cover, there are several layers
consisting of compacted clays with low saturated hydraulic conductivity, geomembrane overlain by
a drainage layer and a topsoil layer to fulfil the final cover requirements per Texas Commission on
Environmental Quality (TCEQ) regulatory guidance 2017. But evapotranspiration (ET) cover is an
updated landfill final cover system (EPA 2003; Benson et al. 2005; ITRC 2003) which provides a
cost-effective green solution for the long-term performance of landfill final cover system and has
certain advantages over traditional landfill final cover system. In addition, with the traditional final
cover features, ET cover has a vegetative top soil layer underlying by a storage layer which acts as
asponge or a reservoir rather than a barrier (Zornberg et al. 2003) that functions to store precipitation
during the rainfall season and release it into the environment during the dry period by means of
evaporation from the top cover soil and transpiration from the vegetation. Thus, an ET cover
generally follows a water balance concept meaning that the water enters the system will be balanced
by the water that exits from the system which can be described by the following equation (Alam
2017).

P=R+S+PB+E+T

Where, P = Precipitation; R = Surface Runoff; S = Soil Water storage (SWS); P, =
Percolation; E = Evaporation; T = Transpiration.

Rainfall, snowmelts and other irrigation applications are the forms of precipitation (P)

whose magnitude and distribution significantly vary with time. Surface Runoff (R) is defined by
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that portion of precipitation which does not infiltrate through the cover soil rather flows over the
surface. Soil Water storage (SWS) is the volume of moisture that retains throughout the pore spaces
of the cover soil and percolation (P;) means the amount of precipitation that infiltrates into the cover
soil. Again, the portion of precipitation which transforms into gaseous state from liquid phase due
to atmospheric temperature variation and returns into the atmosphere is called Evaporation (E)
which is also a function of relative humidity of the surrounding atmosphere. Transpiration (T) is
related to surface vegetation and is defined by the process of moisture movement through plants
from roots to small pores on the underside of leaves, where it changes to vapor and is released to

the atmosphere which is basically a form of evaporation of water from plant leaves.

Evapotranspiration
Precipitation

Surface

Top Layer
Runoff I

Storage Layer
Root system

«Percolation | ~ >

Figure 2.1 Different layers of ET cover with different water balance components

In a traditional landfill final cover system, geomembrane and compacted clay liner are
usually used to prevent the percolation of water through it. But a certain amount of moisture is
needed to be maintained throughout the whole solid waste mass underneath the final cover to
accelerate the degradation process and to produce maximum amount of gas in a shorter period. To

assist on this phenomenon, a landfill ET cover system functions to minimize the percolation but not
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to stop it completely in an engineered way that helps maintaining proper moisture distribution
throughout the waste mass and attaining maximum gas generation in an earliest possible time.
Therefore, in advance with the traditional resistive barrier, an ET cover has some additional
monitoring features like evapotranspiration and soil water storage that are needed to be assessed for
proper performance analysis of an ET cover (Zornberg et al. 2003).
2.2 Unsaturated Behavior of Evapotranspiration (ET) Cover Soil

Soil particles have intergranular voids in between and those spaces are filled with air and
water. At a complete dry state, those intergranular voids are only filled with air but when the soils
are fully saturated, those air voids are completely replaced by water. When partial saturation or
unsaturation condition exists, both air and water will be present in the scenario. In case of landfill
ET cover soil, it remains unsaturated for most of the time in a year. For performance monitoring of
an unsaturated cover soil, its water retention properties, matric suction, soil water storage capacity,
surrounding weather, vegetation types and hydraulic conductivity need to be assessed in a
continuous manner (Zornberg et al. 2003).
2.2.1 Soil Suction

The pressure of groundwater that is held in gaps between the soil or rock particles is termed
as pore water pressure. Porewater pressure is positive below the phreatic level of groundwater which
indicates the soil zone to be saturated, but it shows negative value above the saturation line
specifying unsaturated soil zone. This negative value of porewater pressure is usually called soil
suction. It happens due to the combination of several forces like molecular, physical-chemical forces
acting at the boundary between the soil particles and the water, evaporation and transpiration acting
at and close to the surface and so on which cause the water to be drawn into the upward empty void
space. If the water contained in the voids of a soil was subjected to no other force than that due to
gravity, the soil above the water table would be completely dry causing zero suction. Soil suction

can be described by capillary tube pressure concept provided by Albright et al. (2004).
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Figure 2.2 Soil Suction Concept (Albright et al. 2004)

Figure Figure 2.2.2 illustrates the soil suction (also known as capillary rise) concept with
the water pressure in a capillary tube where the rise of water in the capillary tube above the free
water surface indicates the negative pressure or suction head. Pressure at the phreatic level is zero
and positive below that level. Suction stress (y) is a function of radius (r) of the capillary tube which
can be expressed by the following equation.

__20cosp

r

Where, o is the surface tension between the water perimeter and capillary tube material
and B is the angle of contact. Similarly, for the unsaturated soil, its intergranular void spaces act as

capillary tubes and water is retained in the soil pores due to the action of capillary forces which
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develop suction in the soil. In landfill ET cover or water balance cover, these capillary forces are
the adsorptive forces between the water molecules and the surface of the solid particles which
contribute to retaining water in the unsaturated soil. Thus, soil suction is a function of volumetric
water content (0) and is inversely proportional to it as with the increase of moisture content, the
related gravimetric forces become large enough to overcome the capillary forces resulting the
decrease in soil suction. Therefore, soil suction has been a prime concern while designing a water
balance cover or ET cover system.

2.2.2 Soil Water Storage (SWS)

Soil water storage is defined as the equivalent depth of water stored in a certain soil depth.
One of the primary purposes of an ET cover system is to store maximum amount of moisture in its
soil body and minimize the percolation. Thus, continuous monitoring of the ET cover SWS is
necessary for its performance analysis. Again, soil water storage capacity is another term which
refers to the maximum amount of water that a soil can hold without having any percolation. SWS
can be explained by the sponge concept (shown in Figure 2.3) given by Albright et al. (2009). Soil
acts like a sponge material that can absorb and release water. There are voids in between the soil
particles which are filled with air at completely dry condition. When water enters the soil body,
those air voids are replaced by that water. Thus, the soil body drives into unsaturated condition from
completely dry condition. Due to the gravity force acting on the water mass, water particles try to
drain away from the soil body. Soil suction created among the soil particles attempts to restrain that
water mass from draining away from the soil.

However, water can be stored in the soil body up to a certain amount corresponding to a
limiting soil suction depending on the soil texture. That limiting point of soil suction refers to the
SWS capacity beyond which water will try to percolate from the bottom of the soil body. The
primary purpose of any landfill final cover system is to restrict the precipitation from turning into

percolation. In order to achieve this objective, ET cover system follows water store release principal
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to limit the percolation to an acceptable limit. Again, for an advanced ET cover system over a
bioreactor landfill, moisture recirculation in a certain interval is proved to be a supportive factor to
expedite the MSW degradation underneath (Alam, 2016). Thus, for performance analysis of an

advanced ET cover system, continuous monitoring of SWS is abligatory.
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Figure 2.3 Schematic illustration of sponge concept for soil water storage (Albright et al., 2009)
2.2.3 Soil Moisture Retention Capacity (SMRC)
Soil moisture retention capacity is one of the most significant performance indicators for
landfill ET cover soil as it gives the idea about how much the soil can store the precipitation and
minimize the percolation through the bottom of the cover. Moisture retention in unsaturated soil can

be explained by the following Campbell’s equation (Campbell 1974).

9 _b
h=a <9—s)

Where, h = suction head; 0 = volumetric moisture content; 05 = saturated volumetric water
content; a and b are constants. Soil moisture retention capacity mainly depends on the grain size
distribution and organic matter content of the soil (Gupta et al. 1979). Soil with fine particles has

higher moisture retention capacity compared to soil with granular particles.
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Field capacity (FC) is another term which refers to the SMRC and typically measured by
the amount of SWS at 33 kPa soil suction. If the water entering the soil body exceeds its FC, the
excess amount of water will be drained away in the form of percolation. Permanent wilting point
(PWP) refers to the minimal amount of SWS that is needed by the plant not to wilt. If the SWS up
to the plant root zone goes below that point, plants in the surface zone will die. Conventionally,
PWP is measured by the SWS at 1500 kPa soil suction. However, the corresponding value of the
soil suction changes with the fluctuations in the surrounding environment and soil texture. A

schematic diagram is shown in the following figure to illustrate the FC and PWP concept.
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Figure 2.4 Schematic illustration of field capacity and wilting point
2.2.3.1 Effect of Vegetation on SMRC
Surface vegetation plays a significant role in the evaluation of SMRC. In vegetated soil,
the root system of plants removes the additional water via the transpiration process under ambient
temperature and surrounding humidity until PWP is reached. Evaporative demand is a term defined

by the measure of the extent to which the environment continues striving to evaporate water. SWS
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below PWP plant can no longer maintain its cell turgidity against evaporative demand created by
the surrounding atmosphere. Plant available water (PAW) refers to the amount of water that plant
can release to the atmosphere in the form of transpiration. It is the difference between FC and PWP.
Again, the root distribution in the soil creates void spaces between the soil particles which can store
an additional amount of precipitation. If the evaporative demand is high and the soil is comparatively
less permeable, the surface vegetation can release a significant amount of water to the environment
before percolation occurs. Thus, surface vegetation has a positive effect on the SMRC.

2.2.4 Soil Water Characteristics Curve (SWCC)

Soil-water characteristic curve (SWCC) plays an important role in the assessment of
unsaturated soil property functions (Fredlund 2002). Previously, Williams (1982) defined SWCC
for a soil as the relationship between water content and suction for the soil and it shows different
trends corresponding to different grain size distributions. Figure 2.5 illustrates the concept of SWCC
in terms of capillary rise over a phreatic surface. At low moisture content, suction head or negative
pore water pressure is higher compared to the suction head at high moisture content. Thus, the soil

with high void ratio generates low suction head compared to any dense soil.

Suction Head - |y

Moisture Content, o

Figure 2.5 Variation of suction head with different pore size distribution (Alam, 2017)
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Moisture content is the key element for any SWCC and can be expressed in various ways
shown on the following.
Gravimetric Moisture Content

Gravimetric moisture content is defined by the mass of water (my) in the soil volume

divided by the mass of soil solids (ms).

Volumetric Moisture Content (VMC)
Volumetric moisture content is defined by the volume of water (V) over any soil volume

(V).

Where, Soil Volume, V = Volume of Soil Solid (Vs) + Volume of Void (V)
Normalized Moisture Content on Volumetric Basis
Normalized moisture content (®q) establishes relationship between initial saturated

moisture content and residual moisture content and is defined by the following relation.

Where, Oq, = Volumetric normalized moisture content, 0s = saturated volumetric moisture
content and Or = residual volumetric moisture content.
Normalized Moisture Content on Gravimetric Basis

Normalized moisture content can also be expressed in terms of gravimetric moisture

content in the following way.

o w—w,
dg =
Ws — Wp

Where, ®qy = Gravimetric normalized moisture content, ws = saturated gravimetric

moisture content and w; = residual gravimetric moisture content.
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Residual Moisture Content
Residual moisture content is defined by the water content where a large suction change is
required to remove additional water from the soil. Fredlund (2002) developed a consistent way to

define the residual water content shown on Figure 2.6.
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Figure 2.6 Typical Soil Water Characteristics curve for silty soil (Fredlund, 2002)
Fredlund experimented on silty soil in laboratory setup and observed it unsaturated
behavior. It was found that volumetric moisture content (VMC) is subjected to a sharp decrease after
the air entry suction up to a certain point where soil suction is substantially high. After that high
suction point is reached, the slope of the curve gets reduced and no significant amount of change in
VMC is observed with increasing suction, therefore, an inflection point is initiated. A tangent line
is drawn from the inflection point. The curve in the high suction range can be approximated by
another line. The residual water content 6, can be approximated as the ordinate of the point at which
the two lines intersect.
Previously numerous empirical equations have been developed to simulate the SWCC.

Brooks and Corey (1964) proposed the following equation in the form of power-law relationship:
o=(5)
Y
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Where, O is the normalized water content, )y, is the air-entry suction, ¢ is suction and A is
pore size distribution parameter. Another term, effective degree of saturation (Se) has also been used

in place of the normalized water content which is defined by the following equation.

Where, S = degree of saturation and S, = residual saturation.
Van Genuchten (1980) established a most functional relationship between normalized

water content and suction which is given by the following equation.
1 m
o=t
1+ (ap)n
Where, a, n and m are Van Genuchten fitting parameters and m = 1-(1/n). In some cases,

more accurate results can be obtained by leaving m and n parameters with no fixed relationship

(Fredlund et al., 1994).
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Figure 2.7 Drying and Wetting phase of SWCC showing fit to Van Genuchten equation (Fredlund
et al., 1994)

Fredlund et al. (1994) also proposed an equation to predict the volumetric water content

(6) as a function of matric suction and three fitting parameters which is shown below.
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6
0(p, a,n,m) = C(Y)

{ln [e + (w/a)n]}m

Where, C() is a correction factor defined as

(/)
€O = R T os /)]

Where, U is the suction corresponding to the residual water content 6.
2.2.4.1 Factors Affecting SWCC

SWCC depends on several factors like grain size distribution, temperature, soil density,
initial void ratio or volume change property of the soil, field stress history, wetting and drying
phenomenon or hysteresis effect etc (Fredlund 2002). Capillary rise on the in-situ soil can be a
measure of the in-situ soil suction. Smaller grain size results in high capillary rise which gives a
high suction value in the field.

Soil water characteristics curve depends on the onsite stress history and wetting-drying
phenomenon of the soil. There is a difference in soil suction with corresponding moisture content
depending on the drying or wetting of the soil specimen. Plastic deformation of the soil also occurs
during this wetting drying phenomenon which indicates a plastic settlement in the unsaturated soil.
This wetting drying phenomenon of the soil over soil suction is called hysteresis and it has a
significant effect on clay soils.

When soil sample is collected from the field, it is difficult to know whether the sample is
on the drying path or wetting path. Slight changes in soil nature can cause a lateral shift in the SWCC
which makes it extremely difficult to predict the in-situ soil suctions from the lab constructed
SWCC. It has been found that the field soil suction is somewnhere between the corresponding wetting
and drying suctions found from the SWCC constructed in lab.

To measure the hysteresis effect on the clayey soil effectively, high suction value is

required during the test. Fredlund et al. (2007) showed the hysteresis effect on clayey soil using
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dew-point Water Potential Meter, WP4-T, and an air-tight chamber, ATC. Different saturated salt
solutions with known osmotic suction were prepared and the suction value was measured using the
WP4-T and it has been found that the theoretical value of soil suction and the measured suction
using WP4-T are nearly similar.

According to Likos et al. (2003), total suction value depends on the relative humidity of
the surrounding environment. The theoretical value of the soil suction with relative humidity is

measured using the following Kelvin’s equation (Sposito, 1981; Likos et al., 2003).

RT U,
¥Y=- In <—>
VWO wv uW

Where, ¥ = soil suction (kPa), R = universal gas constant (8.31432 Jmol'K™?), T = absolute
temperature in kelvin, Vo = specific volume of water (kg/m®), wy = molecular mass of the water
vapor (18.016 kg/kmol), u./uy = Relative humidity (RH).
2.2.4.2 Lab scale measurement of SWCC

Previously many researches have been done to predict the soil suction behavior with
numerous variables like soil density, temperature, pre-consolidation pressure, degree of saturation,
swelling-shrinkage potential, grain size distribution etc. In lab, SWCC has been developed by using
Tempe pressure Cell and other pressure plate apparatus, Double walled triaxial cell, thermocouple
psychrometer, filter paper etc. Fredlund used thermal conductivity sensors in both field and lab to
predict the SWCC. Kong et al., (2017) used DZD-6 DC resistivity meter and 15 bar pressure plate
extractors in lab to conduct electrical resistivity test on soil and developed SWCC based on ERI
technique which is an indirect method of estimating SWCC.

Soil physics and agronomy disciplines have played a dominant role in the development of
testing equipment and procedures for the SWCC. The testing method and procedures depend on the
type of soil whether it is clay, silt or sand. In lab, SWCC can be established by using one of the

following methods.
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2.2.4.2.1 Tempe pressure cell apparatus

This type of testing is mainly useful for porous material like sand. It utilizes the axis-
translation technique (Hilf 1956) and have a measuring range between 0 and 100 kPa (1 bar)
depending on the ceramic disk placed in the device. The moisture characteristics of the field soil is

readily and very accurately measured by weighing the complete cell at pressure equilibrium points.
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Figure 2.8 Different Parts of the Tempe Pressure Cell Apparatus
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Figure 2.9 Setup of the Tempe Pressure Plate Apparatus (Soil Moisture Equipment Corp., 2003)
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When soil samples are placed on the porous ceramic plate of the Tempe Cell and are
saturated with water, and the air pressure inside the Tempe Cell is raised above atmospheric
pressure, water will flow from around each of the soil particles and out through the pores of the
Porous Ceramic Plate until the curvature of the water films at the junction of each of the soil particles
is the same as in the pores of the porous ceramic plate and corresponds to the curvature associated
with that pressure.
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Figure 2.10 pore water curvature due to applied air pressure
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Curvature of water film at
junction of soil particles

Pores )
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Figure 2.11 Curvature equilibrium of water film for the soil particles and porous ceramic plate
The bar value of the porous plate influences the flow of moisture and therefore the time
required to reach equilibrium. Higher bar value indicates more required time for the system to reach
equilibrium because of their relatively small pore size. Thus, it indicates high suction value for clay

or silty clay soil compared to the sandy soil with larger intergranular void spaces.
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2.2.4.2.2 Suction controlled double walled triaxial cell

Suction controlled double walled triaxial cell has been developed to measure small overall
and pore water volume change with the control or measurement of small values of suction using
axis translation technique and it shows good performance on unsaturated sand. It consists of a double
walled triaxial cell, a modular loading frame including the axial power unit and a computer for
controlling and data logging. The shear strength, hydraulic conductivity along with the SWCC of

unsaturated soil can be determined using this device.
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Figure 2.12 Experimental setup for the suction controlled double walled triaxial cell (Ng et al.,
2002)
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In this device air pressure is controlled to increase or decrease the suction value. The range
of suction value that the device can measure depends on the properties of the air-entry value disk.
Porous disk with high air entry value requires more time for equilibrium with the corresponding air
pressure. This device can measure suction up to a range of 0 to 1500 kPa while 15 bars air- entry
value disk is used.
2.2.4.2.3 Thermocouple psychrometer

The thermocouple psychrometer was first introduced by Spanner (1951). The device makes
use of Peltier and Seebeck effects. The Peltier effect is a temperature drop induced by an electrical
current passing across a junction made of two different metal wires, which is a function of relative

humidity of vapor space where measurement is conducted (Figure 2.13).
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Figure 2.13 Schematic illustration of a thermocouple psychrometer (Fredlund et al., 1993)
2.2.4.2.4 Transistor psychrometer
The thermistor or transistor psychrometer was developed by Richards (1965). Transistor

psychrometer consists of a thermally insulated container that holds the psychrometer probes and a
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data logger for measurement and recording of output. The transistor psychrometer is an electronic
wet and dry bulb thermometer in which a wet and dry transistor probe is used instead of wet and dry
thermometer bulbs as in thermistor psychrometers. Evaporation takes place as both bulbs are
exposed tovapor space in the soil, which results in an electromotive force being generated. The
temperature depression of the wet transistor, which holds a standard-size water drop, is measured
with the sensors in the probe. The wet and dry transistors are employed as heat sensors and the
voltage output from the probe is used to infer total suction. Improvements in performance have been
made that allow the device to measure a much wider range of total suction, from about 100 kPa to
about 10,000 kPa. Much of the improvement is due to calibration procedure and advances in micro-
chip technology (Woodburn et al.1993). The range and accuracy in measurements are also attributed
to sensitivity of the transistors to changes in temperature. It has practically replaced thermocouple
psychrometers in many laboratory soil suction measurements.
2.2.4.2.5 Chilled Mirror Hygrometers

A chilled-mirror hygrometer uses the chilled mirror dew point technique to infer total
suction under isothermal conditions in a sealed container. Measurement of total suction with the
chilled-mirror hygrometer is based on equilibrating the liquid phase of the water in a soil sample
with the vapor phase of the water in the air space above the sample in a sealed chamber. The chilled-
mirror hygrometer measures dew point and temperature of the headspace above the specimen. The
specimen is contained in a special closed chamber to minimize drying of the specimen. Water vapor
from the soil specimen is allowed to condense on the mirror and a photoelectric cell is used to detect
the exact point at which condensation first appears on the mirror. The temperature of specimen
which is considered to be equal to the temperature of vapor space is measured via an infrared
thermocouple. The relative humidity or the water activity of the specimen is computed from the
measured dew point and temperature. A small fan is also employed to circulate the air in the sensing

chamber and speed up vapor equilibrium. The soil samples and device were kept at the same location
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for at least several hours for temperature equilibrium prior to the testing. The chilled mirror
technique offers a fundamental characterization of humidity in terms of the temperature at which
vapor condenses. Temperature control is very important. The measured difference between dew
point and sample temperatures must be kept small. It is important to avoid contamination of the
instrument. Leong et al. (2003) reported that the technique could be used to quantify total suction

as low as about 150 kPa.
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Figure 2.14 Schematic of Chilled Mirror Hygrometer (Albrecht et al., 2003)

2.2.4.2.6 Filter paper methods

The filter paper covers a wide range of suction measurements. For the non-contact
technique, a dry filter paper was suspended above a soil specimen in a sealed container for water
vapor equilibrium between the filter paper and the soil specimen at a constant temperature. The
vapor space above the soil specimen acts as a true semi-permeable membrane which is only
permeable to water vapor but not to ions from the pore-water. The separation between the filter
paper and the soil by a vapor barrier limits water exchange to the vapor phase only and prevents
solute movement. Therefore, in this technique, total suction is measured. Having achieved

equilibrium condition, the filter paper is removed, and water content of the filter paper determined
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as quickly as possible. Then, by using the appropriate filter paper calibration curve, the suction of
the soil is estimated.
2.2.4.3 Field scale measurement of SWCC

Tensiometers, suction probe, thermal conductivity sensors etc. are more commonly used
in the field for the direct measurement of the soil suction.
2.2.4.3.1 Tensiometer

Tensiometer is normally used for directly measuring the negative pore-water pressure of
soil. The basic principle is that the pressure of water contained in a high air entry material will come
to equilibrium with the soil water pressure making it possible to measure negative soil water
pressures. Since a true semi-permeable membrane for soluble salts does not exist in tensiometer, the
effect of osmotic component of suction is not measured. Thus, the measurement only provides the
value of matric suction component in the soil. In a typical tensiometer, a small ceramic cup is

attached to a tube filled with deaired water which is connected to a pressure measuring device.
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Figure 2.15 Schematic illustration of different components of tensiometer
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Figure 2.15 illustrates the construction of a typical tensiometer. Saturation of the ceramic
cup and tube is ensured by filling the cup with water and applying a vacuum to the tubing. The
ceramic tip is allowed to dry to reduce the water pressure in the sensor and air bubbles are removed.
Due to the cavitation problem, the use of a ceramic cup with a higher air entry value will not increase
the measurement range of the tensiometer. However, improvements have been made to the
tensiometer technique to enable measurements of matric suction greater than 100 kPa to be
performed.
2.2.4.3.2 Thermal conductivity sensors

Fredlund (2004) developed a thermal conductivity sensor for both laboratory testing and
field monitoring. It was digitally designed which proved to be accurate for all soil types and also
unaffected by the effects of soil water salinity. As an updated version, it can also support solar panel

system through which continuous power supply can be provided.
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Figure 2.16 Thermal Conductivity Sensor (Fredlund, 2004)
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Though the sensor performed well in many ways, however, several drawbacks were
identified. One of the main drawbacks was the failure of the sensor in moist environment due to
ceramic cracking leading to moisture penetration in the electronics. Again, sensitivity of the readings
depends on the surrounding temperature gradient and length of the cable used in the setup. Later the
equipment was further developed using moisture barrier around the electronics which solved the
cracking and moisture penetration problem. Also, implementation of the state-of-the-art digital
signals in the design increased the sensitivity of the data reducing the effect of surrounding
temperature.

The digital temperature sensor has a resolution of 0.004° C which contributes to the
accuracy of the suction measurements even in the low ranges. The maximum possible accuracy of
suction measurements is less than 0.2 kPa in the lowest range of 1-10 kPa, less than 0.5 kPa for 10-
100 kPa and less than 6 kPa for the range of 100-1000 kPa. That means it can give the possible
accurate measurements within the 5% of the measured suction. Tan et al. (2003) also implemented
the idea of thermal conductivity sensors over a highway slope to address its performance in terms
of unsaturated behavior.
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Figure 2.17 Layout of thermal conductivity sensors in the field (Tan et al., 2003)
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Conventionally, the idea of field implementation of thermal conductivity sensors includes
the installation of multiple sensors in unsaturated soil masses or waste piles by excavating trenches,
installing the sensors on trench walls, running cables to the datalogger and backfilling the excavation
simulating the preexisted condition. Typical layout of the sensors in the field are shown in Figure
2.17.

The datalogger should be housed in a weather proof enclosure where hardware and
software must be available for monitoring the sensors. A temperature calibration curve should be
predetermined in the laboratory. Sensors take the reading of the initial temperature by sending
electrical current to the heating element for a specific period and records the peak temperature. The
corresponding suction is then obtained by entering the calibration curve with the maximum

temperature rise.
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Figure 2.18 Temperature Calibration setup for Fredlund thermal conductivity sensors
2.3 Drawbacks of Different Soil Suction Measuring Methods
Several direct and indirect techniques were introduced in previous studies to measure the
soil suction at both laboratory and field setup. However, the selection of the proper method depends
on the required accuracy, time limitations and available range of the study area. Table 2.1 describes

the constrains that each method generally faces.

41



Table 2.1: Principal Constraints for different suction measuring device (Perera et al. 2004)

. Suction | Range o .
Device Method Principal constraints
Measured | (kPa) P
Indirect Affected by temperature fluctuations
Thermocouple . 100 to oy P s .
sychrometers (Relative Total 7500 and gradients. Sensitivity deteriorates
P Humidity) with time.
Thermistor Indlrgct 100 1o Poor sensitivity in the Ipw s.uctl-on
(Relative Total range. Frequent re-calibration is
psychrometers . 10000 .
Humidity) required.
. Indirect Fri nt re-calibration is required.
Transistor d e.C 100 to eque e-calibratio S. equired
(Relative Total Specimens must be tested in order of
psychrometers . 71000 | . . . . .
Humidity) increasing suction to avoid hysteresis.
. Indirect T .
Filter paper 400 to Calibration is sensitive to the
(Water Total e
(non-contact) 30000 equilibration time.
content)
) Indirect .
Filter paper . Entire . R
. pap (Water Matric Automation of the procedure is difficult.
(in-contact) range
content)
Pressure plate Range of suction limited by the air-
. . 0to
(Null Direct Matric 1500 entry value of the plate (laboratory
Technique) usage).
Requi il i :
Standard . . 0to equires daily malr?tenance
. Direct Matric Temperature fluctuations affect
tensiometer 90 .
readings.
Osmotic . . 0to Reference pressure can deteriorate with
. Direct Matric .
tensiometer 1500 time. Temperature dependent.
Imperial 0to Range in suction is limited by the air-
College Direct Matric 1800 entry value of the ceramic. Cavitation
tensiometers problems with time.
Observations need to be corrected for
Porous block . .
Indirect temperature. Blocks are subjected to
(Gypsum, . ) 30to . . o
vlon (Electrical Matric 3000 hysteresis and changes in calibration
. ylon, resistance) due to salt. Response to suction can be
fiberglass)
slow.
Original heat Indirect 0to
dissipation (Thermal Matric 1000+ High failure rate. Fragile ceramic.
Sensors conductivity)
Fredlund .
Indirect . L
thermal . 0to Range in suction is controlled by the
. (Thermal Matric o .
conductivity . 1500+ pore size distribution of the ceramic.
SENSOrS conductivity)

42




Previously, Benson et al. (2004) used thermal dissipation sensors (Campbell Scientific Inc,
Model 229) (Phene et al. 1992) for monitoring soil water matric potential in field for the assessment
of field water balance of landfill final covers, Alam et al. (2017) used moisture content and
temperature sensors with tensiometers at varying depth in ET cover soil to evaluate the soil water
storage, Brett DeVries (2016) also used same kind of sensors for monitoring the hydraulic
performance of ET cover systems. Fredlund also developed thermal conductivity sensors to predict
the field SWCC (Fredlund, 2004). But the main drawbacks associated with those sensors are that
they damage with time and for tensiometers, soil needs to be relatively wet for better operation and
below freezing temperature they lose sensitivity. Again, air in the tensiometer sensor may result in
bad or less negative measurements of the pore water pressure for the following reasons: a) water
vaporizes as the soil water pressure approaches the vapor pressure of water at the ambient
temperature; b) air in soil can diffuse through the ceramic material and c¢) air comes out of solution
as the water pressures decrease (Pan et al. 2010).

2.4 Performance Monitoring of ET Cover Soil Using Electrical Resistivity Imaging (ERI)

Soil moisture has been a vital issue to predict the soil geotechnical properties, numerous
researchers have developed various strategies and techniques with different equipment to measure
the soil moisture and correlate it with different hydraulic and geotechnical properties of soil. Among
those techniques, Electrical Resistivity imaging (ERI) has been a vital concept and easy method for
depicting soil profiles and characteristics for the recent past few years. The main advantage of that
test is that it is non-destructive and less time consuming.

2.4.1 Background of Electrical Resistivity Imaging (ERI)

The idea of electrical Resistivity or specific electrical resistance comes from the Ohm’s

law which states that the current through a conductor between two points is directly proportional to

the voltage across the two pOi ts and it can be shown by the followir g equation.
e —
Vor
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Again, for a cylindrical soil section resistivity can be expressed as,

=5l

Where, R = Resistance in ohms, p = Electrical Resistivity in ohm-m, A = Cross sectional
area, L = Soil sample length, AV = Potential difference and I = Electrical Current.
Again, electrical conductivity is the measure of the amount of electrical current a material

can carry which is reciprocal to the electrical resistivity.

1
Electrical Conductivity,C = R

For a homogeneous soil, electrical equipotential lines are hemispherical (Scollar et al.,

1990; Kearey et al., 2002; Sharma, 1997; Reynolds, 1997) as shown in the following figure.

Electrical Schlumberger Profile

Resistivity

S

Current Current
Source |oltage

Ground Surface

BEEi

Current Flow
through Earth

Figure 2.19 Distribution of current flow through homogeneous soil
Electrical resistivity survey basically measures the soil resistivity distribution of sounding
in soil volume. Electric streams are supplied through electrodes to the soil underneath and
subsequent potential contrasts are measured which gives the data on the type of subsurface
heterogeneities and of their electrical properties. For unsaturated condition, clay soil has the affinity

to store some moisture in itself because of its negative pore water pressure above the saturation zone
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and low permeability whereas soil with greater particle size like sand is relatively dry. So electrical
conductivity of clay soil will be higher than that of sandy soil. Thus, electrical resistivity survey
helps to identify the grain size and soil type which can be a crucial indicator for selecting the location
of boring and hence can become a dramatic breakthrough in foundation analysis and design field.

There are certain factors like soil salinity, clay content, cation exchange capacity, clay
mineralogy, grain size distribution, moisture content and temperature upon which resistivity value
depends and can be in different range as shown in Figure 2.20.
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Figure 2.20 Different Values of resistivity with different types of soil (Ley-Cooper et al., 2015)
2.4.2 Field measurement of Soil resistivity
To investigate the sub-surface geology, electrical resistivity measurements have been being
used since the early 20™ century. Among several methods there are two methods named Wenner
four pin method and Schlumberger method which have been widely used in case of field
measurement of soil resistivity. Electrodes are hammered into the ground for a certain distance and
relate to wires and resistivity measuring toolbox. The whole system is powered up by a battery and

resistivity data are saved in the toolbox as shown in Figure 2.21.

45



Figure 2.21 Field measurement of soil resistivity
According to Wenner four pin method, the apparent soil resistivity value is,

_ 4maRy,
PE = 2a a
1+ -
Vaz +4b?  a? + b2

Where, pe = measured apparent soil resistivity (ohm-m), a = Electrode spacing (m), b =
depth of the electrodes (m), Rw = Wenner resistance measured as V/I according to the following

figure.

i
R 3

|
L a La a

Figure 2.22 Wenner method for field soil resistivity test
According to Schlumberger method, if the distance between the voltages probe is a and the
distances from voltages probe and currents probe are ¢ as shown on the figure below and if b is

small compared to a and ¢, and c>2a, the apparent soil resistivity value is,
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c(c+a
Lceta
a

Pe = s
Where, pe = measured apparent soil resistivity (ohm-m), a,c = Electrode spacing (m), b =
depth of the electrodes (m), Rs = Schlumberger resistance measured as V/I according to the

following figure.
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Figure 2.23 Schlumberger method for field soil resistivity test

2.4.3 Effect of Moisture on Electrical Resistivity

As electrical resistivity is the inverse measurement of electrical conductance through a
specified medium, its value depends on the inherent electrical properties of that medium.
Conductivity of a medium is the measure of its capacity to pass electrical flow through it and water
shows a strong affinity towards electrical conductance. As a result, presence of moisture in soil mass
increases its electrical conductance and therefore, decreases electrical resistivity. Jusoh & Osman
(2017) established a numerical relationship between moisture content and soil resistivity for all type
of soil through laboratory work with a coefficient of determination 0.8168 which indicates a strong
correlation between them. This relation is given by,

w = 123.93r,70252

Where, rs = resistivity (Q-m), w = water content (%)

Kibria (2014) performed several laboratory tests on four types of soil, such as, high plastic
clay (CH), low plastic clay (CL), Ca-bentonite and kaolinite and developed correlation between

electrical resistivity and moisture content using Statistical analysis software SAS (2009) at different
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compaction. An inverse relationship between resistivity and moisture content was observed for all

cases. But a significant difference was observed in the relationship due to the variation of dry

density. At a certain moisture content, an inverse trend was observed between electrical resistivity

and dry density.
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Figure 2.24 Relation between gravimetric moisture content and Resistivity at different dry unit
weights for (a) Ca-bentonite (b) Kaolinite (c) Low plastic clay and (d) High plastic clay.

The developed correlation between electrical resistivity and gravimetric moisture content

by Kibria (2014) followed a linear trend in log-log scale (Figure 2.25). The combined observations

for Ca-bentonite, CH and CL were utilized to develop the correlation.
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Figure 2.25 Development of correlation between electrical resistivity and moisture content for Ca-
bentonite, CH, and CL (Kibria 2014)

Kalinski et al. (1993) also conducted a laboratory investigation to determine volumetric

moisture content from electrical conductivity of soil and developed the following regression

equation assuming surface conductivity of 0.24 mho/cm (ECs = 0.24 mho/cm).

EC, / ECy

EC, = EC, + EC,,0(1.046 — 0.09)
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Figure 2.26 Relationship between ratio of bulk soil and pore water conductivity with volumetric

moisture content (Kalinski et al.,

2.4.4 Effect of Soil Suction on Electrical Resistivity
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As soil suction and electrical resistivity both depend on the degree of soil saturation, there
has been a strong correlation between them. Kong et al., (2017) measured the variation of soil
suction with resistivity and found that with increasing soil suction, resistivity also increases. It was
also observed that at a particular matric suction, loose soil shows higher resistivity than compared

to more compacted soil.
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Figure 2.27 Variation of electrical resistivity with matric suction at different compaction (Kong et
al., 2017)

2.4.5 Effect of Temperature on Electrical Resistivity

The electrical conductivity increases with increasing temperature and decreases with
temperature decrease. Bai et al. (2013) have conducted several tests on lateritic soil and found that
the relationship between electrical conductivity and temperature is non-linear as shown on Figure
2.28 and the corresponding numerical relationship is given by the following equation.

_ P20
- 1+ pzoae[ﬁ(T_zo)]

Pr

Where, pt and pzo = Resistivity at temperature T° C and 20° C respectively, a and  are

tested constants with o = 0.0012 and f =0.1562.
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Figure 2.28 Relationship of Electrical Conductivity with temperature for lateritic soil (Bai et al.,
2013)

As electrical resistivity changes with temperature, temperature correction is necessary at a
certain reference point to compare the ERI test outcomes at different conditions. Samouelian et al.
(2005) proposed the following relationship between field resistivity and temperature assuming 25°C
as the reference point.

p =pT x {1+ a(T — 25)}

Where, p is the corrected resistivity at a reference temperature of 25°C in Ohm-m, pT is
the raw resistivity at field temperature in Ohm-m, T is the field soil temperature in °C and a is a
correction factor equals to 0.0202.

2.4.6 Effect of Dry Density on Soil Resistivity

As the density of the soil depends on the degree of saturation, soil resistivity also varies
with different soil dry densities. According to Kong et al. (2017), the electrical resistivity of
compacted residual soil (at water content of about 22.35%) decreases with increasing dry density
and tends to constant at higher dry density. They established a numerical correlation between dry
density and electrical resistivity which is described by the following equation.

R =170.64 + 2.65 x 10° x =934,

51



Where, R = resistivity (Q-m), ps= Dry density (gm/cm3)

An inverse relationship between dry density and electrical resistivity was observed because
with increasing dry density at certain water content, soil particles get closer resulting increasing
degree of saturation which means higher electrolytic water content in unit intergranular open space

and thus this electrolytic water can increase electrical conductivity.
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Figure 2.29 Variation of soil resistivity with dry density (Kong et al., 2017)

2.4.7 ERI Technique as an Alternative Way to Measure SWCC

Since, Electrical resistivity and soil suction both deal with the soil moisture, there can be a
strong relation between them. Previously, Kong et al. (2017) have established a correlation between
electrical resistivity and matric suction of soil in laboratory scale which is a modification of the van
Genuchten SWCC equation and showed that the fitting parameters change with different dry
densities. The experiment was done on compacted granite residual soils using DC Resistivity meter
to measure electrical resistivity of the soil specimen and 15 bars pressure plate extractor for the
measurement of matric suction (Figure 2.30). Soil suction has been measured from volumetric water
content using proposed equation by van Genuchten (1980). The mathematical equation is,

0, — 6,

0 =6+ [1+ (@)™
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Where, W is the suction pressure (kPa) i.e (Ua-Uw), Os is the saturated water content, Or is
the residual water content and o, n & m are soil parameters. Parameter m is defined in terms of n by

the following equation.

(a) (b)

Figure 2.30 (a) DZD-6 DC Resistivity Meter and (b) 15 bar Pressure Plate Extractor

Again, the relationship between resistivity and volumetric water content for different
density compacted soil can be described by the van Genuchten (1980) SWCC model (Kong et al.

2017) and the model equation is-

R, —R,
[1+ (a/0)]°

RQ = RT +

Where, Rg is the resistivity with respect to volumetric water content, Rs and R, are saturated

and residual resistivity, respectively, a is the x-value of the sigmoid’s midpoint, b is the structural

factor which depends on the compaction, porosity and particle size distributions of the solid phase
and c is a curve shape factor.

Kong et al. (2017) found that the shapes of the soil-water characteristic curve (SWCC) and

electrical resistivity-water characteristic curve (RWCC) of the investigated soils are very similar.
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Both can be well described by the van Genuchten model with a better correlation and the fitting
parameters of RWCC and SWCC are linearly proportional to each other. Based on the numerical
analysis, they also proposed a modification on the van Genuchten model for directly correlating the
matric suction and electrical resistivity and determined values of the related fitting parameters with

a good correlation. They proposed the following equation,

R, —R,
[1+ (a;¥P)01]e

Ry =R, +

Where, Ry resistivity with respect to matric suction y; Rs saturated resistivity; Rr residual
resistivity and a;, b1 & c¢1 are empirical constants implicitly containing the solid phase
characteristics. Again, Piegari et al. (2013) established a correlation between soil suction and
electrical resistivity (shown on following equation) based on laboratory tests on pyroclastic soils
found at the northern slope of Mt Pizzo d’Alvano, Italy and later based on field resistivity data on a
study section, a soil suction map of that area has been developed. The study area was divided in
three horizons; B is denoted for very loose pyroclastic horizons subjected to highly pedogenetic
processes with dense root apparatuses (silty sand), Bb is denoted for buried soil or palaeosoil (silty
sand) and Bhbyasal is denoted for basal buried palaeosoil (silty sand). The established relations are

presented on the following.

For B and Bb horizons;

1 l—Grﬁ "
k S T

For Bbpasar horizon;

Sr

(0 - a)/b) - e]—

-1
es_er

1
S(P)=E [

Where, s = matric suction; p = electrical resistivity; a, a, b and n are fitting parameters.
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2.5 Advantages of ERI Technique to Monitor ET Cover System

For effective monitoring of the ET cover system, the moisture retention capacity of the
soil, available soil water storage at a particular time and soil suction need to be assessed
continuously. According to the conventional method, these soil parameters are measured by means
of installed sensors under the surface. But the main disadvantage associated with those sensors, is,
they damage in the long run and their performance get deteriorate with time. Again, sensors only
provide the point measurement of the scenario and their field instrumentation is also costly and time
consuming. On the other hand, ERI technique is a non-destructive technique that can capture the
whole scenario by providing a numerous amount of measurements in a particular area up to a
significant depth. Soil water storage, possibility of percolation, variation of soil suction etc. can be

measured through the ERI technique.
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Chapter 3
Methodology
3.1 Introduction

The objective of this study is to observe the unsaturated behavior of the soil in field
condition and to achieve this goal an extensive laboratory program was conducted to determine the
geotechnical properties of the in-situ soil. All the laboratory investigations were done on the
disturbed soil samples collected from the study area during the initial stages of the study period.
Laboratory investigation program included grain size distribution tests, standard proctor compaction
tests, specific gravity determination and Atterberg limits tests.

To observe the effects of different types of vegetation on field unsaturated soil properties,
a total of six (6) lysimeters were constructed with three (3) different types of locally available
vegetation. Soil samples were collected from each of the six lysimeters before the vegetation
plantation to observe in-situ soil geotechnical properties. Two different depths were selected for
observing the variation in unsaturated behavior with depth; one is 12-inch from the ground surface
where root effects were prevalent, and another is 30-inch where there were no significant effects of
root system.

Moisture and temperature sensors along with tensiometers were installed at different depths
in each lysimeter for continuous monitoring of the soil water storage and corresponding soil
suctions. Electrical resistivity tests were conducted on a monthly basis throughout the study period
to investigate the moisture and suction variation with resistivity and to evaluate the performance of
electrical resistivity imaging method in quantification of soil water storage. The obtained data from
the laboratory investigations and field monitoring was used to develop the field soil water
characteristic curve (FSWCC). A statistical software Minitab was used to determine the FSWCC

parameters along with its statistical variables to measure the competency of the model in predicting
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field condition. Figure 3.1 summarizes the test methodologies involved in this study in an organized

fashion.
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Figure 3.1 Flow chart describing the organization of Test Methodology
3.2 City of Denton Landfill
The City of Denton Municipal Solid Waste (MSW) landfill is located on the southern side
of Denton, Texas at 1527 South Mayhill Road. It started its operation in 1983 and received its permit
to start accepting waste on March 7, 1983 (permit number of 1590). Initially the landfill started with
32 acres and then expanded in 1998. The expanded landfill covers a total of 252 acres, with 152
acres for solid waste and 100 acres for offices, buffer zone, compost and extra rented land. At present
there are six cells in the landfill and it receives approximately 550 tons of MSW a day. In 2009, the

landfill transitioned to an enhanced leachate recirculation landfill to increase the gas production and
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capacity of landfill space. Figure 3.2 presents the aerial view of the landfill area with surrounding

facilities.

Figure 3.2 Top view of the City of Denton MSW Landfill area
3.2.1 Selection of Study Area
There are three climatic regions in Texas. One is arid region located at the western part of
the Texas, second is humid region located at the eastern part of the Texas and the third one is semi-
arid area which is the middle part of the Texas. City of Denton MSW landfill is located on that semi-

arid region where the annual average rainfall ranges between 36 to 50-inches (Alam, 2017).

Figure 3.3 Positioning of the lysimeters
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A total of six (6) lysimeters were constructed with a dimension of 40 ft x 40 ft x 4 ft over
Cell 1 at the top of an intermediate cover where lysimeter 1, 2 and 3 were on the flat side with 2%
slope and 4, 5 and 6 were on 25% slope side. A buffer zone of three (3) meter was reserved all
around the lysimeter perimeter to reduce the effect of boundary. The arrangements of the lysimeters
are shown in Figure 3.3.
3.2.2 Construction of Different Lysimeters

The construction period continued for four and a half months which was started on the mid
of June 2014 and completed on the 1%t week of November 2014. As the construction was performed
over the landfill intermediate cover, to avoid the interference with the underlying MSW, an earthen
embankment of 4 ft height was constructed over the intermediate cover using locally available clay
soil. Once the embankment was completed, a total of six (6) 40 ft by 40 ft areas with 4 ft depth were
excavated along the designated lysimeter locations in a way that a three (3) meters of buffer zone

existed all around the excavated areas.

Surface layer
/Bcrm
= -

Compacted Soil
Subgrade

CGeomembranc

Drainage Composite

Figure 3.4 Construction details of ET cover (lysimeter)
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The bottom of the excavation was compacted, and a 60-mil geomembrane was placed over
that compacted subgrade and extended along the side walls. Geo-composite drains were placed over
the geomembrane and at the low elevation side of each lysimeter, a HDPE pipe was installed to
collect the percolation. Geotextiles were placed along the side walls of the excavation after the
geomembrane. After the placement of all geosynthetic materials, clay soil was placed up to 3 ft
height in approximately 12-inch lift and compacted to achieve 95% of maximum dry density (MDD)
using sheep foot rollers. The compaction was done at dry of optimum to ensure the maximum
amount of soil water storage due to the lower initial saturation. A nuclear density gauge was used
during the construction of storage layer to monitor the field compaction state at required level. Once
the construction of compacted storage layer of 3 ft was completed, a relatively less compacted 1 ft
topsoil was placed over it to ensure the proper growth of vegetation. Clay berms were constructed
along the periphery of each lysimeter to restrict the runoff from flowing into or out of the lysimeter.
Figure 3.4 illustrates the construction details of the ET cover soil.

3.2.3 Installation of Moisture and Temperature Sensors along with Tensiometers

Once all the lysimeters were constructed, a total of eight (8) moisture and temperature
sensors were installed in each lysimeter where half of them were at the east nest with another half
at the west nest of the lysimeter. The spacing between two consecutive moisture sensors were 9
inches (228.6 mm). The top sensor was located 12 inches (304.8 mm) from the surface. Two
tensiometers were also installed at the site co-located with the moisture sensors. The tensiometers
were 18 inches (457.2 mm) apart. Tensiometers were arranged from immediately below the surface
layer. The schematic locations of the installed sensors along with tensiometers are shown on Figure

3.5.
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Figure 3.5 Schematic of the arrangement of the installed sensors

3.2.4 Vegetation of the ET Cover

Surface vegetation plays a significant role in evapotranspiration; thus, aids to release
moisture to the surrounding environment from the ET cover soil. Three (3) types of locally available
vegetation were planted on the lysimeters. Among them, Native Trail grass was planted on lysimeter
1 and 4, Switchgrass was planted on lysimeter 2 and 5 and Bermuda grass was planted on lysimeter
3 and 6. Perennial wildflower and caliche grasses were also mixed with those grasses, but the
amount of their presence was not significant. Table 3.1 represents the vegetation details for all of

the lysimeters.

Table 3.1 Vegetation on different lysimeters

Lysimeters Vegetation Type
1&4 Native Trail grass
2&5 Switchgrass
3&6 Bermuda grass
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3.3 Soil Characterization

To classify the studied soil, grain size distribution analysis, specific gravity, standard
proctor compaction test and Atterberg limit tests were done on the laboratory. All the tests were
performed as per ASTM International standard.
3.3.1 Soil Sample Collection

All of the lysimeters were constructed with three (3) ft compacted soil layer and on top of
it, one (1) ft of surface layer which was comparatively less compacted to aid in the growth of
vegetations. Disturbed soil samples were collected from all of the six lysimeters at different depths
during the construction phase. As the construction of compacted storage layer was done on three (3)
lifts, each having 12-inch depth, three buckets (20 liters/bucket) of soil samples were collected from
each lift and transported to the UTA facilities for conducting the required tests.
3.3.2 Determination of Geotechnical Properties of Soil
Grain Size Distribution

Grain size distribution analysis was performed according to the ASTM D422-63 standard
test method. Initially, the collected soil samples were oven dried for 24 hours at 100°C. The oven
dried samples were then grinded through a soil grinder to break the lumps. Approximately 500 gm
of grinded sample were considered for sieve analysis. After the proper arrangement of the sieves,
they were placed on a mechanical shaker for vibration around 10 minutes (Figure 3.6). After
completion of the vibration, the weight of soil samples retained on each sieve was measured. The
amount of soil which was passed through #200 sieve, was further analyzed using hydrometer to

observe the fraction of silt and clay in the fine contents.
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Figure 3.6 Arrangement of the sieves in a mechanical shaker

Moisture Density Relation

The variation of dry density of the collected soil samples with different moisture content
was observed through standard proctor compaction test in accordance with ASTM D 698 standard.
The soil samples were dried for 24 hours and then grinded in a similar way that was done for grain
size distribution analysis. The grinded samples were then mixed with water uniformly to observe
different moisture content and placed in a standard proctor mold in three (3) layers. Each layer was
compacted by 25 blows with a 10-Ib hammer. Once the soil placement and compaction were done,
moist unit weight of the sample was determined along with corresponding moisture content. Finally,
the maximum dry density at optimum maoisture content was determined and the corresponding dry
density at 95% compaction on both the dry and wet side of the optimum was determined.
Specific Gravity

Specific gravity of the collected soil samples was determined following ASTM D854-00
standard test method. Approximately 125 gm of dry soil samples (passed through #10 sieve) were
considered for the test. Initially, an empty pycnometer was cleaned and weighted, after that it was

re-weighted with distilled water filled up to a specified mark on the pycnometer. After that the
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pycnometer was emptied, cleaned and filled with soil specimen. Distilled water was added to the
pycnometer to fill about half to three-fourth of the pycnometer. Then, partial vacuum was applied
to remove the entrapped air for around 10 minutes and afterwards, the remaining space up to the
specified mark was filled with distilled water. Finally, the weight of the pycnometer at this condition
was measured. From the observed weights, the specific gravity of the soil samples was determined.
Atterberg Limits

Soil samples passed through #40 sieve was considered for Atterberg limits test and the test
was done following ASTM D4318 standard method. A Cassagrande liquid limit device was used to
perform the liquid limit test. A uniform soil paste was prepared by adding water, chopping, stirring
and kneading. After that the paste was placed on the liquid limit device and a groove was cut at the
middle of the cup. Afterwards, a vibratory motion was employed until the groove was around 10
mm. The corresponding number of blows was recorded. The test was repeated for several times at
different moisture content and the variation of moisture content with number of blows was observed.
The moisture content corresponding to 25 blows was recorded as liquid limit.

Again, a uniform soil paste was prepared in a similar way for plastic limit determination.
The soil paste was then rolled with hand over a glass plate until a 3 mm diameter rod shape was
reached. The water content at which the 3 mm diameter shape was ruptured, was recorded as plastic
limit.
Lab Scale SWCC Determination

Among several methods to investigate the soil moisture-suction properties, pressure cell
apparatus was used in this current study to determine the SWCC of the collected soil samples. The
test was conducted according to ASTM D 6836-02 standard procedure. The apparatus is also named
as Fredlund SWCC device and consists of three-inch diameter exchangeable ceramic disks (high
air-entry disks) which can measure up to 1500 kPa of applied suction. Collected soil samples were

compacted at 95% of its MDD and utilized in this study to develop SWCC.
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Figure 3.7 Pressure Cell apparatus

3.4 Geophysical Investigation of ET Cover Soil (ERI Technique)

Continuous monitoring of the soil suction and moisture content along with temperature
was performed through the installed tensiometers, moisture and temperature sensors and the data
were obtained from the onsite data logger system. Electrical resistivity imaging (ERI) tests were
done on monthly basis throughout the study period using a Supersting R8/IP Resistivity Meter. The
resistivity meter was manufactured by Advanced Geosciences Institute (AGI) and has a programable
eight channel option. ERI test was done across the locations of the installed sensors. A total of 28
electrodes were hammered into the ground up to around 2-inch depth with 6 inches of spacing
between the electrodes. The schematic of the arrangement of the electrodes over the ET cover
surface with moisture and temperature sensors is illustrated in Figure 3.8(b). Electrical cables were
used to connect the electrodes with resistivity meter. Once the arrangement of the electrodes and
resistivity meter with the cables was done, the test was run, and the data was stored in the resistivity
meter box. 2D dipole-dipole array was employed in analyzing the resistivity values for better
resolution and accurate quantitative results. Figure 3.8(a) illustrates the ERI test conduction over

ET cover soil.
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Figure 3.8 (a) ERI test conduction and (b) schematic of the arrangement of electrodes across the
installed sensors over ET cover soil

3.4.1 Data Extraction

Earth Imager 2D software (AGI, 2008) was utilized for processing the raw resistivity data
extracted from the equipment after every field investigation. This software uses a forward modeling
to calculate the apparent resistivity values. The apparent resistivity was then converted to inverted

resistivity value through inversion algorithm.
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Figure 3.9 Resistivity profile for (a) 121" June, 2017, (b) 11" August, 2017 and (c) 15" October, 2017 across the sensors’ location on the west

side of Lysimeter 1
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The inverted resistivity value was limited within 10% relative data misfit. A horizontal-
vertical ratio of 0.2 was used for the analysis and several iterations were performed until the RMS
error went below 5%. The finite element method with Cholesky decomposition was considered for
forward modeling with a thickness incremental factor of 1.1 and a depth factor of 0.7. The resistivity
contour level is set between 1 to 100 for ease of the comparison among different observations. Red
contour indicates the maximum resistivity while blue contour designates minimum. For each test
run, a resistivity log was obtained from where quantitative values were extracted in the units of
Ohm-m. Figure 3.9 represents the resistivity log across the installed sensors obtained from field
observations conducted at different times in 2017.

3.4.2 Temperature Correction

The effect of temperature variation was considered for analyzing the resistivity value to
enhance the competency of the ERI test in predicting actual field condition. According to Campbell
et al., (1948), electrical properties of the soil changes with the variation of temperature. As Texas is
located in the semi-arid or semi-humid region, it undergoes with a significant temperature variation
throughout the year. In summer, soil temperature varies between 15°C to 40°C while in winter, it
decreases to -5°C to 18°C. So, the range of temperature variation is substantial. After obtaining the
raw data from the resistivity log, concurrent soil temperature was extracted from the temperature
sensors’ reading and correction to the raw resistivity data was performed using the following
equation provided by Samouélian et al., (2005).

p=pT x{1+ a(T —25)}

Where, p is the corrected resistivity at a reference temperature of 25°C in Ohm-m, pT is

the raw resistivity at field temperature in Ohm-m, T is the field soil temperature in °C and a is a

correction factor equals to 0.0202.
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3.5 Statistical Modeling

Once the resistivity and the concurrent moisture content and soil suction data were obtained
for all of the lysimeters, the dataset were subdivided by the vegetation type and depth. For
monitoring the variation of the dataset along depth, observations from two different depths; 12-inch
and 30-inch from the ET cover surface, were studied. Field resistivity suction characteristic curve
(FRSCC) and field resistivity water characteristic curve (FRWCC) were developed by using a
statistical software Minitab. For measuring the competency of the generated curves in predicting the
field conditions, statistical parameters, such as, standard deviation, mean squared errors, sum of the
squared residuals and error degrees of freedom were determined. Later, field soil water characteristic
curve (FSWCC) was also developed from the obtained datapoint extracted from FRSCC and
FRWCC using the same program.
3.5.1 Selection of Model Equation

The variation of soil suction and moisture content in terms of resistivity was observed
through lab scale measurement by Kong et al., (2017) and the observed sigmoidal relationship

between soil suction and resistivity is as follows:

R, — R,
[1+ (py)a]”

Ry, Y) =R, +

Where, Ry is the resistivity with respect to the matric suction, { and a parameter vector Y

(Rs, Ry, p, q, r) where Rsis saturated resistivity, R, is residual resistivity and p, g, r, are empirical
constants.

In this study, the above equation was created in Minitab and non-linear regression analysis

was performed. The components of parameter vector Y were determined providing the observed

values of resistivity and corresponding soil suction as input parameters in the program. The initial

values of the components of Y were assumed in the program and after several iterations, best fitted

values of the components were determined. Statistical parameters such as standard deviation (S),
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sum of the squared residuals (SSE), error degrees of freedom (DFE) and mean square errors (MSE)
associated with each of the generated curve were also observed from the non-linear regression
analysis output.

Kong et al., (2017) also observed the variation of moisture content in the soil mass in terms

of changes in resistivity in laboratory setup and provided the following relation between them.

Ry —R,
[1+ (a/0)"]°

Ry(6,X) =R, +

Where, Ry is the resistivity with respect to the volumetric moisture content, 6 and a
parameter vector X (Rs, Ry, @, b, ¢) where Rs and R, are the saturated and residual resistivity,
respectively and a, b, c are fitting parameters. The b parameter is related to the compaction, porosity
and particle size distribution of the soil whereas ¢ parameter determines the shape of RWCC curve.

In this study, the variation of field moisture content with resistivity was analyzed using the
same relation provided by Kong et al., (2017). The components of parameter vector X with
associated statistical variables were determined in a similar way that was considered for FRSCC
construction.

Once FRSCC and FRWCC were determined, best fitted coefficients for field soil water
characteristic curve (FSWCC) were determined in Minitab for each of the studied case in terms of
resistivity. For the determination of FSWCC, Van Genuchten SWCC model was considered for the
analysis which is shown below.

1 m
6=0,+ 06— 6,) {W}

Where, 6 is the volumetric moisture content (VMC) in terms of matric suction, ¢, o and n

are shape parameters and m = 1 — 1/n. 6 is the saturated VMC while 6, is the VMC at residual

condition. Initial values of 8, 8, a and n were assumed and after several iterations best fitted values

were obtained. For the construction of FSWCC, the values of soil suction and related moisture
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content were extracted from the developed FRSCC and FRWCC in terms of resistivity and used as
input parameters in Minitab.
3.5.2 Boundary Conditions

For the construction of FSWCC, boundary conditions on VMC were applied where
saturated VMC, 65 designates upper limit and residual VMC, 6, designates lower limit for FSWCC.
Lab scale measurements of SWCC were performed in UTA facilities. The values of 6;and 6, were
assumed from the lab testing for the development of FSWCC in Minitab.

3.6 Soil Water Storage (SWS) and Unit Cross Sectional Area Resistance

Moisture and temperature sensors were installed at two opposite sides of a lysimeter. Each
side had four sensors buried under the ground with 9-inch vertical spacings between each other.
Though only point measurements were observed through the sensors, it was assumed that the
average measurements from the two sides were uniformly distributed throughout the whole cover
soil mass within a lysimeter. Average SWS was then determined concurrently during ERI tests.
SWS in each side was calculated from the obtained readings provided by the installed moisture

sensors using the following equation.

S=x1v1+( > )x2+ ~~~~~~ + v,

Where, S is the soil water storage at a particular time and measured in units of length. V,
V; .... Vn is the observed volumetric moisture content up to n" number of sensors and x is the
vertical distance between the sensors. Figure 3.10 represents the illustration of the moisture sensors
positioning with each other. For the estimation of SWS in each side, it was assumed that average
moisture content between two co-located sensors was distributed uniformly throughout the distance
between them. Again, for the top 12-inch distance, moisture content from the top sensor was
considered throughout the distance. In this study, SWS was determined for three different

thicknesses of the ET cover.
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Figure 3.10 Schematic of moisture sensors’ position for SWS evaluation
Resistivity values across the sensor’s position were also determined through ERI testing.
As electrical resistivity changes with depth, a term “unit cross sectional area resistance” was
introduced to represent the complete electrical properties up to the entire ET cover thickness.
Theoretical background behind “unit cross sectional area resistance” is explained on the following.
If a soil section with a cross sectional area “A” and sample length “L” is considered, its

resistivity can be expressed as,

=5l

Where, R = Resistance in ohms, p = Electrical Resistivity in ohm-m.

If resistivity varies throughout the entire sample length, unit cross sectional area resistance
can be considered for the evaluation of entire soil electrical properties. Thus, unit cross sectional
area resistance, p, for a distance, x can be introduced as,

RAx
Pa = PX = ——

L
Where, X is an integral distance within L where it is assumed that the electrical resistivity

remains constant within that distance. In this study, pa was estimated using the following equation.

Pa = xRy + (T) Xyt oo + Ryxp
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Where, R1, Ry, .... Ryare the resistivity up to n" observation and x is the distance between

two successive observations at vertical direction. The unit of pais measured in Ohm-m?2,
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Figure 3.11 Unit cross sectional area resistance determination across sensor’s location
Figure 3.11 illustrates the procedure for the determination of p, from an observed resistivity
log across the location of the buried sensors. P, was determined at each side of a lysimeter across

the sensor’s location and the average of the two sides was considered to correlate it with SWS.
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Chapter 4
Results and Discussion
4.1 Introduction

In this study, soil electrical resistivity in six different ET lysimeters at different depths was
measured through field soil resistivity test using Supersting R8/IP Resistivity Meter. Concurrent soil
suction, moisture content and temperature were also investigated using co-located tensiometers and
soil moisture sensors. The data was grouped by soil vegetation type and depth to explore the efficacy
of soil resistivity in estimating the unsaturated soil behavior and its water retention capacity with
different vegetations. The study was conducted for a period of 3.5 years (from January 2015 to June
2018) on a monthly basis. Geotechnical properties of the soil were also determined through
laboratory tests following ASTM International Standards. Soil suction-moisture relationship
according to Van Genuchten SWCC model was also determined through laboratory testing for all
of the vegetated lysimeters and corresponding SWCC parameters obtained in lab setup were also
presented in this chapter. Field resistivity suction characteristic curves (FRSCC) and field resistivity
water characteristic curves (FRWCC) were developed for the depth of 12-inch and 30-inch for all
lysimeters. As soil suction and moisture content both are related with the change in electrical
resistivity, relations between themselves were also established following Van Genuchten SWCC
model at each depth of consideration for all vegetated lysimeter soil. Correlation and regression
analyses were conducted using Minitab and statistical parameters for each generated curve were
also determined. It is worth mentioning that the separation of dataset by depth and vegetation type
provided a significant difference in SWCC behavior of the ET cover soil. Soil water storage or the
amount of water that soil holds at a time was also measured through electrical resistivity imaging
technique for ET cover soil of various depths. Field capacity, permanent wilting point and plant

available water were also measured from developed SWCC equation. To monitor the possible
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occurrence of moisture percolation through ET cover soil, existing soil moisture retention capacity
for different ET cover soil depths was also studied in this chapter.
4.2 Soil Classification and Geotechnical Properties

Grain Size Distribution

Sieve analyses were conducted on the collected soil samples from different lysimeters. It
was found that more than 80% of the soil were composed of fine particles passing through the No.
200 sieve. To observe the clay and silt contents in the fine fraction, hydrometer analyses were also
performed, and it was noticed that both the clay and silt amounts were very close to each other.
From the tests, the silt fraction was found to be ranged between 35% to 56% and the clay fraction
was found to be 36% to 43%. The summary of the grain size distribution analysis is presented in

Table 4.1. Figure 4.1 illustrates the grain size distribution curve for lysimeter 1 and lysimeter 3 soil.
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Figure 4.1 Grain size distribution curve for (a) lysimeter 1 and (b) lysimeter 3 soil samples

Atterberg Limits
Liquid limits (LL) and plastic limits (PL) were observed through laboratory testing.
Plasticity index (PI) was determined from the difference between LL and PL. LL and PI were found

in a range between 51 to 60 and 28 to 32, respectively. The results of Atterberg limit tests are
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summarized in Table 4.1. Plasticity indexes for all the soil samples tested were found above A-line
in a plasticity chart. Based on grain size analysis and Atterberg limit test results, the soil from all of
the lysimeters were classified as “High Plastic Clay (CH)” as per Unified Soil Classification System
(USCS). A Casagrande’s A-chart (also called Plasticity Chart) showing the Atterberg limit test

results is presented in Figure 4.2.
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Figure 4.2 Casagrande’s A-chart for ET cover soil
Specific Gravity
According to ASTM International standard, specific gravity of the collected soil samples
was determined and found to be 2.75 on average which means the soil is 2.75 times heavier than the
water. The results of the observed specific gravity for different lysimeters soils are summarized in

Table 4.1.
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Table 4.1 Summary of index properties of the ET cover soil with classification

Ly | Cre | S0 | i\ cloy | | Fgl¥ ) uscs |Gl
(LL) (P1) (Gs)

1 0 16-19 | 41-43 | 39-42 | 54-60 28-30 CH 2.75
2 0 16-19 | 42-43 | 38-42 | 51-58 29-32 CH 2.75
3 0 16-22 | 35-47 | 38-43 | 51-57 28-31 CH 2.77
4 0 7-14 | 43-56 | 38-42 | 53-60 28-32 CH 2.76
5 0 6-11 | 48-55 | 36-42 | 53-56 28-30 CH 2.75
6 0 9-14 | 46-52 | 36-40 | 55-59 30-33 CH 2.75

Maximum Dry Density and Field Compaction

As soil density or field compaction affects the electrical resistivity in the soil (Abu-
Hassanein et al., 1996; and Kong et al., 2017), maximum dry density was observed for each
lysimeter soil through standard proctor compaction test in the laboratory. The maximum dry density
was found to be 16.94 kN/m? on average at a range of 17% to 18% optimum moisture content. Table

4.2 summarizes the results of standard proctor compaction tests.

Table 4.2 Moisture density relation for different lysimeter soils

. . Maximum
. Optimum moisture .
Lysimeter content (%) dry density
° (KN/m?)
1 17.6 16.94
2 17.3 16.98
3 17.1 16.9
4 17.9 16.84
5 18.2 17
6 175 16.96
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SWCC Determination in Lab

Suction-moisture relationship was determined from the remolded soil samples at UTA
facilities using Fredlund SWCC device. Soil samples were compacted to 95% of its maximum dry
density at dry of optimum side to represent the actual field condition. Van Genuchten (VG) SWCC
model was utilized to fit the curve through the observations. SWCC parameters were determined

for all of the lysimeter soil and reported in Table 4.3. Figure 4.3 illustrates the SWCC for lysimeter

1 and lysimeter 3 soil.
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Figure 4.3 SWCC for (a) lysimeter 1 and (b) lysimeter 3 soil
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Table 4.3 Van Genuchten’s SWCC parameters obtained from Laboratory Testing

Lysimeter o n m 0s Or
1 0.0031 1.6 0.375 0.4 0.12
2 0.00514 153 0.26 0.41 0.13
3 0.00445 1.47 0.319 0.43 0.09
4 0.0037 1.96 0.5 0.4 0.11
5 0.0031 177 0.43 0.4 0.11
6 0.00345 1.74 0.42 0.41 0.1

From the lab constructed SWCC, the value of o was found to vary between 0.0031 to
0.00514 (kPa!) and air entry suction was found in the range of 80 to 180 kPa.
Field Capacity (FC) determination from lab SWCC

Typically, FC is determined from the water content corresponding to 33 kPa matric suction
(Alam, 2017). In this study, typical value of suction was assumed for the determination of the FC.
Table 4.4 summarizes the outcomes of FC of 4 ft cover soil thickness which were extracted from
the lab experimented SWCC. It was found that the FC obtained from lab constructed SWCC varies

between 480 to 505 mm for 4 ft thickness of ET cover soil.

Table 4.4 Average FC obtained from lab SWCC for 4 ft cover soil thickness

Lysimeter FC (inch)/ 4 ft cover soil FC (mm)/ 4 ft cover soil
1&4 19.07 484.38
2&5 19.41 493.07
3&6 19.88 505.08

In lab scale determination, FC was obtained for a uniformly compacted soil without any
plant roots. However, in the actual field condition, soil density was found to vary with depth and the

upper layer of 1 to 1.5 ft was covered with surface vegetation. Again, it was difficult to simulate the
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actual field condition in lab, because there are certain environmental factors such as hysteresis
effect, surface vegetation, relative humidity etc. in field which influences the field SWCC; thus, FC
is also subjected to change.
4.3 Relationship between ERI and Soil Suction

Continuous monitoring of soil suction was made through the data logger system which was
connected to the tensiometers and electrical resistivity tests were done on a monthly basis
throughout the study period on each lysimeter. Corresponding temperature was recorded using
temperature sensors installed at studied depths and resistivity values were corrected at 25°C.

Figure 4.4 represents the actual resistivity profile and the sensor locations for RI test in
lysimeter 1. Resistivity profile for three different times in a year are presented only: one on 23 June
when high temperature sustained for long time without rainfall (Figure 4.4a), 2" one on 19" July
which was conducted one day after heavy rainfall (Figure 4.4b) and the other one on 22" August
which was conducted 7 days after a rainfall (Figure 4.4c). A clear contrast can be observed among
those resistivity profiles. In Figure 4.4(a), top 1 ft. to 1.5 ft. of the cover soil exhibits high resistivity
zone as shown through the red contour. The bottom of the cover soil indicates the existence of
moisture, thereby lower suction as the resistivity value is lower relative to the top soil layer. In
Figure 4.4(b), a significant reduction in the resistivity value was observed which illustrates the
moisture intrusion into the ET cover after precipitation as the resistivity contour turned to almost
green to blue from a condensed red contour. At this point soil suction was found to be lower
compared to the dry condition due to the moisture intrusion into the soil body. Figure 4.4(c), a
moderate resistivity value was observed compared to Figure 4.4(b) as the soil was subjected to dry
with time after a rainfall. Soil suction value was found to be increased somewhat at this point

compared to the wet condition after heavy rainfall.
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side of Lysimeter 1
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Figure 4.5 Observation of field soil matric suction with concurrent soil resistivity (a) at 12-inch

depth and (b) at 30-inch depth for ET cover soil with different vegetations before temperature
According to Alam (2017), the average root depth for the studied vegetations varies
between top 15 to 18 inches. So, the study was done at two different depths; top 12-inch with
possible root effects and bottom 30-inch without root effects. The dataset was divided according to
the vegetation type and depth. Field observations of electrical resistivity for lysimeters covering

with native trail grass, switchgrass and Bermuda grass at two different depths (12-inch and 30-inch)



with concurrent soil suction were shown on Figure 4.5(a) and 4.5(b), respectively, before
temperature correction. The dataset was found scattered without temperature correction. The

temperature variation in the studied soil was observed as low as -4°C to as high as 38°C. A reference
temperature of 25°C was considered and the field resistivity values were corrected according to the

relation given by Samouélian et al., (2005).
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Figure 4.6 Observation of field soil matric suction with concurrent soil resistivity (a) at 12-inch
depth and (b) at 30-inch depth for ET cover soil with different vegetations after temperature
correction.
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Figure 4.6 (2) and Figure 4.6 (b) represent the variation of soil suction with resistivity after
temperature correction for all lysimeters at 12-inch and 30-inch depth, respectively. It was found
that the dataset was closely packed after temperature correction. An increasing trend of matric
suction was found with increasing soil resistivity. The variation of matric suction with resistivity for
Native Trail grass, Switchgrass and Bermuda grass vegetated soil displayed almost similar kind of
trend for each depth. But a significant difference on the relationship was found between these two
depths. It was found that soil resistivity at 30-inch depth is much lower than the soil resistivity at
12-inch depth on average at dry season. The difference in soil condition between these two depths
are accountable for the observed discrepancy. The upper surface zone remains exposed to the
surrounding environment at all the time and goes through several wet dry cycle with time. Again,
the vegetation root zone depth extends up to top 15 to 18 inches (Alam, 2017) creating a more void
space in that region compared to the bottom soil zone after that vegetation zone. As a result, bottom
soil zone is subjected to less disturbance compared to upper vegetated soil zone and stays more
compacted. According to Kong et al. (2017), soil resistivity decreases with increasing dry density
at a certain soil suction which explains the low resistivity zone for the bottom 30-inch depth.

4.4 Relationship between ERI and Soil Moisture

Volumetric moisture content (VMC) at 12-inch and 30-inch depth was also monitored
continuously through the data logger system which was connected to the moisture sensors. Electrical
resistivity values in these depths were extracted from the concurrent ERI profile. Figure 4.7 and
Figure 4.8 represents the variation of VMC with resistivity at 12-inch and 30-inch depth for the
lysimeters with different vegetations, before and after temperature correction, respectively. A

decreasing trend of VMC was found with increasing resistivity values for all lysimeters.
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Figure 4.7 Observation of field volumetric moisture content (VMC) with concurrent soil resistivity
(a) at 12-inch depth and (b) at 30-inch depth for ET cover soil with different vegetations before
temperature correction

A similar kind of trend was observed for Native Trail grass, Switchgrass and Bermuda
grass vegetated soil at each depth but a significant difference in resistivity values was observed
between these two depths at particular VMC when the observation was made during a period without

rainfall. According to Kong et al. (2017), resistivity and dry density show an inverse relationship

with each other for a certain VMC. As the top 12-inch soil layer was less compacted compared to
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the bottom 30-inch soil zone, a relatively high resistivity value was observed in that zone for a

particular VMC.
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Figure 4.8 Observation of field volumetric moisture content (VMC) with concurrent soil resistivity
(a) at 12-inch depth and (b) at 30-inch depth for ET cover soil with different vegetations after
temperature correction
4.5 Statistical Analysis and Curve Generation

To observe the best fitted correlation among field resistivity, soil suction and field moisture

content, a statistical software Minitab was used. It was found that both the relationship between
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field resistivity and soil suction; and field resistivity and moisture content follow a non-linear
sigmoidal trend. To measure the competency of a non-linear curve in representing the observed field
dataset, several statistical parameters; standard deviation (S), sum of the squared residuals (SSE),
error degrees of freedom (DFE) and mean square error (MSE) were determined using Minitab.
Standard deviation measures the dispersion of the data from the mean. In case of a non-linear curve,
standard deviation represents the inconsistency between the data values and the fitted values.
Therefore, S is an important measure of the goodness-of-fit for a nonlinear model rather than
coefficient of determination (also called “R-squared”) which can be satisfactory in describing a
linear model. A low standard deviation indicates that most of the field observations are very close
to the fitted values whereas a high standard deviation represents the scattering of the data around
the fitted values. Deviations of the predicted data from the actual empirical observations can also be
measured through SSE. A small number of SSE indicates a tight fit of the model to the data.
Therefore, SSE is used as an optimality criterion in parameter selection and model selection. Again,
DFE equals the difference between the sample size and the number of parameters. Minitab uses the
value of DFE to estimate the values of the parameters. Moreover, MSE estimates the variance of the
field observations around the fitted values. Best fitted curves were generated along with the
statistical parameters using Minitab to establish the relationships among electrical resistivity, soil
suction and field moisture content.
4.5.1 Field Resistivity Suction Characteristic Curve (FRSCC) Coefficient p, gand r

Tensiometer data and electrical resistivity data were analyzed to determine the response of
electrical resistivity at different soil suction. A field resistivity suction characteristic curve (FRSCC)
was generated based on the field observations at different times during the monitoring period for
each depth of analysis and vegetation type. Based on the regression analysis, Van Genuchten (1980)
sigmoidal model was found best suited for the field observation points of resistivity and matric

suction. The model equation is as follows;
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Ry(¥,Y) =R, +

R, — R,
[1+ (py)a]”

Where, Ry, is the resistivity with respect to the matric suction, y and a parameter vector Y

(Rs, R, p, 0, 1), where Rs is saturated resistivity, Ry is residual resistivity and p, g, r, are curve fitting

constants. The curve fitting parameters define the shape of the FRSCC. The curve fitting constants

with associated statistical parameters for each developed curve at 12-inch depth and at 30-inch depth

for different vegetation were shown on Table 4.5 and Table 4.6, respectively. Once the fitting

constants were determined, best fitted curves were plot against field observations for each of the

above described case and depicted on Figure 4.9 and Figure 4.10 for different vegetated soil at 12-

inch and 30-inch depth, respectively. In this statistical analysis, Rsand R, set the boundary conditions

for the FRSCCs. The values of Rs were found almost similar for all depth and all types of vegetated

soil during construction of FRSCC. But a comparatively low value of R, was observed in the deeper

depth, specifically for Native Trail grass and Switchgrass vegetated soil.

Table 4.5 FRSCC (at 12-inch depth) coefficient p, g and r with non-linear regression parameters
for different vegetated ET cover soil

(Lysimeter 3 & 6)

Sum of the Error Mean

Standard Squared |Degrees of| Square

Vegetation Type | p q R R Dev(lg)tlon Residuals | Freedom | Error

(SSE) (DFE) | (MSE)

Native Trail grass | 51911 479 0386 | 2 | 120| 01118 | 06130 49 0.0125
(Lysimeter 1 & 4)

Switchgrass 1 y0611033|0.864| 3 |100| 01389 | 09651 50 0.0193
(Lysimeter 2 & 5)

Bermuda grass | o011 0811 2168| 3 | 100| 01950 | 1.7649 46 0.0384
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Figure 4.9 FRSCC at 12-inch depth along with the field observations for (a) Native Trail grass, (b)
Switchgrass and (c) Bermuda grass vegetated ET cover soil
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For 12-inch depth analysis, the standard deviations of FRSCC curves for Native Trail grass,
Switchgrass and Bermuda grass vegetated soil were found to be 0.112, 0.139 and 0.196 respectively
which indicates a good fit of the data. Mean square errors were also between 1.25% to 3.84% which
also represents the efficacy of the field observations towards developed curve after temperature
correction.

Table 4.6 FRSCC (at 30-inch depth) coefficient p, g and r with non-linear regression parameters
for different vegetated ET cover soil

Sum of the Error Mean
Standard Squared |Degrees of| Square
Vegetation T R | R |Deviati
cgetation Type | p g ' s ' eV(I;l)IOH Residuals | Freedom | Error
(SSE) (DFE) | (MSE)
Native Trail grass | 1319 213 1334| 2 | 60 | 01676 | 13763 49 0.0280
(Lysimeter 1 & 4)
Switchgrass 14011145/ 1538] 3 | 80 | 01388 | 09443 49 0.0193
(Lysimeter 2 & 5)
Bermuda grass | o yosl 1 1380460 3 | 100| 01500 | 0.9903 44 0.0225
(Lysimeter 3 & 6)

For 30-inch depth analysis, the standard deviations of FRSCC curves for Native Trail grass,
Switchgrass and Bermuda grass vegetated soil were found to be 0.168, 0.139 and 0.15 respectively
which indicates a good fit of the data. Mean square errors were also between 1.93% to 2.80% which
also represents the efficacy of the field observations towards developed curve after temperature
correction.

Best fitted FRSCCs for different vegetation at 12-inch depth and 30-inch depth were shown
on Figure 4.11(a) and 4.11(b), respectively. The FRSCC trends for Native Trail grass, Switchgrass
and Bermuda grass vegetated lysimeters were found quite similar with each other which means the
variation of root distribution for different vegetation in ET cover soil was insignificant for the

determination of resistivity suction relationship.
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Figure 4.10 FRSCC at 30-inch depth along with the field observations for (a) Native Trail grass,
(b) Switchgrass and (c) Bermuda grass vegetated ET cover soil
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However, the first break point of the FRSCC for 12-inch depth was found at around 40 kPa

for all types of vegetated lysimeters while at 30-inch depth it was found at around 80 kPa. As the

soil at 12-inch depth was subjected to high disturbance caused by the surrounding environment and

also influenced by root effects, soil integrity was affected at that depth resulting in lower soil density

compared to the bottom. Differences in soil density between these two depths may be accountable

for that incongruity. However, in field, installed tensiometers at different depths offer only the point

measurements of the data at a particular place which may fail to represent the whole scenario.
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Figure 4.11 Comparison among different FRSCCs (a) at 12-inch depth and (b) at 30-inch depth for

ET cover soil with different vegetation
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4.5.2 Field Resistivity Water Characteristic Curve (FRWCC) Coefficient a, b and ¢

Soil moisture sensor data and electrical resistivity data were analyzed to determine the
response of electrical resistivity at different moisture content. A field resistivity water characteristic
curve (FRWCC) was generated based on the field observations at different times during the
monitoring period for each depth of analysis and vegetation. Based on regression analysis, a
sigmoidal function was found to best fit the data points. The sigmoidal function is similar to the Van

Genuchten (1980) SWCC model which can be presented through the following equation;

R, —R,
[1+ (a/0)"]°

Rg(6,X) =R, +

Where, Ry is the resistivity with respect to the VMC (0) and a parameter vector X (Rs, Ry,

a, b, ), where R is the soil resistivity at saturated condition, R; is the residual soil resistivity at dry

condition, and a, b, ¢ are curve fitting parameters. The b parameter is related to the compaction,

porosity and particle size distribution of the soil whereas ¢ parameter determines the shape of RWCC
curve. The values of Rs and R, set the boundary condition for FRWCC.

Table 4.7 FRWCC (at 12-inch depth) coefficient a, b and ¢ with non-linear regression parameters
for different vegetated ET cover soil

Sum of the Error Mean
Standard Squared |Degrees of| Square
Vegetation T R R, | Deviation
cgetation Type | 4 b ¢ s ' ev(lg)lo Residuals | Freedom | Error
(SSE) (OFE) | (MSE)
Native Trail grass | ) oecl e e10l0362| 2 | 120 | 00183 | 00165 49 |0.000337
(Lysimeter 1 & 4)
Switchgrass | oesl6655(0387| 3 |100| 00142 | 00101 50 |0.000202
(Lysimeter 2 & 5)
Bermudagrass | 6,17 728 0357| 3 | 100| 00205 | 0.0190 45 |0.000422
(Lysimeter 3 & 6)

The values of R, were found to vary between 100 to 110 for 12-inch depth analysis of

FRWCC, whereas comparatively low values were obtained at 30-inch depth, specifically for Native
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Trail grass and Switchgrass vegetated lysimeters. Saturated resistivity, Rs was found almost same
for all vegetation and depth. The curve fitting parameters with related statistical variables were
determined using Minitab and summarized in Table 4.7 and Table 4.8, for different vegetation at
12-inch depth and 30-inch depth, respectively. Once the fitting constants were determined, best
fitted FRWCC curves were plot against field observations for each of the above described case and
demonstrated on Figure 4.12 and Figure 4.13 for different vegetated soil at 12-inch and 30-inch
depth, respectively. The standard deviation for 12-inch depth analysis varies between 0.014 to 0.02
which indicates a well correlation between the VMC and soil resistivity. Mean square errors were
also limited between 0.02% to 0.04% which represents a good fit of the data after temperature
correction.

Table 4.8 FRWCC (at 30-inch depth) coefficient a, b and ¢ with non-linear regression parameters
for different vegetated ET cover soil

Sum of the Error Mean
Standard Squared |Degrees of| Square
Vegetation Type a b c R R, | Deviation

getation Typ s ' V(IS)I Residuals | Freedom | Error

(SSE) (OFE) | (MSE)

Native Trail grass | 215 110 0584| 2 | 60 | 00235 | 00271 49 0.0006
(Lysimeter 1 & 4)

Switchgrass 11221 1e35|1013] 3 | 80 | 00216 | 00228 49 0.0005
(Lysimeter 2 & 5)

Bermuda grass | oc7| 6 o09[ 0230 3 | 100| 00206 | 0.0386 44 0.0009
(Lysimeter 3 & 6)

The standard deviation for 30-inch depth analysis varies between 0.021 to 0.03 which
indicates a well correlation between the VMC and soil resistivity. Mean square errors were also
limited between 0.05% to 0.09% which represents a good fit of the data after temperature correction.
Sum of the squared residuals were also found to be in the range of 2% to 4% which indicates the

field observations were in close range around the generated curve.
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Figure 4.12 FRWCC at 12-inch depth along with the field observations for (a) Native Trail grass,
(b) Switchgrass and (c) Bermuda grass vegetated ET cover soil
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Figure 4.13 FRWCC at 30-inch depth along with the field observations for (a) Native Trail grass,
(b) Switchgrass and (c) Bermuda grass vegetated ET cover soil
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Best fitted FRWCCs for different vegetation at 12-inch depth and 30-inch depth were
shown on Figure 4.14(a) and 4.14(b), respectively. The trend of FRWCC for Native trail grass,
Switchgrass and Bermuda grass vegetated soil was found quite similar at 12-inch depth. But at 30-
inch depth, the upper limit of resistivity was found quite low compared to what was found for 12-
inch depth. Because of the root distribution and continuous wet dry cycle at the top 12-inch depth,
more void spaces were created on that zone causing a significant moisture deficiency during the dry
season where moisture was released to the surrounding environment. This phenomenon resulted a
high resistivity zone at the top 12-inch depth than compared to the below 30-inch depth where
moisture was sustained between soil particles due to less disturbance and lack of exposure to the
environment.

The first break point of the FRWCC curve for 12-inch depth was found around at a VMC
of 0.32 whereas for 30-inch depth it was found around at a VMC of 0.25. Differences in void spaces
between the two depths is accountable for that discrepancy. Due to frequent water store release
occurrence and environmental exposure on the top soil layer, more void spaces were created on that
zone increasing its ability to sustain more water at the wet condition. For that reason, resistivity
approaches to its saturated limit at a higher VMC for the upper depth of analysis compared to the
depth below. The second break point represents the dry situation of the FRWCC curve and it was
found around at a VMC of 0.09 for both the depths. After that point, resistivity value approaches
towards its residual limit. Again, there are other factors such as; presence of salts, contaminants,
metallic components, ionized compounds etc. in soil mass which influences the electrical resistivity
and causes to obtain a higher value which may not entirely represent the actual degree of saturation.

In this study, moisture sensors were installed only at two opposite sides in a lysimeter. The
distribution of precipitation may not be uniform throughout the entire soil mass and sometimes the

flow path of moisture may miss the sensors. As moisture sensors installed at different depths only
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offer the point measurement of the moisture content at a particular place, it may fail to represent the

overall condition.
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Figure 4.14 Comparison among different FRWCCs (a) at 12-inch depth and (b) at 30-inch depth
for different vegetated lysimeters
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4.5.3 Development of Field Soil Water Characteristics Curve (FSWCC)

Suction-moisture relationship in the field was found slightly different from the observed
relationship in the lab. In lab, SWCC was performed only on remolded soil specimens without any
roots. But in an actual field condition, there were root effects along with other environmental factors
which influences the SWCC. Again, it was difficult to simulate the field condition with root
distribution in laboratory setup. As electrical resistivity can represent both the moisture and suction
phenomenon simultaneously in the field, it is proved to be an effective non-destructive alternative
way to bridge between field soil suction and moisture. The correlation between VMC and matric
suction has been investigated based on the curve matching in terms of soil resistivity as shown in
Figure 4.15. The shapes of the curves are similar, and both the curves exhibits non-linear
relationship which have been described through Van Genuchten sigmoidal function (1980). A
sigmoidal curve contains two break points. The first break point signifies the desaturation and
resistivity value starts increasing. The second break point is near the high resistivity value or lower
VMC, and after the break point, the rate of increment of resistivity slows down. Therefore, the
second break point is termed as residual condition at which water removal from the soil is quite
difficult.

Analyzing both the curves, FRWCC and FRSCC, Van Genuchten SWCC model is
proposed to establish the field relationship between VMC and matric suction for each of the studied
case. The equation for the SWCC model is as follows;

1 m
6=0,+ 06— 6,) {W}

Where, 6 is the volumetric water content in terms of matric suction, U, a and n are shape
parameters and m = 1 — 1/n. From FRSCC and FRWCC, data points of matric suction with
corresponding VMC were extracted in terms of resistivity. Later in Minitab, those equivalent data

points were used as input parameters for non-linear regression in order to construct SWCC model.
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Figure 4.15 Relationship between VMC and matric suction with respect to resistivity for (a)
Native Trail grass; (b) Switchgrass; (c) Bermuda grass vegetated soil at 12-inch depth and for (d)
Native Trail grass; (e) Switchgrass and (f) Bermuda grass vegetated soil at 30-inch depth

4.5.3.1 FSWCC Coefficient a, n and m

For the development of FSWCC in the form of sigmoidal equation similar to Van

Genuchten’s (VG) SWCC model, concurrent observations were extracted from two different
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sigmoidal equation, FRSCC and FRWCC. As resistivity varies with other factors in addition with
suction and moisture, an accurate sigmoidal trend was not followed by the observed datapoints from
FRSCC and FRWCC. However, VG SWCC model was found to be a good fit for the observed

datapoints.

Table 4.9 FSWCC (at 12-inch depth) coefficient o, n and m with non-linear regression parameters

for different vegetated ET cover soil

Sum of the Error Mean
Standard Squared |Degrees of| Square
Vegetation Type n m Deviation

getation Typ * Os | O V(IS)I Residuals | Freedom | Error

(SSE) ©F) | (Msp)

Native Trail grass | /e 19 g39| 0456 | 0.42| 012| 01543 | 10476 44 0.0238
(Lysimeter 1 & 4)

Switchgrass 1 oc111 633 030 [041|012| 01488 | 10127 46 0.0220
(Lysimeter 2 & 5)

Bermuda grass | o el 1 sagl 035 |0.42| 0.00| 01734 | 14134 47 0.0301
(Lysimeter 3 & 6)

Table 4.10 FSWCC (at 30-inch depth) coefficient a, n and m with non-linear regression
parameters for different vegetated ET cover soil

Sum of the Error Mean
Standard Squared |Degrees of| Square
Vegetation T n m Deviation

egetation Type | a Os | O ev(lg)lo Residuals | Freedom | Error

(SSE) ©FE) | (Msp)

Native Trail grass | ) 3111 774] 0.436| 0.42| 0.12| 01545 | 09790 4 0.0239
(Lysimeter 1 & 4)

Switchgrass 1 10911826/ 0.452| 0.41| 0.12| 01014 | 03496 3 0.0103
(Lysimeter 2 & 5)

Bermuda grass | g 131 |1 6671 0.400| 0.42| 0.09| 01930 | 16761 45 0.0372
(Lysimeter 3 & 6)

Limiting conditions on volumetric moisture content (VMC) have been applied where
saturated VMC, 6s designates upper limit and residual VMC, 6, designates lower limit for SWCC.

The values of 6s and 6, were determined through laboratory testing and described in Table 4.9.
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Corresponding Van Genuchten SWCC parameters o, n and m were investigated for each of the
studied case and reported in Table 4.9 and Table 4.10 for 12-inch and 30-inch depth, respectively.
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Figure 4.16 Predicted FSWCC using Minitab for Bermuda grass vegetated ET cover soil (a) at 12-
inch depth and (b) at 30-inch depth
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Figure 4.16(a) and 4.16(b) illustrates the established SWCC for Bermuda grass vegetated
ET cover soil at 12-inch and 30-inch depth, respectively, using Minitab from equivalent VMC and
soil suction data points after applying boundary conditions over VMC. FSWCCs for other
vegetations were constructed in the similar manner. However, the standard deviation of FSWCC
from the equivalent data points for all the three types of vegetation at 12-inch depth was found to
vary between 0.148 to 0.173 which shows a good fit of the established model. Mean square errors
were found between 2.2% to 3% for all types of vegetated lysimeters. Again, for 30-inch depth
analysis, the standard deviation was found to vary between 0.101 to 0.193 which represents a well
competency of the established FSWCC model. Mean square errors were also limited between 1.03%
to 3.72% for all types of vegetation.

The value of a approximates the inverse of air entry suction (¥y) value of the corresponding
soil and is measured in the inverse units of pressure. Wy is defined by the matric suction at which air
starts to penetrate into the soil. It is also named as bubbling pressure (Corey, 1977). A lower value
of a causes upward shifting of the FSWCC curve. At 30-inch depth, a value was found to be 0.031
(kPal), 0.029 (kPa?) and 0.031 (kPal) for Native Trail grass, Switchgrass and Bermuda grass
vegetated soil, respectively. Again, at 12-inch depth, a value was found to be 0.046 (kPa), 0.051
(kPa1) and 0.053 (kPa*) for above mentioned vegetated soil, respectively, which was found to be
higher compared to the a values observed in 30-inch depth. Thus, the approximate ¥, for Native
Trail grass, Switchgrass and Bermuda grass vegetated soil at 12-inch depth was found to be 21.74,
19.61 and 18.87 kPa, respectively, whereas for 30-inch depth it was found to be 32.26, 34.48 and
32.26 kPa respectively. Again, due to the environmental exposure, continuous wet dry cycle and
vegetation root effect, larger voids were created in the upper 12-inch zone compared to the bottom
30-inch depth. As a result, bottom zone was more compacted and experienced relatively less

disturbance. So, the higher soil density at the bottom depth is accountable for that higher Wy
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compared to the top layer. Table 4.11 represents the P, value for different vegetated lysimeters at

two different depths of study.

Table 4.11 ¥, for different lysimeters at 12-inch and 30-inch depth

Wy (at 12-inch depth) Wy (at 30-inch depth)
Lysimeter
(kPa) (kPa)
1&4 21.74 32.26
2&5 19.61 34.48
3&6 18.87 32.26

The n parameter is associated with the pore size distribution of the soil. At a certain
moisture content, a lower value of n refers to a higher suction value when air entry suction remains
unchanged. At 12-inch depth, n value was found to be 1.839 for lysimeters covering Native trail
grass, whereas at 30-inch depth, the value was 1.774. However, a higher suction was observed at
the bottom depth at a range of VMC between 0.16 to 0.42 (Figure 4.17a). A higher ¥, for the bottom
depth soil was accountable for that increase in suction within that range of VMC. Again, the value
of parameter n was found to be lower at that depth. At VMC below 0.17, suction was found almost
similar for Native Trail grass vegetated soil. This phenomenon was found to be quite similar for
other vegetated lysimeters also. On the other hand, parameter m is associated with the overall
symmetry of the characteristic curve and when it is constrained by parameter n, it reduces the
flexibility of the VG model and compromises with the accuracy of the best fit but results in greater
stability during parameter optimization and permits closed form solution of the hydraulic
conductivity function (Van Genuchten et al., 1991). However, in this study, parameter m was

considered dependent on the value of n.
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Figure 4.17 Predicted FSWCC for (a) Native Trail grass, (b) Switchgrass and (c) Bermuda grass
vegetated ET cover soil at 12-inch and 30-inch depth
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Figure 4.17(a), 4.17(b) and 4.17(c) represent the predicted FSWCC for Native Trail grass,
Switchgrass and Bermuda grass vegetated lysimeters respectively with a comparison in between for
two different depths of study. In lab, ¥, was observed between 80 to 180 kPa, while from FSWCC
for all the vegetations at 12-inch and 30-inch depth, ¥, was found to vary between 18 to 35 kPa
which is significantly lower compared to the observations in lab.

Data Validation

A new set of moisture and suction data for lysimeter 1 and lysimeter 4 at 12-inch and 30-
inch depth were selected and plotted against the corresponding FSWCC. Figure 4.18 (a) and Figure
4.18 (b) illustrates field observation of VMC and related matric suction with FSWCC for native trail
grass vegetated soil at 12-inch depth and 30-inch depth, respectively. An upper bound (UB) and
lower bound (LB) of SWCC were also selected to describe the variation of the field data with the
developed FSWCC. Table 4.12 and Table 4.13 describes the FSWCC fitting parameters along with

UB and LB values for Native Trail grass vegetated soil at 12-inch and 30-inch depth, respectively.

Table 4.12 Fitting parameters of the proposed FSWCC for lysimeter 1 and 4 at 12-inch depth

Predicted SWCC o n m 0s Oy

Upper Bound 0.026 | 1.750 | 0.429 | 0.42 | 0.12

FSWCC 0.046 | 1.839 | 0.456 | 0.42 | 0.12

Lower Bound 0.084 | 1.880 | 0.468 | 0.42 | 0.11

For 12-inch depth, the value of a parameter was found in the range of 0.026 to 0.084 (kPa
1) to accommodate the field data within the range. From the developed FSWCC, the value of o

parameter was found to be 0.046 (kPa™*) which corresponds to a Py, value of 21.74 kPa. From the
UB and LB values, the range of W, was found between 11.90 to 38.46 kPa. So, the ¥, value for
Native Trail grass vegetated soil was found to vary between 0.55 to 1.77 times of the observed value

from FSWCC at 12-inch depth based on the selected field dataset.
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Table 4.13 Fitting parameters of the proposed FSWCC for lysimeter 1 and 4 at 30-inch depth

Predicted SWCC o n m 0 0,

Upper Bound 0.022 | 1.680 | 0.405 | 0.43 | 0.12
FSwcCC 0.031 | 1.774 | 0.436 | 0.42 | 0.12
Lower Bound 0.055 | 1.820 | 0.451 | 0.42 | 0.11
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Figure 4.18 Predicted FSWCC for Native Trail grass vegetated soil lysimeters at (a) 12-inch and at
(b) 30-inch depth with field observation
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Again at 30-inch depth, ¥, was found to be 32.26 kPa from the developed FSWCC for
Native Trail grass vegetated soil. From the UB and LB values at 30-inch depth, the range of W, was
found between 18.18 to 45.45 kPa. So, at 30-inch depth for lysimeter 1 & 4, ¥y was found to vary
between 0.56 to 1.41 times of the observed value from developed FSWCC, based on the selected
field dataset. The range of variation of ¥, was found higher at top soil layer due to the disturbance
caused by surrounding environment and variation in soil density.
4.5.3.2 Field Capacity (FC)

Field Capacity is defined by the amount of soil moisture or water content held in the soil
after excess water has drained away and the rate of downward movement has decreased. FC is
measured by the equivalent water depth in the soil mass. Typically, FC water content is estimated
from the VMC at 33 kPa soil suction. However, soil suction corresponding to field capacity is
subjected to changes at different climatological condition and different soil texture. In this study,
typical condition is assumed for the analysis. FC of the ET cover soil depends on its thickness as it
is estimated by multiplying the obtained VMC at 33 kPa soil suction by its cover depth. Average
Field capacity was determined from the developed FSWCC for different vegetation and for three
different cover soil thickness (4 ft, 3.5 ft and 3 ft) and presented in Table 4.14. For example, VMC
at 12-inch depth for Bermuda grass on ET cover soil was found to be 0.31 and at 30-inch depth was
found to be 0.34 from FSWCC at 33 kPa soil suction. Average FC water content was assumed in a
way that VMC of 0.31 exists uniformly throughout the top 12-inch depth and average VMC of 0.31
and 0.34 exists uniformly throughout the latter depth of concern. Average field capacity is then
obtained by the summation of multiplication of the average VMC with the concerned depth up to
the total depth of concerned. It was found that FC decreases with decreasing ET cover thickness. It
was obvious because with decreasing soil thickness, soil mass was also reduced, thus caused
reduction in water holding capacity. Average FC was found almost similar for different vegetated

soil.
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Table 4.14 Average FC for ET cover soil of different thickness with different vegetation

Average | Average | Average Average | Average | Average
Vegetatin Ty9e | 41 (oLt | 4t coer 351t cover | 351t cover| 2t cover | 31 cover
soil soil soil soil soil soil
'Z‘S:’Ifmlr:r"lgsz 1505 | 38227 | 1314 | 33376 | 1123 | 2854
(L;g:;?e%rgz 5| 1897 | 78| 1316 | 32 | 125 | 28579
(E;Sr?ri?:rgsriz) 1527 | 387858 | 1334 3388 | 1141 | 28074

Comparison of field obtained FC with laboratory determined FC

FC capacity observed from FSWCC developed through ERI technique was found to be
lower than what was observed in the lab using pressure cell apparatus. In laboratory setup, the soil
samples were uniformly compacted, and the test was conducted on remolded soil with no plant roots.
But in the actual field condition, at the top 12 to 15-inches soil density was reduced due to
environmental exposure, frequent wet dry cycle and presence of plant roots compared to the bottom
depth, where it was more compacted and subjected to less disturbance. This reason is accountable

for the lower value of FC in actual field condition than the laboratory observation which was

overestimated to around 21 to 23% (Table 4.15).

Table 4.15 Comparison between field obtained FC and laboratory determined FC

Average Field Capacity (inch)/ 4 ft of cover soil
Lysimeter | From Lab based SWCC FromFSWCC Variation (%)
1&4 19.07 15.05 21.08
2&5 19.41 15.07 22.36
3&6 19.88 15.27 23.19
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Figure 4.19 Variation of FC between lab testing outcomes and field observation through ERI
technique

4.5.3.3 Permanent Wilting Point (PWP)

Permanent wilting point refers to the minimal amount of water that soil needs to hold for
the plants not to wilt. Typically, PWP water content is estimated from the VMC at 1500 kPa soil
suction. However, it depends on the vegetation type and soil texture. In this study, conventional
assumptions are applied to estimate PWP. Soil water storage at PWP for 4 ft, 3.5 ft and 3 ft cover
soil thickness was estimated in a similar way as average field capacity determination and

summarized in Table 4.16 for different vegetation of study.

Table 4.16 SWS at PWP for different vegetation on ET cover soil

SWSat | SWSat SWSat SWS at SWSat | SWSat
Vegetation Tvoe PWP PWP PWP  [PWP (mm)/| PWP PWP
g YP€ \inch) 4 ft | (mm)/ 4ft | (inch)/ 3.5 | 3.5 ft cover |(inch)/ 3ft| (mm)/ 3t
cover soil | cover soil [ft cover soil soil cover soil | cover soil
Native Trail grass
. 6.30 160.02 5.50 139.70 471 119.63
(Lysimeter 1 & 4)
Switchgrass
. 6.68 169.61 5.84 148.29 5.00 126.97
(Lysimeter 2 & 5)
Bermuda grass
) 5.41 137.41 4.72 119.85 4.03 102.30
(Lysimeter 3 & 6)
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4.5.3.4 Plant Available Water (PAW)
Plant available water is defined by the amount of water held in the soil between FC and

PWP. Table 4.17 summarizes the PAW storage for different vegetation and different cover thickness

of ET cover soil.

Table 4.17 PAW storage for different vegetation on ET cover soil

PAW PAW PAW PAW PAW PAW
A Storage storage storage storage Storage storage
Vegetation Type | i ohy aft | (mmy/ 4ft | (inchy 35 | (mm)/ 35 | (inchy 3ft | (mm)/ 3ft
cover soil | coversoil |ft coversoil| coversoil | coversoil | cover soil
Native Trail grass
8.75 22225 7.64 194.06 6.52 165.61
(Lysimeter 1 & 4)
Switchgrass 8.39 21317 7.32 185.97 6.25 158,81
(Lysimeter 2 & 5)
Bermuda grass 9.86 250.45 8.62 218.96 7.38 187.44
(Lysimeter 3 & 6)

4.6 Soil Water Storage (SWS) Evaluation

Soil water storage is defined by the storage of precipitation in the soil profile. Thus, a larger
value of SWS indicates to the minimization of the percolation, which is a vital performance indicator
for any ET cover soil. SWS is a function of the surface area of the soil particles and the amount of
porosity occurring between these particles. SWS is measured by the average amount of water per
unit cross sectional area that the soil is holding at a particular time. Again, soil water storage capacity
refers to the maximum amount of water that the soil can hold. ET cover follows water store release
principal to restrict the precipitation from becoming percolation through the bottom of the soil layer.
From the water balance concept, if precipitation occurs, a certain amount of precipitation infiltrates
into the soil body after runoff and was added to the existing SWS in the soil body after the
precipitation. Evapotranspiration causes continuous release of a certain portion of that SWS into the

environment. If at a certain point of time, SWS of a cover soil exceeds its FC, the additional amount
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infiltrates from the bottom of the soil body in the form of percolation which needs to be controlled
for proper management of the ET cover soil. Thus, SWS needs to be monitored on a regular basis
for continuous evaluation of ET cover system performance. In this study, average SWS were
calculated from the installed moisture sensors at different depths of the ET cover soil. Field ERI test
was performed concurrently and unit cross sectional area resistance, pa, was determined.
Temperature correction on resistivity was done before estimating pa. An inverse relationship
between average SWS and p, was observed for different ET cover soil thickness. All the dataset for
different vegetation were grouped together in this case for average SWS determination.
4.6.1 Measurement of SWS from Sensors

Average SWS was determined at different times throughout the study period using
moisture sensors installed at different depths. For the design of any advanced ET cover system, it is
necessary to identify the variation of SWS with depth as the design thickness depends on the water
storage capacity of the soil. In this study, average SWS was determined for 4 ft, 3.5 ft and 3 ft cover
soil. It was observed that with decreasing depth of the cover soil, average SWS was also decreased
(Figure 4.20). In this case, uniform distribution of average VMC is assumed throughout the distance
between the two successive moisture sensors in vertical direction. Deviations in the measured
average SWS from the actual condition may happen due to the non-uniform dispersion of the
moisture throughout the entire cover soil area.
4.6.2 Measurement of SWS from Soil Resistivity

Typically, SWS was measured using sensors buried at different depths in a cover soil. But
the main drawbacks associated with sensor technique are, they damage with time and only offers
measurements at the installation points. Replacement of the sensors is also costly and time
consuming, and again, soil structure is subjected to disturbance during the installation and
replacement of those sensors. As soil resistivity changes with the variation of soil moisture, ERI test

was proved to be an effective alternative way to measure that variation in terms of SWS; thus,
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removing the problems related with the sensor technique. ERI test was performed on a monthly
basis to observe the variation of SWS. It was found that electrical resistivity changes with depth. To
represent the entire moisture variation up to the total cover thickness, entire soil length in vertical
direction was divided into some integral distance where it was assumed that resistivity was uniform
throughout that distance. To quantity the entire soil resistivity up to the total depth of the cover soil,
unit cross sectional area resistance, pa, was determined. In this study, resistivity value was extracted
from the resistivity log at the location of the sensors and it was assumed that average resistivity was
uniformly distributed between the distance of the two co-located sensors. Figure 4.20(a), 4.20(b)
and 4.21 represent the variation of SWS with p, assuming 4 ft, 3.5 ft and 3 ft cover soil thickness,
respectively. It was found that with increasing pa, SWS decreases following a logarithmic trend.
Based on non-linear regression analysis, best fitted relationship between SWS and p, was
established in both millimeter and inch scale with statistical coefficient of determination (R?) and
displayed in the corresponding figures. The value of R? was found in the range of 0.84 to 0.86 for
all of the studied cases, which exhibits a good correlation between the concerned parameters. The
higher value of p, indicates the residual condition where SWS tends to be almost constant and the
lower value of p, indicates the saturated condition where SWS reaches beyond the FC; thus,
percolation initiates from the bottom. From the lab scale measurement of SWCC, average FC for all
of the lysimeters was found to be 19.45 inches (494 mm) and from field scale measurement through
ERI technique, it was found to be 14.41 inches (366 mm) for 4 ft of cover thickness. Thus, from the
established relationship between SWS and pa for 4 ft of cover thickness (Figure 4.20a), a range of
critical p, was found between 5.92 to 16.18 ohm-m? which indicates the soil is closed to its FC and

highly susceptible to initiation of percolation.
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Figure 4.20 Relationship between soil water storage and unit cross sectional area resistance with
field observation for (a) 4 ft and (b) 3.5 ft cover soil thickness
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Figure 4.21 Relationship between soil water storage and unit cross sectional area resistance with
field observation for 3 ft cover soil thickness

The value of saturated p, was observed to be around 5 to 8 Ohm-m? whereas residual pa
was found to be around 50. FC of the cover soil for 4 ft thickness was observed to be around 380
mm on average from FSWCC for different vegetations. But the saturated SWS was found to be
around 500 to 550 mm from the extension of the SWS curve with pa, for 4 ft cover soil. So, the range
between 380 to 550 mm of SWS indicates the initiation of percolation through the bottom of the
soil. Figure 4.22 represents the variation of SWS with the changes in ET cover soil thickness in
terms of pa. It was observed that SWS decreases with decreasing cover soil thickness at a particular
pa. It was obvious because soil mass retains moisture through soil suction in unsaturated condition,
but with decreasing thickness, the amount of soil was also reduced resulting decrease in moisture
holding capacity. But the variation of SWS with cover soil thickness is proved to be an important
design criterion as ET cover thickness selection depends on the required soil water storage capacity

which is site specific and varies with the onsite precipitation history.
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Figure 4.22 Variation of SWS with p, for different ET cover soil thickness

4.6.3 Evaluation of Soil Moisture Retention Capacity

Soil moisture retention capacity (SMRC) refers to the FC which represents the maximum
amount of water that soil can hold without having percolation. A greater value of SMRC refers to
an improved performance for any ET cover system. SMRC depends on the soil texture, field density
and field soil suction-moisture relationship which are subjected to change with time. For the
performance analysis of an ET cover system, SMRC needs to be assessed in a regular manner.
Again, existing soil moisture retention capacity (ESMRC) is another term which is defined by the
difference between FC and existing SWS at a particular time. If SWS at a certain time reaches the
FC of the soil, percolation will initiate from the bottom at that point of time. Thus, ESMRC refers
to the additional amount of water after existing SWS that soil can hold at a certain time before
percolation. ESMRC was determined for three different ET cover soil thickness through ERI
technique. As FC was found almost similar for different vegetated lysimeters, the dataset from
different lysimeters were grouped together for the evaluation of ESMRC. Average FC obtained from

ERI technique was considered for the analysis of ESMRC.
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Figure 4.23 Relationship between ESMRC and pa for (2) 4 ft and (b) 3.5 ft thickness of ET cover
soil

From the water balance concept, if runoff and evapotranspiration remain constant, a higher
value of ESMRC denotes a higher amount of precipitation the soil can store without percolation and

a lower value of ESMRC denotes a higher chance of percolation after precipitation. Existing SWS
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at a particular time was determined through the readings obtained from the moisture sensors at that
time. Average FC was determined from the developed FSWCC for different vegetation through ERI
test. The variation of ESMRC with p, is presented in Figure 4.23(a), 4.23(b) and Figure 4.24 for 4
ft, 3.5 ft and 3 ft thickness of ET cover soil, respectively. The best fitted correlations between
ESMRC and p, for different cover thicknesses were also established and displayed in the related
figures with corresponding coefficient of determination (R2). The value of R? was found in the range
of 0.84 to 0.86 which exhibits a good correlation between them.
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Figure 4.24 Relationship between ESMRC and pa. for 3 ft thickness of ET cover soil
The relationship between ESMRC and pa was established considering the data extracted
from all of the lysimeters, thus denoting the average measurements for all types of vegetated soil. A

threshold point of p, was found at around 16 ohm-m? for all of the cover thicknesses of concern
which corresponds to an ESMRC of around 40 mm. Below that point, p, decreases drastically
towards saturation. A critical point of p, was found at around 12 ohm-m? at which the SWS was

found to reach its FC. At that point, ESMRC was found to be close to zero which means the soil can
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no longer hold any additional precipitation, thus, a drop of additional precipitation will be drained
away from the bottom of the soil layer at that point. ESMRC can be explained by the amount of
precipitation at a particular time. The annual average precipitation of 2015 and 2016 were recorded
to be 1511.3 mm (59.5 inches) and 1333.5 mm (52.5 inches) from onsite weather station. In the
month of May 2015, an average precipitation was found to be 60 mm. A certain portion of it was
infiltrated into the soil body after runoff and added with the existing SWS at that particular time.
The existing average SWS on 13th May 2015 was found to be around 330 mm (13 inches) with
corresponding p, 0f 21.47 Ohm-m2. At that point ESMRC for 4 ft cover soil was found to be around
57 mm from the developed curve (Figure 4.23a) which indicates that the soil can absorb around 57
mm of additional moisture before percolation at that particular point of time. At that time no
percolation was recorded which means more than 3 mm of the precipitation was released to the

environment in the form of runoff and evapotranspiration.
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Chapter 5
Conclusions and Recommendations
5.1 Summary and Conclusions

The unsaturated behavior of the ET cover soil located at the City of Denton MSW landfill
was monitored for a period of 3.5 years starting from January 2015 to June 2018. ERI test was
performed on a monthly basis throughout the study period across the installed sensors’ location in
all of the lysimeters. Concurrent readings from the sensors were observed simultaneously. All of the
observations were subdivided by the vegetation type and depth (12-inch and 30-inch). Temperature
correction was employed to the raw resistivity values which were extracted from the obtained
resistivity log profile. From the field observations of soil suction and moisture content with
concurrent resistivity, field resistivity suction characteristic curve (FRSCC) and field resistivity
water characteristic curve (FRWCC) were developed for different types of vegetation at 12-inch and
30-inch depth. From the obtained FRSCC and FRWCC, field soil water characteristic curve
(FSWCC) was established in terms of resistivity. All of the associated curve fitting parameters along
with statistical variables were determined using Minitab. Average field capacity (FC), permanent
wilting point (PWP) and plant available water (PAW) were determined from the developed FSWCC
for the studied ET cover soil under different vegetations. Soil water storage (SWS) was estimated
from the observations through installed moisture sensors at various depths indifferent to the types
of vegetation. Variation of SWS with unit cross sectional area resistance (pa,) for three assumed
thicknesses of ET cover soil; 4 ft, 3.5 ft and 3 ft, was estimated and best fitted correlations were

developed. General conclusions that are obtained from the observations are provided below.
e Top 12-inch zone of the cover soil was subjected to high electrical resistivity at dry season
compared to the bottom 30-inch depth. Environmental exposure of the top soil layer and
evapotranspiration from the top root zone were accountable for the top soil layer to be drier

resulting high resistivity compared to the bottom zone without root effects.
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Resistivity increases with increasing soil suction and decreases with increasing moisture
content. Both of the relations follow a sigmoidal trend similar to Van Genuchten’s SWCC
model.

The first break point of the FRSCC for 12-inch depth was found at suction of around 40 kPa
for all types of vegetated lysimeters while for 30-inch depth it was found at around 80 kPa. As
the soil at bottom depth was more compacted relative to the top soil layer, the difference in soil
density between these two depths may be accountable for that discrepancy. A sharp decrease in
matric suction was observed below that break point.

The first break point of the FRWCC for 12-inch depth was found around at a VMC of 0.32
whereas for 30-inch depth it was found around at a VMC of 0.25. Differences in compaction
level between these two depths may be accountable for that discrepancy.

The second break point of the FRWCC represents the dry situation and it was found around at
a VMC of 0.09 for both the depths. After that point, resistivity value approaches towards its
residual limit.

Average field capacity of the ET cover soil of 4 ft thickness was found around 15 inches for all
types of vegetated soil from ERI technique whereas from lab constructed SWCC, it was found
around 19 inches for all lysimeters. In lab, the SWCC test was conducted on uniformly
compacted soil whereas in field, soil compaction varied throughout the depth. Again, in field,
the soil integrity was affected at the top soil layer due to the root distribution and continuous
environmental exposure which may be accountable for that discrepancy.

Soil suction and corresponding moisture content data were generated from two other sigmoidal
equations in terms of resistivity and the observed dataset was not followed by an exact
sigmoidal trend. However, FSWCC similar to Van Genuchten’s SWCC model was statistically
generated to describe the observation and a good correlation was found with a low standard

deviation.
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As the study area was located in a semi-humid region, temperature variation was significant
and field resistivity was substantially influenced by that temperature variation before
temperature correction.
SWS showed an inverse relationship with unit cross sectional area resistance (pa) as with
increasing soil resistivity, moisture content of the soil mass decreases.
At p, of around 12 ohm-m?, SWS was found to be close to the soil field capacity. If
corresponding pa goes below the field capacity, it indicates the initiation of percolation which
means one drop of additional precipitation will be drained away from the bottom of the ET
cover soil. Hence, ERI technique is proved to be an effective tool to monitor the ET cover
performance by measuring the probable percolation occurrence.
It was found that increased cover thickness increases average SWS which proved to be a
significant designing parameter for any ET cover thickness selection depending on the onsite
precipitation history.
At high resistivity, SWS tends to be almost constant and the curve of SWS vs. p, becomes
almost flat in high resistivity zone designating the residual condition.
ESMRC showed an inverse logarithmic trend with changes in pa. Thus, decrease in resistivity
indicates towards lower amount of precipitation that an existing soil can store at a particular
point of time without having any percolation; thus, increasing the chances of percolation.
The curve of ESMRC becomes flat in the high resistivity zone referring the maximum point has
been reached. The soil can store precipitation as much as its field capacity at this point.

5.2 Future Aspects of Current Research

During the investigations of the current research, several topics were identified for the

future analysis. Some of them were:

Field resistivity value not only depends on the onsite moisture-suction relationship but also

depends on the presence of onsite chemical and biological components. As the study was done
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on top of a landfill intermediate cover, ionic effects due to the presence of chemical and
biological compounds may mislead some of the observations. Thus, a future study should be
done on the effects of those compounds on the field soil resistivity.

FSWCC was predicted using Van Genuchten’s SWCC model (1980) which was found to be a
good fit. But there are other proposed models; such as Brook and Corey model (1964), Fredlund
and Xing model (1994) etc. which need to be assessed in measuring the competency of the
developed curve.

Installed sensors below the ground only provide point measurements of the data which
sometimes may mislead the actual condition. Therefore, a comprehensive study of the whole
scenario should be done to predict the actual field condition.

SWS for bare soil without vegetation should be studied for drawing the comparison between
vegetated and non-vegetated soil in terms of SWS evaluation.

Relative humidity in the surrounding environment also affects the soil suction. Hence, a future
study should be done on the effects of relative humidity on FSWCC and ESMRC.

As increasing soil density hinders the root growth into the soil, there was no significant effect
of roots beyond 12-inch depth. Hence, comparison should be made in terms of SWS evaluation
if the soil density is kept under allowable limit for encouraging root growth beyond the studied
depth.

There are several computer programs such as HYDRUS, HELP, UNSAT-H, VADOSE/W etc.
which can estimate the water balance components of the ET cover system. Therefore, a
comparison may be done to the observed SWS from the current study with the computer

simulated outcomes considering the similar site conditions existed in the current study.
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APPENDIX A

RESISTIVITY IMAGING RESULTS
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RI Test Results on Native Trail grass (Lysimeter 1)

Depth (ft)

" verted Resisivily Section _lteraon =5 RMS=490% 12=038  Flctrode Spacing = 0.50 &

Depth (fH)

Ohm-m

Depth (1)

Treration =6 RMS=480% 12=0.53 Flectrode Spacing = 0.50 ft
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Depth (R

Depth (ft)

Depth (ft)

Inverted Resistivity Section ~ Iteration =5 RMS=4.19% L2=091  Electrode Spacing = 0.50 ft

ResislivilySeclinn lleration =4 RMS=2.57% L2-0.14 Ekectrode Spacing = 0.50 i

Tnverted Resistvity Section

7
Inverted Resisivity Section

Tteration =4 RMS=4.55% 12=0.52 Electrode Spacing = 0.60 ft

Iteration =35 RMS=5.94% L2=031 Electrode Spacing = 0.50 ft
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Depth (1t)

Depth (M)

Depth ()

RI Test Results on Switch grass (Lysimeter 2)

10,00 Ohm-m

316

Teraon =5 RMS=4.712% L[2=029 Electrode Spacing =030 ft
0 440

Inverted Resisivity Section  lteraion =4 RMS =4.04% L2=063  Electrode Spacing = 0.50 f

Tnverted Resistivity Section ~ Iteration=4 RMS=2.83% 12=046 Flectrode Spacing =0.50 ft
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Depth (1)

Depth (f)

Depth (1t)

Depth (ft)

Eketrode Spacing =030 f

Inverted Resistivily Section ~ lteration =5 RMS=3381% L2-032 Electrode Spacing = 0.50

Tnverted Resistivity Section

3.50

Tteration =4 RMS =2.04%

4.50

12=021

Electrode Spacing = 0.50 ft
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RI Test Results on Bermuda Grass (Lysimeter 3)

Depth (1)

Tiration =35 RMS=4.66% L2050 Electrode Spacing = 0.50 ft

Depth (fH)

Depth (1)

7
Inverted Resistivity Section ~ Iteration =5 RMS=431% L2=068 Electrode Spacing = 0.50 ft
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Depth (ft)

Depth (ft)

150

Depth (1)

Inverted Resistivity Section  Ileration =5 RMS=4.95% L2-0.71 Elkectrode Spacing - 0.50

Depth (ft)

Inverted Resistivity Section ~ Iteration =4 RMS=5.87% L2=045 Electrode Spacing = 0.50 fi
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APPENDIX B

OUTPUTS OF MINITAB ANALYSIS
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" Fitted Line: Leg (Suction) versus Resistivity = [=] &]
Fitted Line Plot
Log (Suction) = LOGTEMI({[3 - 100) / (Resistivity - 100)) * [1 / 0.469212) - _
a0
25
5 20
i
E‘ 15
10
a5
[ 10 20 0 40 50 0 0
Resistivity

FRSCC for Bermuda grass at 30-inch depth

Starting Valuss for Parameters

Parameter Value
Thetal 3
Thetal 1
Thetas 1
[rhetad a.
Thetal 0.00

¥ Locked.

Equation

Log (Suction) = LOGTEN({{{(3 - 100) / (Resistiwvity - 100)) ~ (1 / 0.4e5%212) - 1) ~ ({1 /
1.13817) / 0.00529448)

Parameter Estimates

Parameter Estimate 5E Estimate

Thetad 3.000 *
Thetal 100.000 *
Thetas 0.469 0.162504
Thetad 1.138 0.085254
Thetad 0.006 0.002908

Log ({Suction) = LOGTEN({{(Theta2 - Thetal) / (Resistiwvity - Thetal)) * {1 / Theta3) - 1} ~ (1
/ Thetad) / Thetal)

FRSCC parameters for Bermuda grass at 30-inch depth
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+ Fitted Line: Log (Suction) versus Resistivity = =] [é]

Fitted Line Plot
Log (Suction) = LOGTEM{[[(3 - 100) / (Resistivity - 100)) * (1 216764) - _

3104 o'l

1.5

Log (Suction)

1.0

0.5

5D &0 70 a0 50
Resistivity

=
=
5]
&
&

FRSCC for Bermuda grass at 12-inch depth

Starting Values for Parameters

Parameter Value

Theta2 3%
Thetal 100%
Thetal 1.6
Thetad 0.8
Theta3d 0.001g%
¥ Locked.

Equaticn

Log (Suction) = LOGTEM{{{(3 - 100} / (Resistivity - 100)) » {1 / 2.16764) - 1) » (1 / 1.0811)
/ 0.0018)

Parameter Estimates

Parameter Estimate SE Estimate

Thetad 3.000 *
Thetal 100.000 *
Thetas 2.168 0.207511
Thetad 1.081 0.037€10
Thetad 0.o02 *

Log {Suction) = LOGTEN{({{{Theta2 - Thetal) / (Resistiwvity - Thetal)) *~ {1 / Theta5) - 1} ~ (1
/ Theta4) / Theta3)

FRSCC parameters for Bermuda grass at 12-inch depth
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+ Fitted Line: Log (Suction) versus Resistivity = [=] [é]
Fitted Line Plot
Log (Suction) = LOGTEM([[[2 - 60) / (Resistivity - &0)) * 1/ 1.33361) - —
304
25
£ oo
a
f? 15
104
0 0 2 P 40 5
Resistivity
|

FRSCC for Native Trail grass at 30-inch depth

Starting Values for Parameters

Parameter WValue

Thetal 2
Thetal gow
Thetas 0.4
Thetad 1.033
Theta3d 0.00&
¥ Locked.

Equation

Log (Suction) = LOGTEN({({(2 - &0) / (Resistivity - &0)) * (1 / 1.33361) - 1) ~ (1 / 1.21267)
/ 0.00283319)

Parameter Estimates

Parameter Estimate 35E Estimate

Thetad 2.0000 *
Thetal e0.0000 *
Thetas 1.333¢6 0.817783
Thetad 1.2127 0.09724¢8
Theta3 o.0028 0.002021

Log (Sucticn) = LOGTEN(({((Theta2 - Thetal) / (Resistiwvity - Thetal)) ~ (1 / Thetas) - 1) =~ (1
/ Thetad) [/ Theta3)

FRSCC parameters for Native Trail grass at 30-inch depth
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" Fitted Line: Log (Suction) versus Resistivity — | [=] [é]
Fitted Line Plot
Log (Suction) = LOGTEM([[[2 - 110) / (Resistivity - 1100) ~ (1 / 0.3B6156]) -
a5
A0
EE 25
i
g2
154
10
a 20 40 &l 80 00
Resistivity

FRSCC for Native Trail grass at 12-inch depth

Starting Values for Parameters

Parameter Value

Theta 2%
Thetal 110
Thetal 0.4
Thetad 1.033
Thetal 0.008
¥ Locked.

Equaticon

Log (Sucticn) = LOGTEN((({{2 - 110) / (Resistivity - 110)) ~ (1 / 0.386156) - 1) ~ (1 /
1.47808) / 0.0192713)

Parameter Estimates

Parameter Estimate SE Estimate

Thetal 2.000 x
Thetal 110.000 x
Thetas 0.386 0.070056
Thetad 1.47%9 0.1495582
Thetal 0.01%9 0.004137

Log (Suction) = LOGTEN(({(Theta2 - Thetal) / (Resistiwvity - Thetal)) ~ (1 / Theta5) - 1) ~ (1l
/ Thetad) / Thetal)

FRSCC parameters for Native Trail grass at 12-inch depth
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+ Fitted Line: Log (Suction) versus Resistivity

Log (Suction) = LOGTEN({{(3 - 80) / (Resistivity - 80))  {1/1.53753) - ..

i
ik

=
w
1

1.0

Log (Suction)
5

Fitted Line Plot

10

30 40 50 &0 70
Resistivity

FRSCC for Switchgrass at 30-inch depth

Starting Values for Parameters

Parameter Valus

Thetal 3%
Thetal S0
Thetad 0.4
Thetad 1.4
Thetal 0.029
¥ Locked.

Equation

Log (Suction) = LOGTEN{{(((3 - 80) / (Resistivity - 80)) ~ (L / 1.53753) - 1) ~ (1 / 1.14519)
/ 0.00170932)

Parameter Estimates

Parameter Estimate

Thetal
Thetal
Thetad
Thetad
Theta3

3.

g0.
1.
1.
0.

ooa
0o0a
5375
1452
0017

SE Estimate

a.
a.
a.

x

x
554939
085277
001187

Log {(Suction) = LOGIEN(({({(Theta2 - Thetal) / (Resistiwvity - Thetal)) ~ (1 / Theta3) - 1) =~ (1
/ Thetad) / Thetal)

FRSCC parameters for Switchgrass at 30-inch depth
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+" Fitted Line: Leg (Suction) versus Resistivity — | [=] &]
Fitted Line Plot
Leg (Suction) = LOGTEM([([2 - 100) / (Resistivity - 100)) * (1 f 0.865043) - _
a0
25
5
& 2N
A
§1 154
w.
0 10 20 30 40 5 0 0 %0
Resistivity

FRSCC for Switchgrass at 12-inch depth

Starting Values for Parameters

Parameter Value

Thetal 3
Thetal 100%
Thetas 0.4
Thetad 1.033%
Thetal 0.00&
¥ Locked.

Equation

Log (Suction) = LOGTEN{{((3 - 100} / (Resistiwity - 100)) *~ {1 / 0.8365043) - 1) » (1 / 1.033)
/ 0.00590791)

Parameter Estimates

Parameter Estimate S5E Estimate

Thetad 3.000 *
Thetal 100,000 *
Thetas 0.865 0.0957714
Thetad 1.033 *
Thetad 0.00& 0.0008718

Log (Suction) = LOGTEN((({Theta2 - Thetal) / (Resistivity - Thetal)) *~ (1 / Theta3) - 1) =~ (1
/ Thetad) [ Thetal)

FRSCC parameters for Switchgrass at 12-inch depth
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+ Fitted Line: VMC versus Resistivity =nEcR =

Fitted Line Plot
VMC = 0.257002 / ((((3 - 100) / (Resistivity - 100]) ~ (1/0.238722) - 1) ~ (1 / 6.20894))

VMC

015

010

Resistivity

FRWCC for Bermuda grass at 30-inch depth

Starting Values for Parameters

Paramster Value

Thetal 0.27
Theta2 3%
Thetal 100
Thetas 0.3
Thetad 6.5
¥ Locked.

Equation

VMC = 0.257002 / (({{{3 - 100) / (Resistiwity - 100)) ~ {1 / 0.238722) - 1} ~ {1 / 6.20294))

Parameter Estimates

Parameter Estimate SE Estimate

Thetad 0.257 0.02518¢6
Thetal 3.000 i
Thetal 100.000 x
Thetad 0.239 0.082347
Thetad €.209 0.769419

VMC = Thetad / (({({Theta2 - Thetal) / (Resistivity - Thetal)) *~ (1 / Theta5) - 1) ~ {1 /
Thetad))

FRWCC parameters for Bermuda grass at 30-inch depth
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+/" Fitted Line: VMC versus Resistivity =N ==

Fitted Line Plot
VMC = 0.262316 / ([[(3 - 100) / (Resistivity - 100]) * (1 / 0.35668) - 1) » [1 / T.72751))

WMC

015

030

0 10 2 E 40 5 0 ! % E
Resistivity

FRWCC for Bermuda grass at 12-inch depth

Starting Values for Parameters

Parameter WValue

Theta3 0.27
Thetal 3%
Thetal 100%
Thetas 0.3
Thetad 6.5
¥ Locked.

Equation

VMC = 0.262316 / {{{{3 - 100) / ({Resistivity - 100)) ~ (1 / 0.35668) - 1) » (1 / 7.72751}}

Parameter Estimates

Parameter Estimate SE Estimate

Theta3 0.262 0.013630
Theta 3.000 v
Thetal 100.000 .
Thetal 0.357 0.074207
Thetad T7.728 0.750385

VMC = Theta3 / (({{Theta2 - Thetal) [/ (Resistivity - Thetal)) ~ (1 / Thetai) - 1) ~ (1 /
Thetzad))

FRWCC parameters for Bermuda grass at 12-inch depth
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+ Fitted Line: VMC versus Resistivity =0 ol ="

Fitted Line Plot
VMC = 0226653 / ([[[2 - 60) / [Resistivity - 60)) » (1 / 0.584474) - 1) ~ (1 / 6.40986))

WAC

Q15

0

Resistivity

FRWCC for Native Trail grass at 30-inch depth

Starting Values for Parameters

Parameter Valus

Thetal 0.27
Theta2 2%
Thetal [
Thetal 0.3
Thetad 6.612
¥ Locked.

Equaticon

VMC = 0.226653 / ({({2 - &0) / (Resistivity - €0)) * {1 / 0.534474) - 1} ~ {1 / £.4098&))

Parameter Estimates

Parameter Estimate SE Estimate

Thetald 0.2267 0.022031
Thetad 2.0000 ,
Thetal 60.0000 u
Thetad 0.5845 0.226041
Thetad 6.405% 0.5765%2

VMC = Theta3 / (({({Theta2 - Thetal) /[ (Resistivity - Thetal)) ~ (1 / Thetal) - 1) ~ (1 /
Thetad))

FRWCC parameters for Native Trail grass at 30-inch depth
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« Fitted Line: VMC versus Resistivity o[ B ]

Fitted Line Plot
VMC = 0.254714 7 ([{{2 - 110) / (Resistivity - 110)) ~ {1/ 0.361782) - 1) » (1 / 6.612))

035

030

WMC

015

0.10

A0 (1] B0 100
Resistivity

=
=]

FRWCC for Native Trail grass at 12-inch depth

btarting Values for Parameters

Parameter Value

Thetad 0.27
Thetal 2%
Thetal 110%
Thetal 0.3
Thetad G.612%
¥ Locked.

Equation

VMC = 0.254714 / {({{2 - 110) / (Resistivity - 110}} ~ {1 / 0.361782) - 1) ~ (1l / 6.612)}

Parameter Estimates

Parameter Estimate SE Estimate

Thetal 0.255 0.0065145
Thetal 2.000 *
Thetal 110.000 ¥
Thetal 0.362 0.0380473
Thetad 6.612 *

VMC = Thetad / ((((Thetai - Thetal) / (Resistiwvity - Thetal)) ~ (1 / Thetal) - 1) ~ (1 /
Thetad))

FRWCC parameters for Native Trail grass at 12-inch depth
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+ Fitted Line: VMC versus Resistivity o[BS

Fitted Line Plot
VMC = 0173414 / ([([3 - 80) / (Resistivity - 80)) * (14 1.01314) - 1) » [1 / 4.83487))

VML

[

Resistivity

FRWCC for Switchgrass at 30-inch depth

Starting Values for Parameters

Parameter WValue

Thetad 0.27
Thetal 3
Thetal s0%
Thetad 0.3
Thetad 6.9
¥ Locked.
Equaticn

VMC = 0.173414 / {{{{3 - 80) / (Resistivity - 30)) * (1 / 1.01314) - 1} ~ (1 / 4.33487))

Parameter Estimates

Parameter Estimate SE Estimate

Thetasd 0.1734 0.028557
Thetal 3.0000 *
Thetal 0.0000 *
Thetas 1.0131 0.564078
Thetad 4.5349 0.407313

VMC = Theta3 / ({{({Theta2 - Thetal) / (Resistivity - Thetal)} ~ {1 / Thetad) - 1} ~ (1 /
Thetad))

FRWCC parameters for Switchgrass at 30-inch depth
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+" Fitted Line: VMC versus Resistivity o[- [

Fitted Line Plot
WMC = 0262637 7 ([((3 - 1000 F (Resistivity - 10000 = 1/ 038702} - 1) * (1 f 6655410
Q.40
035
030
E 025
=
02
15
90
[ i Ed 0 4o 50 &0 E 8

FRWCC for Switchgrass at 12-inch depth

Starting Values for Parameters

Parameter Value

Thetal 0.27
Theta2 3%
Thetal 100
Thetad 0.3
Thetad £.5
¥ Locked.
Equation

VMC = 0.262637 / (({(3 - 100) / (Resistiwity - 100)) ~ {1 / 0.38702) - 1) ~ (1 / 6.8554))

Parameter Estimates

Parameter Estimate SE Estimate

Thetasd 0.263 0.015234
Thetal 3.000 u
Thetal 100,000 w
Thetad 0.387 0.082922
Thetad 6.655 0.631005

VMC = Theta3 / ({{{ThetaZ? - Thetal) / (BResistivity - Thetal)) *~ {1 / Thetas) - 1) ~ (1 /
Thetad))

FRWCC parameters for Switchgrass at 12-inch depth
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+" Fitted Line: Log (Suction) versus VMC |- ]

Fitted Line Plot
Log (Suction) = LOGTEN(({(0.42 - 0.09) / (VMC - 0.09)) » (1.66694 / (1.66694 - ...
5-
4
5 3
5
14
ﬂ- T T T T T T T T
010 015 020 025 030 03s 0.40 0.45
VML

SWCC for Bermuda grass at 30-inch depth

Starting Values for Parameters

Parameter WValue

Thetal 0.42%

Thetal 0.05%

Thetad 1.9

Theta3 0.08

* Locked.

Equation

Log (Suction) = LOGTEN(({((0.42 - 0.098) / (VMC - 0.09)) ~ (l.666594 / (l.6669%4 - 1)) - 1) ~ (1

f o l.e6694) / 0.0312434)

Parameter Estimates

Parameter Estimate 3SE Estimate

Theta2 0.42000 *
Thetal 0.05000 U
Thetad 1.666094 0.0320649%
Theta3 0.03124 0.0031183
Log (Suction) = LOGTEN(({({(Theta2 - Thetal) / (VMC - Thetal)) *~ (Thetad / (Thetad - 1)) - 1) ~

{1 / Thetad) / Theta3)

Estimated Statistical Parameters for Bermuda grass at 30-inch depth
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" Fitted Line; Log (Suction) versus VMC E'@

Fitted Line Plot
Log (Suction) = LOGTEN((((0.42 - 0.09) / (VMC - 0.09)) ~ {1.53776 / (1.53776 - ...

5_
4
=
2 34
o 3
L !
14
B_
010 015 020 025 030 035 0.40 0.45
VMC

SWCC for Bermuda grass at 12-inch depth

Starting Values for Parameters

Paramseter Value

Thetal 0.42%
Thetal 0.09%
Thetad 1.9
Thetas 0.08
¥ Locked.
Equation

Log {(Suction) = LOGIEN({({((0.42 - 0.0%) s (VMC - 0.09)) ~ (l1.5377¢ / (1.53776 - 1)) - 1) =~ (1
/£ 1.53776) f 0.0526127)

Parameter Estimates

Parameter Estimate SE Estimate

Thetal 0.42000 &
Thetal 0.0%000 x
Thetad 1.53776 0.0223514
Thetal 0.05261 0.0047162
Log (Suction) = LOGTEN{{({(Theta2 - Thetal) / (VMCZ - Thetal)) ~ (Thetad / (Thetad - 1)) - 1} *

{1 / Thetad) / Theta3)

Estimated Statistical Parameters for Bermuda grass at 12-inch depth
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+" Fitted Line: Log (Suction) versus VMC =0 ol ="

Fitted Line Plot
Log (Suction} = LOGTEN((((042 - 0U12) £ (VMC - D21 * (177363 / (1.77363 - —

0 o5 020 05 030 035 040 045
VMC

SWCC for Native trail grass at 30-inch depth

Starting Values for Parameters

Parameter Value

Theta2 0.42%

Thetal 0.12%

Theta4 1.9

Theta3d 0.0&

¥ Locked.

Equation

Log (Suction) = LOGTEN({({({(0.42 - 0.12) /7 (VMC - 0.12)) ~ (1.77363 / (1.77363 - 1)) -1} ~ {1

/ 1.77383) / 0.0307986)

Parameter Estimates

Parameter Estimate 5E Estimate

Theta2 0.42000 X
Thetal 0.12000 x
Thetad 1.77363 0.0341433
Theta3 0.03080 0.0025510
Log (Suction) = LOGTEN{({({({Theta2 - Thetal) / (VMC - Thetal)} » (Thetad / (Thetad - 1)) - 1} =

{1 / Thetad) / Theta3)

Estimated Statistical Parameters for Native Trail grass at 30-inch depth
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+ Fitted Line: Lag (Suction) versus VIMC || == | CX

Fitted Line Plot
Log (Suction) = LOGTEM([{[0.42 - 0.12) / (VMC - 0.12]) » [1.83931 / [1.83931 - _
4
3.
=
a
g 2
14
I
i) 015 020 025 030 0I5 L40 045
VMC

SWCC for Native trail grass at 12-inch depth

Starting Values for Parameters

Parameter WValue

Thetal 0.42%

Thetal 0.12%

Thetad 1.5

Thetal3 0.08

¥ Locked.

Equation

Log (Suction) = LOGIEN(({({(0.42 - 0.12) / (VMC - 0.12)) ~ (1.583831 / (l.83%31 - 1)) - 1) ~ (1

£ 1.83531) / 0.045528)

Parameter Estimates

Parameter Estimate 5SE Estimate

ThetaZ 0.42000 x
Thetal 0.12000 x

Thetad 1.83931 0.0319423

Thetad 0.04593 0.0036676

Log {(Suction) = LOGTEN(({{(Theta2 - Thetal) / (VMC — Thetal)}) *~ (Thetad / (Thetad - 1)) - 1) +

{1 / Thetad) / Theta3)

Estimated Statistical Parameters for Native Trail grass at 12-inch depth

147



+" Fitted Line: Log (Suction) versus VMC | [l .
Fitted Line Plot
Log (Suction) = LOGTEM([[(0.41 - 0.12) f (VMC - 012)) * [1.B2596 / (1.82596 - _
4
3
H
3z
1
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oM 015 .20 s 03 035 040 045
YMC

SWCC for Switchgrass grass at 30-inch depth

Starting Values for Parameters

Parameter Value

Thetal 0.41%

Thetal 0.12%

Thetad 1.5

Thetal 0.08

¥ Locked.

Equation

Log (Suction) = LOGTIEN((((0.41 - 0.12) / (VMC - 0.12)) ~ (1.825%¢ / (1.825%¢ - 1)) - 1) ~ (1

/£ 1.82596) / 0.0293808)

Parameter Estimates

Parameter Estimate SE Estimate

Thetad 0.41000 x
Thetal 0.12000 x
Thetad 1.5259¢6 0.0291540
Thetad 0.02936 0.0020983

Log (Suction) = LOGTEN{({((Theta2 - Thetal) / (VMC - Thetal)) * (Thetad / (Thetad - 1)) - 1} +
{1 / Thetad) / Theta3)

Estimated Statistical Parameters for Switchgrass grass at 30-inch depth
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+ Fitted Line: Log (Suction) versus VMC =N ===
Fitted Line Plot

Log (Suction) = LOGTEN({((0.41 - 0.12) / (WMC - 0.12)) ~ (1.63815 / (1.63815 - ...
5
4

=

-
1
ﬂ- T T T

[R11] s 020 025 030 035 [ [
VMC

SWCC for Switchgrass grass at 12-inch depth

Starting Values for Parameters

Parameter Value

Theta2 0.41%

Thetal 0.12%

Thetad 1.4

Thetal 0.06&

¥ Locked.

tquation

Log (Suction) = LOGIEN((({({(0.41 - 0.12) / (VMC - 0.12)) ~ (l.€3815 / (l.63815 - 1)) - 1) ~ (1

/ 1.63815) / 0.0508067)

Parameter Estimates

Parameter Estimate S5SE Estimate

Theta2 0.41000 x
Thetal 0.1l2000 *
Thetad 1.63815 0.0227783
Theta3 0.05031 0.0038821

Log (Sucticn) = LOGIEN(({({{Theta2 - Thetcal) / (VMC - Thetal)) *~ (Thetad / (Thetad - 1)) - 1) =
{1 / Thetad) / Thetald)

Estimated Statistical Parameters for Switchgrass grass at 12-inch depth
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