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Abstract
Infiltration characterize the water entry into the soil during rainfall and irrigation.

It is an important parameter for the hydrological modelling of catchment. There are
different methodologies adopted in the field that can induce variability in infiltration
characterization. Such variabilities and the possible factors need to be studied in detail.
The conventional and established ring infiltrometers suffers the limitations of being heavy,
less portable, cumbersome and time consuming procedure and requires huge quantity of
water. Disc infiltrometers are recent development for measuring infiltration characteristics
with relative ease due to its portability and less requirement of water. The difference in
measurement philosophy, working principle and mathematical formulations has resulted
in conflicting observations on the measurement response of different infiltrometers.

There is a need for critical assessment of measurement variability associated with
infiltrometer measurements under different field conditions, soil type and mathematical
formulations. Not many studies exist in the literature that investigates the role of soil and
infiltrometer related parameters on disc infiltrometer measurements. This is specifically
true for the soil and field specific conditions of Indian subcontinent. There are no clear
appraisals or there are contrasting findings in the literature on the variability induced in
hydraulic characterization based on infiltrometer measurements.

This research work deals with laboratory and field evaluation of disc infiltrometer
for gaining more confidence in field infiltration measurements. To gain more confidence
in portable and simple mini disc infiltrometer (MDI), the measurements were compared
with the results of conventional infiltrometer and permeameters. The utility of disc
infiltrometer for determining spatial and temporal variation of infiltration characteristics
in the field were demonstrated. The influence of short-term and long-term MDI
measurements on hydraulic characterization was investigated. The influence of initial soil
compaction state on infiltration characteristics was studied to check the possibility of a
correlation between soil specific parameters and infiltration. The moisture and pressure
head variation that happens in the subsurface during infiltration beneath MDI was studied
using controlled laboratory column set up. Based on the results from this study, the
appropriateness of different infiltration equations for defining hydraulic characteristics
based on MDI measurements were evaluated.

Keywords: Infiltration, field measurement, laboratory measurement, mini disc
infiltrometer, tension infiltrometer, double ring infiltrometer, permeameter,
hydraulic conductivity, spatial interpolation, infiltration equations
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Chapter 1

Introduction

1.1. General

Infiltration is the property of the soil that defines the entry of water into the
subsurface at the ground during precipitation or irrigation process. It is an important soil-
atmosphere boundary characteristic that significantly governs the hydrological cycle. The
knowledge of infiltration is mandatory for hydrological modelling of runoff, irrigation
management, watershed modelling, water balance studies in cover system and estimation
of plant available water in the root zone. At catchment level, infiltration is one of the
dominant parameters for determining flooding and drought conditions. The process of
infiltration is complex and governed by multiple factors such as the soil texture,
compaction state, gradation, plasticity characteristics, water retention characteristics,
vegetative cover and the presence of preferential pathways (Loaiciga and Huang, 2007,
Dagadu and Nimbalar, 2012 Assouline, 2013; Zhou, et al., 2015). These factors will
influence infiltration characterization using different methodologies in different soils and
climatic conditions.

There are different methodologies adopted for infiltration characterization such as
single ring infiltrometer and double ring infiltrometer under constant and falling positive
pressure head (or negligible head), disc infiltrometers under controlled negative head,
Philip’s dune infiltrometer (Munoz-Carpena, et al., 2002). The conventional and
established ring infiltrometers suffer the limitations of being heavy, less portable,
cumbersome and time consuming procedure and requires huge quantity of water. This
limits its use in performing extensive infiltration measurements with adequate repetitions
on catchment scale and on difficult grounds. Disc infiltrometers are recent developments
for measuring infiltration characteristics corresponding to near saturated conditions with
relative ease and are based on both transient and steady-state conditions. The advantage of
this instrument is its portability, less water requirement, non-destructive and non-intrusive
procedure causing minimal soil disturbance. It also permits extensive spatial-temporal
measurements in the field with adequate repetitions. It is obvious from the literature that
the measurement philosophy, working principle, mathematical formulations, and

representative soil volume is different for infiltrometers. There are conflicting
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observations on the measurement response of different infiltrometers reported in the
literature (Morbidelli, et al., 2017).

1.2. Motivation of the Research

A need for critical assessment of measurement variability associated with
infiltrometer measurements under different field conditions, soil type and mathematical
formulations has motivated this study. Not many studies exist in the literature that
understands the systemic influence of soil and infiltrometer related parameters on disc
infiltrometer measurements. While there is quite a few evaluation of infiltration
measurements reported in the literature (Nestingen, et al., 2018), not many studies exist
for the soil and field specific conditions of Indian subcontinent. There are no clear
appraisals or contrasting findings in the literature on the variability induced in hydraulic
characterization based on infiltrometer measurements (Verbist, et al., 2013). This would
create inconsistency when different infiltration measurement data sets are used as inputs
in the same project.

It is felt that a detailed evaluation of instruments like mini disc infiltrometer is
required for gaining confidence in infiltration measurements. Both short-term and long-
term measurements need to be evaluated under controlled laboratory conditions. This will
help to formulate a method for rapidly determining infiltration characteristics from short-
term measurements, which will give identical results of long-term measurements. The
influence of initial soil compaction state on infiltration need to be studied systematically.
There is a need to check the possibility of a correlation between soil specific parameters
and infiltration. The moisture and pressure head variation that happens in the subsurface
during infiltration is important to understand subsurface moisture dynamics of a particular
soil. Such an effort is also essential for verifying the numerical model used for defining
flow in variably saturated soil. It is also of interest to evaluate whether the infiltration
characteristics obtained using disc infiltrometer conforms to the prediction from
infiltration models reported in the literature.

To gain more confidence in portable and simple disc infiltrometer measurements,
it is important to compare the results of disc infiltrometer with conventional methods like
double ring infiltrometer in the field and ensure the repeatability of measurements. The
role of boundary tension head set in the disc infiltrometer on infiltration characteristics

need to be understood in detail. Based on the above understanding, the utility of disc
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infiltrometer for determining spatial and temporal variation of infiltration characteristics
in the field need to be demonstrated. Motivation to fulfil these research needs is the basis

of this research work, which has been organized as follows.

1.3.  Organization of the Thesis

The thesis is organized into the following chapters:

Chapter 1 introduces the topic of research, motivation and need of the research and
structure of the thesis.

Chapter 2 provides a review of literature relevant to the research area followed by critical
appraisal and gaps in the research. Based on this, the objective and scopes of
the research are listed.

Chapter 3 describes the study area, which is in the sub-basin of river Brahmaputra,
Assam, north-east India. The measurement methodologies for soil hydraulic
characteristics adopted in this study are discussed in this chapter.

Chapter 4 discusses the field studies pertained to the comparison of mini disc infiltrometer
measurements with conventional double ring infiltrometer, tension disc
infiltrometer for identical initial conditions and two different seasons. The
chapter also analyzes the hydraulic conductivity determined from
infiltrometers and Permeameters.

Chapter 5 demonstrates the utility of mini disc infiltrometer for determining seasonal and
spatial variability of infiltration characteristics in the study area.

Chapter 6 investigates the appropriateness of nine steady state and transient mathematical
equations for determining hydraulic conductivity based on mini disc
infiltrometer measurements. The influence of short-term and long-term
measurements on near saturated and saturated hydraulic conductivity based on
mini disc infiltrometer measurements is presented as last part of this chapter.

Chapter 7 presents the laboratory investigation for investigating the influence and
sensitivity of soil fraction, negative pressure head and initial compaction
condition on infiltration characteristics. This chapter also presents multi-linear
regression and ANN model for predicting hydraulic conductivity based on the

known initial conditions.
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Chapter 8 presents the controlled laboratory experiments with instrumented column and
numerical modelling using Hydrus software for studying flow beneath mini
disc infiltrometer.

Chapter 9 enlists the major conclusions from this research work, followed by major

contributions and future scope of the research.
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Chapter 2

Literature Review

2.1. General

Infiltration or the entry of water into the soil from the ground surface characterizes
the fractioning of rain/ irrigation water into runoff, soil storage and groundwater recharge
(Hillel, 1998; Corradini, et al., 2000; Mishra, et al., 2003; De Luca and Cepeda, 2016).
The quantification of infiltration is mandatory for watershed modelling and estimating
water and pollutant transport in the porous media (Jiang, et al., 2005; Chahinian, et al.,
2006; Bean, et al., 2007; Pitt, et al., 2008; Assouline, 2013; Brown and Borst, 2014; Zhou,
et al., 2015; Angulo-Jaramillo, et al., 2016; Alizadehtazi, et al., 2016; Lee, et al., 2016).
The plant available water in the root zone is decided by the quantity of water infiltration
(Hillel, 1998; van Dam and Feddes, 2000; Garg, et al., 2017). Accurate measurement of
infiltration is necessary for water balance modeling related to hydrological projects (Lee,
etal., 2016).

The infiltrated water moves downward under gravity and spread laterally under
sorptive or capillary force (Philip, 1957; Zhang, 1997; Webb, et al., 2003; Dagadu and
Nimbalar, 2012). Infiltration capacity is a mandatory input for various hydrological
projects such as irrigation management, nutrient leaching, artificial recharge of aquifers,
groundwater recharge, water and solute transport through soils, drainage and flood
modeling (Chow, et al., 1988; van Genuchten, et al., 1996; Revol, et al., 1997; Hillel, 1998;
Burian, et al., 1999; Mishra, et al., 2003; Lu and Likos, 2004; Chu and Marino, 2005; Lin
and Wei, 2006; Loaiciga and Huang, 2007). Determination of water infiltration is
necessary for the efficient design of drainage layer in landfill cover system (Yamsani, et
al., 2016; Merino-Martin, et al., 2017) and permeable pavement systems (Brown and
Borst, 2014).

In this chapter a detailed review of infiltration, determination of soil hydraulic
properties with conventional methods and disc infiltrometer, seasonal variability of
infiltration in different soil condition, laboratory and field studies on infiltration are carried

out.
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2.2,  Determination of Infiltration

The general hydrologic water budget in terms of infiltration is represented by Eqg.
2. 1.
F=B,+P-E-T-ET-S—-R-1,-B, 2. 1)

where F is the cumulative depth of infiltration; B, is the boundary input; P is the
precipitation; E is the evaporation; ET is the evapotranspiration.; S is the storage through
retention or detention area; R is the surface runoff; I is the initial abstraction and Bo is the
boundary output.

Different equations used for determining infiltration differ by their mathematical
representation and parameters involved. Infiltration models are used for calculating the
infiltration rate and different infiltration modeling approaches are described in the

following sections:
2.2.1. Theoretical Equations

The theoretical equations are based on the flow of water through unsaturated soil.
The Richards' equation (Richards, 1931; Chow, et al., 1988), which describes water flow
in variably saturated soil. This non-linear equation given by Eq. 2. 2 can be used for
determining the infiltration rate.

%ZE(D%JFKJ (2.2)

ot oz 0z
where 4 is the water content; D is the soil water diffusivity; z is the gravity head, and K is
the hydraulic conductivity.

The physical basis for infiltration process is provided by the Richards equation,
which is developed based on the Darcy's equation of flow in porous media and the mass

conservation principle. Darcy’s flux (q) is given by Eq. 2. 3.

g=—k (2.3)
0z

where h is the total head, and ¥ is the suction head.
The continuity equation is given by Eq. 2. 5

90,49 _, (2.5)

ot oz
Using Eq. 2. 3 and 2. 5, Richards’ equation is derived in the form given by Eq. 2. 2.

6
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2.2.1.1. Green-Ampt Equation

Green and Ampt have developed an infiltration equation in the year 1911, to get an
exact analytical solution based on Darcy's law (Chow, et al., 1988). This equation can be
used to calculate cumulative infiltration and rate of infiltration. The Green-Ampt equation
has two conditions based on the ponded depth i) when ponded depth is neglected (Eq. 2.
6) and (ii) when ponded depth is taken into account (Eqg. 2. 8).

F(t)= Kt+‘PA6In[1+ﬂ} (2.6)
1+WYAQ

R 7.V 2 7

f(t)= K(—F(t) +1J 2.7)

When ponded depth is considered (t>tp) the equation takes the form as follows:

(2.8)

F(t)K(“%H(‘I’—m)wm(yﬁ}

(w-h,)ao

where F(t) is the cumulative infiltration; K is the hydraulic conductivity; ¥ is the wetting
front soil suction head; 4 is the water content; f(t) is the infiltration rate; hy is the ponded
depth; t is the time at which the infiltration rate is calculated; to is the initial time at which

infiltration starts and t; is the time to ponding.
2.2.1.2. Philip’s Equation

Philip has solved the Richards equation under less restricted condition (Philip,
1957) using the Boltzmann transformation to convert the differential equation into an
ordinary equation. By solving the ordinary equation, the equation for cumulative
infiltration F(t) was obtained and further, differentiating this will give the equation for rate
of infiltration f(t). It was assumed that the hydraulic conductivity (K) and soil water
diffusivity (D) vary when moisture content changes. Philip’s equation for cumulative
infiltration is represented by Eq. 2. 9.

F(t) = St"? + Kt (2.9)

The infiltration rate equation is obtained by differentiating Eq. 2. 9 and is given by Eqg. 2.
10.

f(t)= %sr“2 +K (2. 10)

where S is the sorptivity and t is the time after the beginning of infiltration.

7
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2.2.2. Empirical Equations
2.2.2.1. Horton’s Equation

One of the earliest infiltration equations was developed by Horton in the year 1933
(Chow, et al., 1988), who observed that infiltration begins at some rate fo and exponentially

decreases until it reaches a constant rate fc.
ft)y="f,+(f,—f,)e™ (2. 11)

where f(t) is the infiltration at time t; fc is the constant infiltration rate, fo is the initial
infiltration rate at time t = 0 and Kk is the decay constant.

The main limitation of this equation is that Horton's equation assumes that the rate
of rainfall, R, is more than the infiltration rate throughout the rain.

2.2.2.2, Kostiakov Equation

It is an empirical equation which is less restrictive because it does not require the
assumptions regarding soil surface and soil profile conditions that the physically based
equations require. Kostiakov (1932)) proposed a simple empirical power equation based
on curve fitting from field data.

f=Kt™ (2.12)
where f is the infiltration rate; t is the time after infiltration starts, and K¢ and « are
constants, which depend on the type of soil and initial conditions.

The Kostiakov equation is widely used because of its simplicity, ease of
determining the two constants from measured infiltration data and reasonable fit to
infiltration data for many soils over short periods. The major flaws of this equation are that
it predicts infiltration capacity to be infinite at t equals zero and approaches zero for long
times, while actual infiltration rates approach a steady value (Chow, et al., 1988)

Mezencev (1948) proposed a modification to Kostiakov’s equation by adding a
constant to the equation that represents the final infiltration rate when the soil becomes
saturated after prolonged infiltration.

f=Kt?+f (2.13)

where f is the steady-state infiltration rate.
The Kostiakov and modified Kostiakov equations tend to be the preferred models
used for irrigation infiltration, probably because it is less restrictive to the mode of water

application than some other models.
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2.3. Review on Mathematical Equations for Infiltration Analysis

Infiltration is a complex phenomenon, depending on soil and rainfall properties and
initial and boundary conditions within the flow domain (Assouline, 2013). Vertical
infiltration in layered soils was studied by many researchers (Fok, 1970; Hachum and
Alfaro, 1980; Samani, et al., 1989), particularly using analytical and numerical methods
(Hanks and Bowers, 1962; Whisler and Clute, 1966; Srivastava and Yeh, 1991; Romano,
et al., 1998; Corradini, et al., 2000) and through experimental methods (Stauffer and
Dracos, 1986; Serrano, 1990). From these literatures, it can be inferred that the transient
procedure of infiltration is intricate because of the non-linearity of soil water
characteristics and several boundary and initial conditions. The hysteretic behavior of the
soil water interaction further increased the complexity. Efforts were made to comprehend
the physics of infiltration and to advance measurement procedures of infiltration in the
previous few decades.

Infiltration is effectively a two-phase flow system, where infiltrating water also
displaces pore air (Faybishenko, 1999; Hillel, 1998). This displacement occurs readily,
and therefore infiltration only needs to be studied purely in terms of the water phase
dynamics. However, studies have shown that the air phase can have a significant influence
on infiltration, either as entrapped air ahead of the wetting front, or as encapsulated air
bubbles in the transmission zone (Constantz, et al., 1988; Faybishenko, 1999; Wang, et
al., 2009).

Soil hydraulic characteristics were initially presented by Darcy in the year of 1856
for saturated soils and extended to unsaturated soils (Buckingham, 1907; Richards, 1931),
where the solution necessities the information of the soil hydrological properties which
can be attained from the curves of water retention and hydraulic conductivity. Philip
(1969) provided the definition of sorptivity (S) as the proportionality constant between
cumulative intakes into the unsaturated soil and the square root of time for one-
dimensional sorption in the absence of gravity. Philip's two-term infiltration equation was
used to determine soil sorptivity and soil hydraulic conductivity using cumulative
infiltration data from the double ring and tension infiltrometers. In this state, the sorptivity
(S) and the hydraulic conductivity (K) for different land slopes and water pressure heads
were calculated by fitting Philip's equation to cumulative infiltration data. It was noted that

the hydraulic conductivity (K) and sorptivity coefficient (S) were reduced with an increase
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in tension (Raoof, et al., 2009). The sorptivity coefficient was increased and the hydraulic
conductivity was decreased with the increase in slope gradient.

Warrick (1992) explored the relationship of sorptivity and microscopic capillary
length. The results were significant for parameter estimation including applications related
to the time of ponding and disc infiltrometers. Zhang (1997) used a two-term infiltration
equation to determine soil sorptivity and hydraulic conductivity from cumulative
infiltration data from the disc infiltrometer. Sorptivity and hydraulic conductivity were
estimated for various soils along with different radii and tensions of the disc infiltrometer
and initial infiltration conditions.

Several instruments were developed for the determination of the sorptivity and
hydraulic conductivity of the soil based on infiltration such as, single or double ring
infiltrometers under constant head (Bouwer, 1986; Wu, et al., 1997; Bodhinayake, et al.,
2004; Fatehnia, et al., 2016), disc infiltrometers under controlled suction head (Warrick,
1992; Angulo-Jaramillo, et al. 2000; Vandervaere, et al., 2000), and falling head ring
infiltrometers (Elrick, et al., 1995; Angulo-Jaramillo, et al., 2003). The flow rate into the
soil from a single ring infiltrometer is a combination of both vertical and horizontal flow
(Tricker, 1978). Reynolds and Elrick (1990) considered the infiltration process of a single
ring as a three-dimensional (3D) problem. Marshall and Stirk (1950) showed that
infiltration rates measured using single ring infiltrometers decreased as the ring diameter
increased. Touma, et al. (2007) examined the estimation of sorptivity and saturated
hydraulic conductivity form single ring infiltration data in the case of a small ring
diameter, driven 0.4-0.5 cm into the soil to prevent lateral loss of water and under
negligible positive water head. To do this, vertical one-dimensional (1D) and single ring
cumulative infiltration data were generated numerically for soils with known hydrologic
properties. Their analysis was based on an equation given by Haverkamp, et al. (1994)
between the cumulative infiltration from a circular 3D source and that corresponding to
1D flow. Using several 1D physically based infiltration functions and a least square
nonlinear optimization technique (Marquardt, 1963), it was concluded that single ring
infiltration tests are suitable for the determination of sorptivity and saturated hydraulic
conductivity, and are reliable for hydrological modeling purposes.

Double ring infiltrometers are widely used for in situ determination of soil
hydraulic conductivity (Bouwer, 1986; Dirk, et al., 1999). A buffer ring was used to

minimize the lateral movement from the inner ring on which the measurements were made
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to obtain the 1D vertical infiltration capacity. Burgy and Luthin (1956) reported that there
is no significant difference in the results of infiltration measured by single ring
infiltrometers of 15 cm diameter and double ring infiltrometers with 15 cm inner ring and
30 cm outer ring diameter. Swartzendruber and Olson (1961a, b) conducted a series of
double ring infiltration experiments with different sizes of outer rings to determine the
buffer effect for sandy soil. It was found that the buffering brings the actual infiltration
velocity close to 1D infiltration rate and the measurement error because of lateral flow
becomes negligible as the diameter of the outer ring increases to 1.2 m. Ahuja (1976)
reported that from an inner ring of 30 cm diameter, the lateral flow was practically
eliminated when a buffering ring of 90 cm diameter was employed. Wu, et al. (1997),
based on numerical data, showed that when the outer ring diameter was increased to 1.2
m, the measured infiltration rates were 20-33% greater than the 1D infiltration rates for
three test soils. It becomes clear that the effectiveness of double ring apparatus cannot be
judged accurately. There is no scientific consensus about the appropriate ring sizes for
inner and outer ring diameter for measuring 1D vertical infiltration using double ring
infiltrometers.

The basic concept is that cumulative infiltration data, from both inner and outer
ring, can be transformed to a linearized equation for 1D infiltration (Valiantzas, 2010) to
estimate the time required for the wetting front to reach the bottom of the cylinders.
Subsequently, sorptivity and saturated hydraulic conductivity can be estimated by fitting
the aforementioned 1D linearized equation on the double ring cumulative infiltration data
(Pollalis and Valiantzas, 2014). From the numerical results, it was found that the proposed
method provides parameter estimates for S and Ks of acceptable accuracy for the four
selected soils that cover a range of soil spectrum.

One-dimensional water flow in a saturated-unsaturated soil can be measured in the
field by a variety of methods. Richards, et al. (1956) presented one of the most common
field methods, the unsteady drainage flux method or the instantaneous profile method to
determine unsaturated hydraulic conductivity. Similarly, Hillel and Gardner (1970)
provided another field method to determine unsaturated hydraulic conductivity which is
known as the steady flux method. Transient laboratory methods like outflow or
evaporation experiments show little sensitivity to the hydraulic conductivity at near
saturated conditions. Wooding (1968) derived a steady state approximation approach

11
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which is the base for most of the methods to estimate hydraulic conductivity using
infiltration data with the disc infiltrometer.

The disc infiltrometer is becoming a widely used device for determining soil
hydraulic properties in the field. There are several numerical studies which simulate the
cumulative infiltration versus time response from a disc infiltrometer, wherein, the initial
condition of the soil is important. Tension disc infiltrometer experiments are generally
conducted until an apparent steady state is reached because most of the methods of analysis
are based on Wooding's solution for steady state flux (Wooding, 1968). However, the time
necessary to reach a steady state may be a penalizing aspect for soils with low permeability
and the information contained in the transient stages can be lost. Moreover, steady state
methods assume homogeneous soil and uniform initial water content which may be
unrealistic when the volume of the soil sample is large. Zhang (1997) determined the
unsaturated hydraulic conductivity using the disc infiltrometer by considering soil
retention function. In the past decades, various numerical schemes such as, finite
difference method (Hornung and Messing, 1981), finite element method (Zienkiewicz and
Pareck, 1970; Neuman, 1973; Simunek, et al., 1998) and boundary element methods
(Brebbia and Walker, 1980) were formulated to solve the Richard’s equation.

Several analytical solutions were proposed by researchers (Cho, 1971; Wagenet et
al., 1976; van Genuchten, 1980) and unfortunately, analytical solutions for more complex
situations like transient water flow are either not available or cannot be derived. In such
cases, numerical methods must be employed. Springer and Cundy (1987) described, how
to envisage soil hydraulic properties from physical properties like texture for
parameterizing physically based models of surface runoff. The overland flow simulations
using texture based parameters were significantly different than those from the field based
parameters.

Smith (1972) presented a model which is used to study the self-governing influence
of soil type, initial soil moisture content, rainfall rate, and rainfall pattern. In this study, a
dimensionless formula was formulated to describe the infiltration decay curves for all
types of soils, initial conditions, and rainfall rates. Reynolds and Elrick (1991) simulated
water movement in unsaturated soils. Hydraulic functions, the soil retention function and
the unsaturated hydraulic conductivity function are essential for such simulation. The soil
retention function is comparatively easier to measure than the unsaturated hydraulic

conductivity function. Beven and Binley (1992) proposed a generalized likelihood
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uncertainty estimation (GLUE) procedure which is an inverse modeling method permitting
information to be pooled to determine probability distributions of parameters and
predicting the models. Kumar, et al. (2010) discussed the GLUE procedure which is used
for the calibration of hydrological models.

Haverkamp, et al. (1996) proposed a method that permits synchronized
characterization of both the soil hydraulic properties, #(@) and K(#), distinct from the
preceding infiltration-based methods. Lassabatére, et al. (2006) enhanced the procedure to
streamline soil hydraulic characterization, which was termed as the Beerkan Estimation of
Soil Transfer parameters (BEST). This method deliberates analytic methods for hydraulic
characteristic curves and determines their texture dependent shape parameters from the
particle-size study by pedo-transfer functions. Structure reliant scale parameters were
determined with zero pressure head by 3D field infiltration measurements from the
transient infiltration formulation by Haverkamp, et al. (1994). Mubarak, et al. (2009b) used
the BEST technique to describe the temporal variability of soil hydraulic characteristics
under different conditions. Yilmaz, et al. (2010) stated that the BEST procedure (BEST —
slope) may lead to inaccurate values of saturated soil hydraulic conductivity particularly
when the steady-state infiltration rate cannot be attained. A revised BEST procedure
(BEST-intercept) was proposed to evade negative saturated soil hydraulic conductivity
values. Xu, et al. (2012) have shown that the BEST technique and its modified method led
to poor presentation while fitting a cumulative infiltration curve and caused low value for
sand or wet soils. Bagarello, et al. (2014) suggested a third alternate algorithm (BEST-
steady) incorporating the use of the steady-state part of the infiltration. The predictable
benefit of BEST-steady method is that the difficulties related to the practice of the transient
infiltration data are evaded. Di Prima, et al. (2018) conducted laboratory testing of Beerkan
infiltration measurements for evaluating the role of soil sealing on the infiltration of water.
Lassabatere, et al. (2019) studied the spatial inconsistency of infiltration and soil hydraulic
properties at the field scale. Alagna, et al. (2019) used Beerkan measurements to determine
soil hydraulic properties of a crusted loamy soil in a Mediterranean vineyard.

2.4, Comparative Assessment of Infiltration Measurements

Conventionally, infiltration is measured using a single or double ring infiltrometers
under constant and falling head (ASTM D 3385). Other instruments used for estimating

infiltration characteristics are disc infiltrometers under controlled negative head (Warrick,
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1992; Angulo-Jaramillo, et al., 2000; Vandervaere, et al., 2000a, b), falling head ring
infiltrometers (Elrick, et al., 1995; Angulo-Jaramillo, et al., 2003; Angulo-Jaramillo, et al.,
2016), Philip’s dune infiltrometer (Munoz-Carpena, et al., 2002) and lysimeters (Qashu,
1969). The conventional and established single ring and double ring infiltrometers (ASTM
D3385) are heavy, less portable, follows cumbersome and time consuming procedure and
requires a huge quantity of water. This limits its use in performing extensive infiltration
measurements with adequate repetitions on a catchment scale and difficult grounds
(McKenzie, et al., 2002). Disc infiltrometers are a recent development for measuring
infiltration characteristics corresponding to near saturation conditions with relative ease
(Moret Fernandez, et al., 2009; Latorre, et al., 2013; Latorre, et al., 2015). The dominant
mechanism governing flow is one dimensional in double ring infiltrometer and three-
dimensional unsaturated wetting front migration under disc infiltrometer (Latorre, et al.,
2013). The measurement philosophy, working principle, mathematical formulations,
boundary conditions, and representative soil volume is different for double ring
infiltrometer and disc infiltrometers (Haverkamp, et al., 1994; Reynolds, et al., 2002;
McKenzie, et al., 2002; David and César, 2009).

In this context, a miniature version of disc infiltrometer, mini disc infiltrometer
(MDI), has gained popularity due to its relative ease, high portability, non-invasive and
non-intrusive procedure for measuring near surface and near saturated hydraulic
conductivity (Dohnal, et al., 2010). Mini disc infiltrometer (MDI) is a handy and easily
portable instrument, which is used for quantifying the infiltration based on transient flow
of water from disc placed on the soil surface (Loaiciga and Huang, 2007; David and César,
2009; Moret Fernandez, et al., 2009; Dagadu and Nimbalar, 2012; Latorre, et al., 2013;
Latorre, et al., 2015). The three dimensional flow from the disc to the surrounding

unsaturated soil can be used for the determination of near saturated hydraulic conductivity

K., corresponding to a negative pressure head ho (Latorre, etal., 2013; Angulo-Jaramillo,

et al., 2016). This allows extensive spatio-temporal measurements using MDI in the field
with adequate repetitions (David and César, 2009; Latorre, et al., 2015).

Past studies have determined the hydraulic conductivity of vegetated soils and
different plant covers using MDI (Homolék, et al., 2009; Gadi, et al., 2017). Researchers
have proposed short term transient methods and long term steady state methods for
analyzing disc infiltrometer data (Ankeny, et al., 1991; Logsdon and Jaynes, 1993,
Jacques, et al., 2002; Angulo-Jaramillo, et al., 2000, 2016). These methods adopt different
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assumptions, mathematical formulations and boundary conditions for estimating hydraulic
characteristics (David and César, 2009; Haverkamp, et al., 1994; Reynolds, et al., 2002).
This may lead to the variability in the determination of surface hydraulic conductivity
using MDI (Verbist, et al., 2013). There are comparisons of different infiltrometer results
and insightful discussions on the theoretical formulations used for MDI (Angulo-
Jaramillo, et al., 2016). Ronayne, et al. (2012) have compared Guelph permeameters with
disc infiltrometers and ring infiltrometers. The variabilities in the hydraulic conductivity
depending on the measurement techniques are appraised in the literature (Verbist, et al.,
2013). Researchers have carried out studies to evaluate different physically based, semi-
empirical and empirical infiltration equations in different types of soil (Hsu, et al., 2002;
Mishra, et al., 2003; Chahinian, et al., 2006; Sihag, et al., 2017). However, there is no
conclusive recommendation on the appropriateness of any particular measurement
methodology. This is mainly due to the lack of reference true value for hydraulic
conductivity in the field (Morbidelli, et al., 2017).

Infiltrometers measure hydraulic properties of soil based on the cumulative water
entry at the soil-atmosphere boundary whereas permeameters is based on the flow of water
within the soil mass (Verbist, et al., 2010). There are several established field
permeameters, which determines hydraulic conductivity based on the permeation of water
that occurs through the soil (ASTM D 5856). Many in-situ methods were developed for
determining the saturated hydraulic conductivity which includes, the auger-hole,
piezometer methods, and well-pumping tests. From the literature (Morbidelli, et al., 2017),
it can be noted that the hydraulic conductivity determined using Guelph permeameter
(GP), double ring infiltrometer (DRI) and tension infiltrometer (T1) at field and laboratory
scale, DRI grossly overestimated saturated hydraulic conductivity. It was observed that
GP overestimated at laboratory scale and underestimated at the field scale, while T results
presented significant error ranging from 24 % to 66 % and the error in the MDI
measurements were high as compared to the DRI (Nestingen, et al., 2018).

The purpose of infiltrometers and permeameters is to establish hydraulic
characteristics in terms of hydraulic conductivity, sorptivity and matric flow potential
(Reynolds, et al., 2002; David and César, 2009; Angulo-Jaramillo, et al., 2016). Even
though the objective is the same, the philosophy of measurement is different for
infiltrometers and permeameters. For infiltrometer, hydraulic characteristics are

determined indirectly based on the entry of water into relatively dry soil. The cumulative
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infiltration versus time response is analyzed by a steady state or transient method for
determining hydraulic conductivity. For disc infiltrometer, this is termed as near saturated
hydraulic conductivity (Angulo-Jaramillo, et al.,, 2016). On the contrary, for
permeameters, the hydraulic conductivity is determined directly based on the flow within
the soil mass following Darcy's law. It is noted that the initial and boundary conditions,
working principle and mathematical formulations are different for infiltrometers and
permeameters (Haverkamp, et al., 1994; Reynolds, et al., 2002; Luna-Saez, et al., 2005;
David and César, 2009). They also exhibit a difference in terms of flow path
dimensionality (1D, 2D or 3D), assumptions, short term or long term observations,
theoretical formulations and zone of influence of measurements (Latorre, et al., 2013;

Angulo-Jaramillo, et al., 2016).

2.5.  Critical Appraisal of the Reviewed Literature

There are conflicting observations on the measurement response of different
infiltrometers reported in the literature (Haverkamp, et al., 1994; Reynolds, et al., 2002;
McKenzie, et al., 2002; David and César, 2009, Fodor, et al., 2011). There is still a need
for critical evaluation of measurement variability among the infiltrometers for various field
conditions. While there are quite a few evaluations of infiltration measurements reported
in the literature (Vanderlinden, et al., 1998), none exists for the soil specific and field
specific conditions in the Indian subcontinent. There are no clear appraisals, or contrasting
findings in the literature on the extent of variability between saturated hydraulic
conductivity obtained from DRI and near saturated hydraulic conductivity obtained from
disc infiltrometers. This would help to appraise the magnitude of hydraulic characteristics
when diverse infiltration data sets are used as inputs in different projects. Similarly, there
are not many studies that critically evaluate the appropriateness of different mathematical
equations for determining hydraulic conductivity based on disc infiltrometer
measurements under identical field conditions and different seasons.

It is noted that the comparative studies among infiltrometers and permeameters are
not conclusive in the literature and recommend further studies to understand the intra and
inter variability of hydraulic conductivity. There are not many studies that critically
evaluate the difference in hydraulic conductivity determined from infiltrometers and
permeameters. For using these instruments for field measurements, it is mandatory to

appraise the variability induced by these measurement procedures. It is noted that the
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studied on field measurements evaluating the influence of procedural differences on
hydraulic conductivity is sparse in the literature (Morbidelli, et al., 2017). The lack of
quantifications of the association between hydraulic conductivity and soil compaction
state and the soil type is due to cumbersome, arduous infiltration measurement techniques
along with difficult to reach controlled field compaction conditions (Pitt, et al., 2008;
Serrano, 1990). The quantification of the relationship between infiltration characteristics
of a catchment and initial conditions and soil type is missing in the literature. There is a
need for critical evaluation of the variability in infiltration measurements to explore the
quantitative relationship and sensitivity of soil types and initial compaction state on soil
hydraulic characteristics.

The relatively new mini disc infiltrometer (MDI) needs to be critically analyzed
for throwing more insights on the appropriateness of different methodologies and
mathematical analysis reported in the literature (Ankeny, et al., 1991; Haverkamp, et al.,
1994; David and César, 2009; Angulo-Jaramillo, et al., 2016). More efforts are needed to
add clarity to the MDI measurement methodology for determining infiltration
characteristics of the catchment. This is mainly due to the handy experimental procedure
and ease of using MDI in the field. Systematic laboratory studies with different soil types
need to be carried out to quantify the influence of soil fraction, initial water content and
dry density on infiltration, which is otherwise difficult to capture from conventional double
ring infiltrometer and field measurements. The utility of disc infiltrometer for determining
temporal and spatial variability of infiltration characteristics in the field need to be
demonstrated. No studies are reported that explore the flow process that happens beneath
the disc infiltrometer through carefully planned laboratory experiments and numerical

simulation.

2.6. Objective and Scopes of the Research Work

The objective of the research is to evaluate the disc infiltrometer methodology and
the associated mathematical equations for determining the near surface hydraulic
conductivity from the infiltration characteristics of the soil. Following are the scopes of
the work to meet this objective:

1. Field investigation of infiltration characteristics for a study area located in the sub-
catchment of river Brahmaputra, north-east India.
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i.  Comparison of infiltration characteristics for the study area using conventional
infiltrometers and permeameters with identical initial conditions for two different
seasons.

ii.  Studying the spatial and temporal variation of infiltration characteristics in the
field measured using MDI.

2. Investigation on time dependent infiltration measurements and equations for
determining hydraulic conductivity.

i. Evaluation of steady and transient state mathematical equations for analysing
MDI measurements in the field.

ii. Study the influence of transient and steady state (short and long term) MDI
measurements on near saturated and saturated hydraulic conductivity
determination.

3. Laboratory investigation of infiltration characteristics for different soil types.

i. Systematic laboratory studies with different soil types to quantify the influence
of soil type, initial water content and dry density (initial compaction state) on
infiltration.

ii. Investigation of flow beneath MDI by performing controlled experiments and

numerical simulation.
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Chapter 3

Methodology and Study Area

3.1. General

In this chapter, the measurement methodologies for soil hydraulic characteristics
and the detailed description of the study area where the infiltration experiments are carried

out are discussed.

3.2. Measurement Methodology

There are several well-established infiltrometers and permeameters for measuring
in-situ hydraulic conductivity. Infiltrometers measure hydraulic conductivity based on
water entry into an unsaturated soil at soil-atmosphere boundary where as permeameters
measure flow of water from one point to the other within the soil mass. This difference in
measurement philosophy along with the methods of analysis involved in the measurement
may result in varying estimates of in-situ hydraulic conductivity. In this study, infiltration
characteristics were measured in the field using conventional Double Ring Infiltrometer
(DRI), two disc infiltrometers (Mini Disc Infiltrometer, MDI and Tension Infiltrometer,
TI) and Guelph Permeameter (GP) and in the laboratory, the constant head permeameter
(CHP) is used for determining the saturated hydraulic conductivity of soils. The following
sections discuss the theoretical background and working principle of different
measurement methodologies adopted in this study.

3.2.1. Double Ring Infiltrometer (DRI)

The double ring infiltrometer consists of an inner and outer ring, which need to be
inserted into the ground using a 3.6 kg hammer (ASTM D 3385). The diameter of the outer
ring is 60 cm, and that of the inner ring is 30 cm with an annular space of 30 cm as shown
in Fig. 3. 1. The weight of the DRI is 22.7 kg which makes it inconvenient for extensive
use in the field. Each ring is supplied with a constant ponding depth of 5 cm. The
infiltration rate is determined by the quantity of water that infiltrates into the soil per unit
area per unit time. The volume of water added to the inner ring to maintain constant head
is the measure of the volume of water that infiltrated into the soil. The volume of water
infiltrated into the soil is converted to an incremental infiltration rate and plotted as a
function of time.
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Fig. 3. 1 Schematic representation of double ring infiltrometer

Theoretically, a steady state infiltration rate is achieved once the soil becomes
saturated. The time required to achieve steady state generally increases with fine soil
texture (Angulo-Jaramillo, et al., 2016). The measurements were conducted for 1 hour
within which the soil at all the stations attained a steady state infiltration rate. The field
saturated hydraulic conductivity (Ks) can be estimated when water flow rate in the inner
ring approaches a quasi-steady state (Angulo-Jaramillo, et al., 2016). The detailed
procedure for measuring DRI is outlined in the literature (ASTM D 3385).

The flow of water from the inner cylinder of DRI is one-dimensional. At steady
state condition, the flow of water from the infiltrometer is essentially under gravity force.
Hence, the steady state infiltration rate can be approximated as the saturated hydraulic
conductivity, Ks (Angulo-Jaramillo, et al., 2016; Reynolds, et al., 2002). The limitation of
DRI is that the hammering or jacking of heavy rings into the ground can result in the
destruction of soil structure causing the infiltration rate to be underestimated or
overestimated and thus deviating from the true value of the saturated hydraulic
conductivity (Angulo-Jaramillo, et al., 2016; McKenzie, et al., 2002). A cohesionless soil
can undergo densification due to insertion, and a compacted soil can get destabilized

affecting the preferential flow at the boundary.
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3.2.2. Tension Infiltrometer (TI)

The tension infiltrometer (T1) is a disc infiltrometer in which the head causing flow
at the disc (soil surface) can be adjusted between 0 mm to -200 mm (Tension Infiltrometer,
2825K1). Unlike DRI, the main advantage of Tl is that the disc need not be inserted into
the ground for the measurement of infiltration. This would avoid disturbance to the soil
structure in which infiltration studies are conducted. It consists of a water reservoir through
which the water infiltrates and a constant head Marriot bubbler tube to control the negative
head at which water flows out of the disc as shown in Fig 3. 2. Due to the tension applied
on the disc, water infiltrates into the underlying soil at a slower rate than ponded water
head on the soil surface (as in DRI). Tl measures the volume of water entering into the soil

per unit time through the porous disc.

] Air inlet
Flow measuring l
reservoir >

Constant head
tube

Air exit\

g ©0 00 00 00 00 O
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|
~T

4

Supply Metal ring
membrane

Fig. 3. 2 Schematic diagram of the tension infiltrometer

The methodology for determining K(h,) from the tension infiltrometer is based on

the mathematical formulation for unconfined infiltration from a shallow pond proposed by
(Wooding, 1968) and as given by Eq. 3. 1. The equation represents the steady state flow

rate as a function of hydraulic conductivity given by Eq. 3. 1.
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Q, =71°K, {1+ 4 } (6.1

Tra,
where Q, is the flow rate (mm3/h), K\, is the hydraulic conductivity (mm/h) for the
tension hjapplied on the disc, and «, is Gardner's parameter which represents the
sorptivity number of the soil (McKenzie, et al., 2002). If ¢, for a given soil is known, then
Ky, can be determined for the measured Q, in the field using Eq. 3. 1.

Gardner proposed a relationship between the unsaturated hydraulic conductivity
Ky, and soil matric potential ho (Gardner, 1958) given by Eq. 3. 2.

K, =K e 3.2)
where K. is the saturated hydraulic conductivity.

Alternately, if «, is unknown, as was the case for this study, a two hydraulic head
was used to estimate K (Ankeny, etal., 1991; Angulo-Jaramillo, et al., 2016; McKenzie,
etal., 2002). In this method, Q, is determined corresponding to two tension heads h, and
h, , simultaneously as in Eqg. 3. 3 and 3. 4, which can be further used to develop Eq. 3. 5

for determining ¢, .

Q, = 7K, e 1+ — (3.3)
| 7rg
Q, =7r’K.e™ |1+ 4 (3.4)
: | 7re
o =N INQy (3.5)
(hz'hl)

For consistency, h, and h, are taken as zero and 6 cm, respectively, for all the

locations in this study with Q, measured before Q, in order to maintain the wetting
sequence. With ¢, determined as stated above, it is possible to calculate K, or K, from
Egs. 3.1 and 3.3 or 3.4 respectively. It may be noted that the determination of K, or K|
using Tl is dependent on ¢, , which is not readily known for the soils. Therefore, any error

in o, would influence the accuracy of hydraulic conductivity determined using TI.
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3.2.3. Mini Disc Infiltrometer (MDI)

Mini disc infiltrometer (MDI) is a handy and easily portable instrument, which is
used for quantifying the infiltration based on transient flow of water from disc placed on
the soil surface (Loaiciga and Huang, 2007; David and César, 2009; Moret Fernandez, et
al., 2009; Dagadu and Nimbalar, 2012; Latorre, et al., 2013 and Latorre, et al., 2015). The
three-dimensional flow from the disc to the surrounding unsaturated soil can be used for

the determination of near saturated hydraulic conductivity (K, ) corresponding to a

negative pressure head (ho) (Latorre, et al., 2013; Angulo-Jaramillo, et al., 2016). The
MDI can be used to perform extensive point measurements with adequate repetitions in a
given catchment due to its portability and less water requirement.

MDI (Meter Group, 2018) is a miniature form of tension infiltrometer and ideal for
field measurement due to its compact size and a limited quantity of water requirement.
The total length of MDI is 32.7 cm, with an adjustable suction range of 0.5 cmto 7 cm. It
has two chambers, which are filled with water. The upper chamber (bubbling chamber)
controls the suction applied at the disc. In this study, the measurement was performed with
0.5, 2, 4 and 6 cm tension heads. Water for infiltration is stored in the lower chamber.
There is a sintered, porous, stainless steel disc at the bottom of the lower chamber through
which water infiltrates, having a thickness of 0.3 cm and a diameter of 4.5 cm as shown in
Fig 3. 3. MDI has low capacity water reservoir made of small diameter tube which allows
accurate measurements of water levels. This necessitates short term measurements and
transient state approach for analyzing infiltration data as discussed below. For long term
measurements, water reservoir needs to be filled intermittently resulting in discontinuities
in infiltration measurements.

The volume of water that infiltrates into the soil corresponding to different time
intervals are observed, and a graph was plotted between the square root of time on the x-
axis and cumulative infiltration on the y-axis. A polynomial as given by Eqg. 3. 6 is fitted
to the data points (Zhang, 1997a),

I :Clx/t_+C2t (3. 6)
where, C,, and C, are the parameters related to the soil sorptivity and the hydraulic

conductivity; | is the cumulative infiltration and t is the time.
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Fig. 3. 3 Schematic diagram of the mini disc infiltrometer

Near Saturated hydraulic conductivity of the soil, K, is computed using Eg. 3. 7 (Zhang,

1997a),

K, =Sz (3.7)

A

where, C, is the slope of the curve of the cumulative infiltration vs. square root of time,
and Az is the parameter given by Eq. 3. 8 (Zhang, 1997a),

The volume of water that infiltrates into the soil corresponding to different time
intervals are observed, and a graph was plotted between the square root of time on the x-
axis and cumulative infiltration on the y-axis. A polynomial as given by Eqg. 3. 6 is fitted

to the data points (Zhang, 1997a),
| = Clx/t_+C2t (3.8)
where, C,, and C, are the parameters related to the soil sorptivity and the hydraulic

conductivity; | is the cumulative infiltration and t is the time.

Near Saturated hydraulic conductivity of the soil, K, is computed using Eg. 3. 7 (Zhang,

1997a),
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K, =Sz (3.9)
TA

where, C, is the slope of the curve of the cumulative infiltration vs. square root of time,
and A: is the parameter given by Eq. 3. 8 (Zhang, 1997a),
11.65(n°* —1)exp[ 2.92(n—0.19) rh, | n>1.9 3. 10)

)0.91

(ar,

~11.65(n* ~1)exp[ 7.5(n—-0.19) ah, | n<19

(aro )0.91 !

n and « are the van Genuchten parameters for the soil (van Genuchten, 1980; Carsel and
Parrish, 1988; Zhang, 1997a; Dohnal, et al., 2010), ho (<0) is the pressure head applied on

the infiltrometer disc, r, is the radius of the disc. From the formulation, it is clear that the

appropriateness of infiltration characteristics determined using MDI would depend upon

the representative van Genuchten parameters of the soil.
3.2.4. Guelph Permeameter (GP)

The Guelph permeameter (GP), which is depicted in Fig. 3. 4, is a bore hole
constant head permeameter for measuring field saturated hydraulic conductivity at a depth
below the ground surface (15 cm to 75 cm) (Reynolds and Elrick, 1985; Morbidelli, et al.,
2017; Salverda and Dane, 1993; Hayashi and Quinton, 2004).

For better comparison with MDI, GP measurements were conducted at a depth of
approximately 15 cm. A constant ponding depth of water varying from 5 cm and 10 cm
was maintained in the bore hole using Marriott principle. Under constant head, there is a
steady-state three dimensional flow of water into the adjacent unsaturated soil. This results
in the formation of saturated soil bulb around the ponding depth depending on the type of
soil, the radius and head of water in the well. Once the unique bulb is established, the
outflow of water from the well reaches a steady-state, which can be measured. The rate of

steady state outflow of water was used to determine the field saturated hydraulic

conductivity K, as given by Eq. 3. 9, which is based on single head method.
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Fig. 3. 4 Schematic representation of guelph permeameter

The details of working methodology and mathematical formulations for GP for the

determination of K are well established in the literature (Morbidelli, et al., 2017; Elrick
and Reynolds, 1992; Reynolds et al., 1985).

K - CQ (3.11)

27H/? +7a’C+ 27[( :}j

where, H, is the ponding depth, Q,is the steady state outflow from the GP, a is the auger

hole radius equal to 3 cm, & is the capillary length factor and C is the shape factor. The

values of a” and C were estimated based on the soil type (Elrick, et al., 1989).
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3.2.5. Constant Head Permeameter (CHP)

The constant head permeameter (CHP) is a well-established method for
determining the saturated hydraulic conductivity of soils in the laboratory (ASTM D
5856). The procedure is the direct application of Darcy's law to a one-dimensional, steady
flow of water through a saturated column of soil. Undisturbed soil cores could not be
extracted from the field due to the presence of significant amount of sand. Therefore,
remolded soil was packed in the permeameter to the same initial density and water content
prevalent in the field. According to Darcy's law, the volume of water flowing through the
cylindrical soil sample in a given time was used to determine saturated hydraulic
conductivity (ASTM D 5856). Silicon grease was applied at the boundary of the CHP to
avoid any preferential flow.

3.3. Description of the Study Area
The study area is in the sub basin of river Brahmaputra, Assam, North-east India,
with its geographic location between 26°11'3.434"N and 26°11'55.122"N Latitude and

91941'14.324"E and 91°42'10.578"E Longitude. The elevation of the stations vary from
49 m to 97 m above mean sea level. To take into account the spatial variability of
infiltration characteristics, the infiltration measurements were performed at 14 locations
(designated as S1 to S14) in the study area. The study area details are depicted in Fig 3. 5.
The soil surface was bare with no influence of vegetation on the measurements and free
from intentional anthropogenic activities.

The near surface soils were characterized for specific gravity, grain-size
distribution, field density, and initial moisture content according to the procedure stated in
the specific code of practice (ASTM D 854; ASTM D 7928; ASTM D 6938; ASTM D
698; ASTM D 2216; ASTM D2487; IS: 2720). The grain-size distribution was used to
classify the soils, was determined based on the Unified Soil Classification System (ASTM
D 2487). Different soil parameters of the study area are listed in Table 3. 1. It can be noted
from Table 3. 1 that there are four types of soils viz., loamy sand, loam, sand and silt in

the study area with varying field density.
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Table 3. 1 Details of soils at different stations of the study area

Station | Particle size fraction Soil | USCS | Field | Specific van
No. (%) Type * Dry Gravity | Genuchten
Density (Gs) parameters
G* | S* | Si* | C* (g/cc) a n
S1 23 | 53 | 17 7 Sand SM 1.74 2.580 | 0.145 | 2.68
S2 4 | 56 | 34 6 |Loamy | SM 1.40 2.525 | 0.124 | 2.28
sand
S3 2 | 82 | 16 0 Sand SM 1.76 2.410 | 0.145 | 2.68
S4 1| 87 | 12 0 Sand SM 2.02 2.410 | 0.145 | 2.68
S5 13 | 64 | 15 8 Sand SM 1.85 2.535 | 0.145 | 2.68
S6 2 | 45 | 40 | 13 | Loam | MH 1.57 2.560 | 0.036 | 1.56
S7 2 40 | 55 3 Silt MH 1.42 2.545 0.016 | 1.37
S8 3 | 42 | 53 2 Silt MH 1.49 2.495 | 0.016 | 1.37
S9 2 | 52 | 45 1 Loam | SM 1.59 2.495 | 0.036 | 1.56
S10 3 |59 | 38 0 Loam | SM 1.71 2.510 | 0.036 | 1.56
S11 3 | 56 | 38 3 Loam | SM 1.58 2.470 | 0.036 | 1.56
S12 3 | 48 | 39 | 10 | Loam | SM 1.68 2.505 | 0.036 | 1.56
S13 1 | 53 | 46 0 Loam | SM 1.67 2.580 | 0.036 | 1.56
S14 1| 67 | 25 7 | Loamy | SM 1.88 2.560 | 0.124 | 2.28
sand

*G-Gravel, S sand, Si-silt, C-clay, USCS-Unified Soil Classification System (ASTM D
2487) (SM- silty sand; MH- silt of high plasticity, elastic silt)
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For understanding the seasonal variability of hydraulic conductivity, the hydraulic
conductivity (Ks) has determined from September 2011 to August 2015 in all the 14
stations of the study area. For specific analysis, the experiments were conducted for long
time for June 2014, December 2014 and June 2015, which represents wettest and driest
month, respectively for the study area. The stations were selected such that the depth of
top soil layer at all the locations was more than 1 m avoiding the soil layer effects on

infiltration measurements and maintaining homogeneity.

3.4. Details of the Infiltration Measurements

For a particular station with identical initial conditions, infiltration measurements
were performed using all the four instruments. A typical lay out of infiltration
measurement scheme in the station for a particular station is depicted in Fig. 3. 6. Symbols
denote the location of infiltration measurement for each instrument. Similar layout of
infiltration measurements was followed for all the 14 stations. It needs to be noted that
adequate space was provided to rule out the influence of one measurement over the other.
To ensure this, a minimal distance of 0.75 m was maintained between each measurement

as shown in Fig. 3. 6.

- Tl @ - MDI@- DRIA - GP

A *x ' A

A *x A

0.75m, 0.75m 0.75m , 0.75m

[

Fig. 3. 6 Lay out of infiltration measurement scheme for a particular station
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The measurements using DRI was repeated twice, T1 was repeated four times, MDI
was repeated 5 times and GP was repeated thrice. It may be noted that a small and compact
size of the MDI permitted more repetitions whereas the bulky DRI with less repetitions.
Owing to the small disc size, the soil volume contributing to MDI measurement would be
least and the maximum for DRI. For a cracked and desiccated soils, this would result in
large variability in hydraulic parameters.

For all practical purpose, MDI measurements can be treated as truly point
measurements as compared to DRI. In the case of CHP, the soil was remolded and
compacted to the same initial condition in the field. It was mainly because of the difficulty

in extracting undisturbed cores for the soil prevalent at the station.
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Chapter 4

Field Investigations on Infiltration Measurements

4.1. General

Infiltration measurements are important for the hydrological modelling of
catchment. Different methodologies adopted for measurements exhibit variability in
infiltration characterization, which needs to be studied in detail. This chapter discuss the
variability in infiltration measurements under identical field conditions of the study area
and its impact on characterizing near surface near saturated hydraulic conductivity.

4.2, Measurement Induced Variability in Infiltration Characteristics

For the evaluation of measurement induced variability, the infiltration
characteristics measured in the study area described in Section 3. 3, using double ring
infiltrometer (DRI), mini disc Infiltrometer (MDI) and tension disc infiltrometer (T1) are
compared. For a particular station with identical initial conditions, infiltration
measurements were performed using all the three instruments. For understanding seasonal
influence, the measurements conducted in June 2014 and December 2014, which

represents wettest and driest month, respectively were selected.
4.2.1. Analysis of Measured Infiltration Curves

The infiltration rate curves for four stations S5, S7, S10, and S14 representing the
different soil types are depicted in Fig. 4. 1 for the month of June 2014. It can be noted
from Fig. 4. 1 that all the infiltrometers approach a quasi-steady infiltration rate, which is
specific for a given infiltrometer, soil type and initial condition. Measured infiltration rate
offer an excellent first-hand information of the possible water intake capacity of soils. It is
an unambiguous signature of water entry as influenced by soil type, ground surface
condition, compaction state and measuring instrument. Four specific features of the
measured infiltration rate curve, (a) initial infiltration rate (i;) or maximum infiltration rate,
(b) final quasi-steady state infiltration rate (if) or minimum infiltration rate, (c) range of
infiltration rate (ii — i), and (d) time at which infiltration rate approaches is designated as
final time (tr) is used in this study for further evaluation of infiltration variability. For
clarity, the above-mentioned features are indicated in Fig. 4. 1 (for S7). It needs to be
stated here that these specific features were chosen because they are related to the direct
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measurements (close to reality) and are not influenced by any assumptions, mathematical

computations or knowledge of soil related parameters that are likely to influence the near
saturated hydraulic conductivity (K, ) determination, as explained in Chapter 3. For a
given soil type and initial condition, these parameters are dependent only on the

measurement methodology and hence offers better possibility while comparing different

infiltrometers.
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Fig. 4. 1 Infiltration rate curves for selected stations for the month of June 2014

The infiltration rate versus time response of all the 14 stations for two seasons are
shown in Fig. 4. 2. For reference, a typical value of steady state infiltration for clay (Pit,
et al., 1999) (approximate lower bound) is shown in Fig. 4. 2. It can be noted from Figs.
4. 1 and 4. 2 that the measured infiltration rate versus time follows similar trend for all the
cases. However, there is considerable difference in the measured infiltration rate of
different infiltrometers. Even though infiltration rate is a quantity normalized by area of
infiltration surface, the results still indicate that different infiltrometers portrays different
quantity of infiltration for the same initial state of the soil. To appraise the differences in
infiltration curves, the specific features of infiltration curve ij, ir, and i; — it is plotted for all

the 14 stations as shown in Fig. 4. 3.
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Since both the seasons follow the same trend, the result of only June 2014 is
presented here. It is quite explicit that the i; is highest for DRI while in most of the cases
it is comparable for tension disc infiltrometers. This could be mainly due to the positive
ponding head and higher infiltration area of DRI as compared to disc infiltrometer.
Similarly, the minimum infiltration rate or final infiltration rate (ir) is minimum for DRI.
Due to the tension imposed on the boundary, the final equilibrium infiltration rate is higher
than DRI for the disc infiltrometers. Under a positive head causing infiltration, it is found
that the ir approaches to a very low value for DRI for all the stations. While the DRI
represents one-dimensional gravity flow with negligible influence of sorptivity on
infiltration characteristics and there is a prominent influence of sorptivity on the infiltration
characteristics of disc infiltrometer. For a homogenous surface, the resulting initial
infiltration rate beneath disc infiltrometer is a trade-off between the tension head imposed
on the boundary and the sorptive force existing in the soil. The disturbance of soil during
insertion of the ring also contribute to higher initial infiltration in DRI as against zero
disturbance in the case of disc infiltrometers. The aerial foot print of both the disc
infiltrometers is much lesser than the DRI there by leading to a high cumulative volume
of infiltration for the latter. A higher aerial foot print of DRI would result in delayed
equilibration and minimal final infiltration. The difference in diameter of both disc
infiltrometers did not influence the infiltration characteristics significantly.

This apparently means that the range of infiltration rate is maximum for DRI as
shown in Fig. 4. 3. For the same soil type and initial state, the measured infiltration rate
response is entirely different for disc infiltrometers and DRI. The reasons for this has been
cited in the literature as the inclusion or exclusion of macro pore flow depending on the
tension head for disc infiltrometer. However, even for a very marginal or negligible tension
(0.05 kPa to 2 kPa), the infiltration rate response is significantly different for disc
infiltrometers and DRI. This would result in different scenarios of hydrological response
for a given station when these instruments are used simultaneously in a given project. The
implication of this variation on infiltration characterization (determination of hydraulic
conductivity) is discussed later in this chapter.

Before proceeding to the infiltration characterization, an effort was made to
investigate different procedures of normalization of infiltration curves owing to the
significant differences in measured infiltration features as discussed above. To start with,

it can be noted from Fig. 4.2 that the measured infiltration rate versus time response

34
TH-2470_126104016



exhibits a wide scatter of data while comparing different infiltrometers for the study area.
A simple normalization is followed for both infiltration rate and time as shown in Egs. 4.1
and 4.2.

_1 4. 1)

. (4.2)

where i is the infiltration rate at time t, is and t; are defined earlier, t, is the normalized time

and in1 is the normalized infiltration rate. The plot for in1 versus tn is depicted in Fig. 4. 4.
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Fig. 4. 4 Simplified normalized infiltration rate versus normalized time for
different infiltrometers

It can be noted that the normalization has resulted in considerable refinement in
data representation as compared to Fig. 4. 2. However, there is a considerable difference
in iny for DRI due to the influence of is (comparatively less for DRI). Therefore, the

reference scale of normalized infiltration is quite different for disc infiltrometers and DRI.
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To secure the normalized infiltration rate between 1 and 0 an alternate normalization of

infiltration rate (in2) was followed as shown in Eq. 4. 3.

Ll (4. 3)
I, —1;

In2 =
This normalization is similar to the representation of infiltration rate according to
Horton’s equation (Chow, et al., 1988) as given by Eq. 4. 4.

LT R (4.4)
l, — 1,

o =

where ky is Horton’s parameter. To start with, in2 is plotted as a function of time t following
Horton’s equation as shown in Fig. 4. 5. The depicted result clearly shows the inadequacy

of normalization when Eq. 4. 4 is considered.
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Fig. 4. 5 Normalized infiltration rate similar to Horton’s equation versus time for
different infiltrometers

An alternate method of normalization was adopted in this study by plotting in2 as a
function of normalized time, tn, as shown in Fig. 4. 6. Horton’s form of equation (Eq. 4 .4)

is modified by replacing t by t, and fitted to the data presented in the figure and the
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parametric statistics summarized in Table 4. 1. It can be noted that the Horton form of
equation cannot capture in2 versus t, adequately. By trial and error method, other non-
linear regression equations were explored, which would efficiently represent the
normalized data. It was noted that an asymptotic curve represented by Eq. 4. 5 is a better

choice as shown in Fig. 4. 6 and the regression coefficient is listed in Table 4. 1.
i, = A-B*C" (4.5)

where A, B and C are empirical asymptotic curve fitting parameters as listed Table 4. 1.
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Fig. 4. 6 Normalized infiltration rate versus normalized time for different
infiltrometers

Table 4. 1 Summary of parameters for normalized infiltration equation

Equation Parameter June 14 December 14
Horton form considering Kh 1.786 1.874
normalized time R? 0.8643 0.8623
inZ = e_kth
Asymptotic A -0.0213 -0.0264
ing=A—Bx*Ch B -1.648 -1.515
C 0.0543 0.0847
R? 0.9408 0.9361
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The normalization presented in Fig. 4. 6 clearly indicates that the measured
response is less influenced by the instrument related bias. The values summarized in Table
4. 1 also indicates that the seasonal variation does not have much influence on the
parametrization of normalized infiltration equation (normalized Horton equation and Eq.
4. 5). It is believed that the proposed normalization would alleviate instrument related
variabilities while comparing infiltration measurements performed using different
infiltrometers under various conditions. However, more studies are needed to evolve a
procedure for determining hydraulic conductivity from the normalized curve, which is not
attempted in this study. The hydraulic conductivity is determination is based on the general
procedure suggested by the manufacturer or as suggested by recommended code
procedure, discussed below.

The infiltrometer measures cumulative infiltration and infiltration rate. However,
for quantifying infiltration for any hydrological or drainage application needs the
infiltration to be expressed as an equation. There are several empirical (eg: Horton’s
equation) and semi-empirical or physically based equation (for e.g.: Philip’s equation,
Green-Ampt equation) for quantification. These physically based equations are expressed
in terms for hydraulic conductivity (more correctly near surface hydraulic conductivity).
Green-Ampt equation is an example, which is mostly applicable for saturated case or
ponding head (positive pressure head or near zero pressure head). There are other
equations in terms of sorptivity and hydraulic conductivity for near saturated conditions
like Philip’s equation. For using these infiltration equations in any hydrological model
necessitates the knowledge of near surface hydraulic conductivity. Hence, the infiltration
measurements need to be quantified in terms of hydraulic conductivity to study the
sensitivity and relationship. Hence, irrespective of the infiltrometers used in the field, the
hydraulic conductivity determined from the infiltration measurements are discussed in the

following section.
4.2.2. Determination of Hydraulic Conductivity from Measured Infiltration

The cumulative infiltration versus time response was used to determine hydraulic
conductivity by following the procedures discussed in Chapter 3. It is understood that for
all the external factors remaining same, the saturated hydraulic conductivity is a time
invariant parameter of the soil. Therefore, an attempt was made to first evaluate the time
invariant response of hydraulic conductivity determined using the three infiltrometers for

the two seasons as shown in Fig. 4. 7.
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Fig. 4. 7 Time invariance of log transformed hydraulic conductivity determined
using infiltrometers

It is well established in the literature that DRI is used to determine field saturated
hydraulic conductivity (Ks) and expected to be invariant. It can be noted from the figure
that there are marginal differences in Ks determined using DRI for the two seasons.
Similarly, Ks measured using DRI in December shows consistently a higher value
(marginally) for all the stations as compared to June. These observed differences in DRI
measurements can be attributed to surface soil shrinkage and associated cracking due to
dry conditions during the summer, soil structural changes due to wetting-drying, and/or
unknown anthropogenic activities. Interestingly, it may be noted that both MDI and Tl

follows similar trend as that of DRI and the results obtained for both the seasons are not

significantly different for majority of the cases. For some stations, K, of different seasons

obtained from disc infiltrometers are much closer than DRI. Irrespective of stations and
infiltrometers, the difference in hydraulic conductivity between two seasons is well within
one order of magnitude. This is an encouraging observation for ascertaining the utility of

disc infiltrometers (with near zero tension head at the boundary) for assessing near surface
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near saturated field hydraulic conductivity for the site conditions discussed in this study

by following the general measurement and analysis procedures.
4.2.3. Statistical Analysis of Hydraulic Conductivity

The statistical parameters such as the maximum, minimum, arithmetic mean and
standard deviation are calculated for the log transformed hydraulic conductivity values
measured using disc infiltrometers. And a column plot for measured field hydraulic
conductivity using different infiltrometers is depicted in Fig. 4. 8. Only the mean hydraulic
conductivity is considered for DRI due to limited number of repetitions (two). Considering
the soil variabilities, environmental factors and measurement uncertainties it is explicit
from Fig. 4. 8 that the hydraulic conductivity determination using all the infiltrometers are
fairly repeatable for all the stations and for varying seasons.
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Fig. 4. 8 Statistical representation of hydraulic conductivity (mm/h) from three
infiltrometers (a) June 2014 and (b) December 2014 (Box represents the mean; the
top and bottom of the whiskers indicate 75th and 25th percentiles, respectively)

Comparison of mean hydraulic conductivity (mm/h) determined using DRI, Tl and

MDI for all the 14 stations for the month of June and December 2014 along with the initial

40
TH-2470_126104016



water content are presented in Fig. 4. 9. It can be noted from Fig. 4. 9 that there is a fair
comparison among the mean hydraulic conductivity determined using all the three
infiltrometers. For all the stations, DRI gave marginally higher mean hydraulic
conductivity than disc infiltrometers where as both the disc infiltrometers gave nearly
identical values. On the contrary, a high mean hydraulic conductivity was noted for DRI
measurements for stations 7 and 8 during December 2014. However, for the same stations,
the difference was marginal during June 2014. This indicates that the significant difference
in mean hydraulic conductivity during December measurements is not associated with the

methodology but may be attributed to some local conditions prevalent during the

measurements.
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Fig. 4. 9 Influence of initial water content on infiltrometer measurements (a) June
2014 and (b) December 2014

To investigate further, the influence of soil type prevalent at the station on
hydraulic conductivity was examined. Table 4. 2 presents the evaluation of statistical
significance of parameters such as initial water content, sand, silt and clay on hydraulic

conductivity determined using the three infiltrometers.
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Table 4. 2 Statistical significance of selected parameters on hydraulic conductivity
determined using various infiltrometers

Parameter June 2014
MDI Tl DRI
r p value r p value r p value
w -0.753 | 0.002 -0.673 | 0.008 -0.527 | 0.05

Sand 0.02 0.93 -0.119 | 0.69 -0.189 | 0.52
Silt 0.377 0.8 0.439 |0.12 0.479 |0.08
Clay -0.262 | 0.37 -0.21 | 0.47 -0.14 | 0.63

December 2014
MDI TI DRI
r p value r p value r p value
w -0.479 | 0.08 -0.319 | 0.267 | -0.506 | 0.065

Sand 0.244 10.40 0.181 | 0.54 0.116 | 0.69
Silt -0.411 | 0.14 -0.366 | 0.19 -0.139 | 0.64
Clay 0.002 ]0.99 0.158 | 0.59 -0.145 | 0.62

w: initial water content; r: correlation coefficient

Statistical significance was assessed by determining correlation coefficient (r) and
p value for a confidence interval of 0.05. The correlation is considered to be statistically
significant if the p value is less than 0.05 (null hypothesis of no relationship is rejected)
(Bagarello, et al., 2014). It can be noted from the table that initial water content exhibits a
negative correlation with hydraulic conductivity and is the only parameter where there is
a possibility of statistically significant relationship. Such a negative relationship is
expected because a dry soil result in high infiltration. The particle size fraction was found
to have statistically insignificant correlation with hydraulic conductivity. Other possibility
may be due to higher soil disturbance around the circumference of ring while inserting the
double ring, which is more sensitive for fine-grained silts. The presence of macropores or
some preferential flow at these stations during measurements may increase the infiltration
from DRI. The effect of these factors need to be considered as localized effects. Since the
aerial footprint of these instruments vary significantly, it is possible that the adjacent
locations where the disc infiltrometer measurements were performed was not influenced
by macropores or preferential pathways.

Statistical comparison of mean hydraulic conductivity was performed by t-test
using IBM SPSS statistics (version 20) with details of null hypotheses (significance level
of 5 %) listed in Table 4. 3. The proposed null hypothesis is rejected if the corresponding

p value is less than the significance level of 0.05. H1 and H4 results indicate that the mean
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hydraulic conductivity values from MDI and T1 are similar for both the seasons. According
to null hypothesis, the mean hydraulic conductivity values from both MDI and TI is
statistically different from DRI values. It can be noted that the hydraulic conductivity
determined by MDI and TI are approximately half to two-thirds of DRI values. This is
consistent with the Philip parameter A (Philip, 1957), which was reported to be close to
0.30 reported in Sharma, et al. (1980), Christianson, et al. (2016) and 0.67 as reported in
Youngs, (1968).

Table 4. 3 Statistical analysis of mean hydraulic conductivity obtained from three
infiltrometers using t-test

S. | Hypothesis Null Hypothesis p

No. values

1 H1 Set of mean hydraulic conductivity values from 0.141
MDI and TI are similar in the month of June, 2014

2 H2 Set of mean hydraulic conductivity values from | 0.005*
MDI and DRI are similar in the month of June,
2014

3 H3 Set of mean hydraulic conductivity values from | 0.001*
DRI and TI are similar in the month of June, 2014

4 H4 Set of mean hydraulic conductivity values from | 0.700
MDI and T1 are similar in the month of Dec, 2014

5 H5 Set of mean hydraulic conductivity values from | 0.011*
MDI and DRI are similar in the month of Dec 2014

6 H6 Set of mean hydraulic conductivity values from | 0.002*
DRI and TI are similar in the month of Dec, 2014

* denotes a statistically significant difference (p<0.05): bold values indicate the null

hypothesis has failed to reject

The statistical variability is further quantified in terms of arithmetic mean (AM),
standard deviation (SD) and coefficient of variation (CV) of mean hydraulic conductivity
determined using three infiltrometers and listed in Table 4. 4. For better representation, the
mean hydraulic conductivity from different infiltrometers is plotted with the respective
mean hydraulic conductivity obtained from three infiltrometers (Kawe) along with £25 %
error bar as shown in Fig. 4. 10. It may be noted from the Table 4. 4 that the coefficient of
variation is high for the results obtained, which is similar to the outcome of t-test in Table
4. 3. Figure 4. 10 depicts that except for three cases, the variability of hydraulic
conductivity is within £ 25% of the mean value. From the literature, it is clear that the

range of variation in hydraulic conductivity is quite wide in orders of magnitude for soils
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(Pit, et al., 1999; Warrick and Nielsen, 1980; Whitaker, et al., 2003; Touma, et al., 2007;
Woltemade, 2010).

Table 4. 4 Statistics of mean hydraulic conductivity determined using different
infiltrometers

Station Mean logio[Hydraulic conductivity (mm/h)]
No. June 2014 December 2014
AM SD |CV (%) | AM SD | CV (%)
S1 0.27 | 0.18 67.2 1.09 | 0.06 5.5
S2 0.65 | 0.15 23.8 1.14 | 0.11 9.7
S3 0.63 | 0.15 24.1 0.85 | 0.21 24.3
S4 0.69 | 0.09 12.7 0.83 | 0.22 26.6
S5 0.68 | 0.09 12.7 126 | 0.12 9.4
S6 0.61 | 0.15 24.9 0.57 | 0.18 31.8
S7 091 | 0.15 16.5 0.49 | 051 | 103.9
S8 0.86 | 0.19 21.8 051 | 0.49 96.8
S9 0.66 | 0.10 15.9 0.98 | 0.09 9.6
S10 0.64 | 0.15 23.6 0.96 | 0.26 26.6
S11 0.68 | 0.09 13.7 1.11 | 0.14 12.7
S12 0.62 | 0.14 21.8 1.14 | 0.10 8.7
S13 0.64 | 0.15 23.8 1.15 | 0.10 8.9
S14 0.85 | 0.21 25.3 0.75 | 0.30 39.6
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Fig. 4. 10 Comparison of hydraulic conductivity obtained using the three
infiltrometers with mean (Kave) value and £25% error bar
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Given such a wide variation and taking into account the number of factors affecting
the determination of hydraulic conductivity, the variability of £25% from the mean value
can still be considered reasonable. The study clearly demonstrates the usefulness of disc
infiltrometers vis-a-vis DRI for rigorous and repeatable measurements for establishing

infiltration characteristics at catchment scale.
4.2.4. Comparison of Infiltration Measurements Reported in the Literature

Hydraulic conductivity from DRI was observed to be 7 to 13 times higher than Tl
in the absence of sand contact layer and 12 to 33 times higher than Tl in the presence of
sand contact layer (Kohne, et al., 2011). Similar findings were endorsed by other
researchers for agricultural soils (Reynolds, et al., 2002; Verbist, et al., 2013), except for
low-permeability soils where results were similar for DRI and Tl methods. In,
Vanderlinden, et al. (1998), a comparison of hydraulic conductivity below and outside the
olive-canopy was done using four different instruments: constant-head well permeameter,
falling-head lined borehole permeameter, twin-rings and disc infiltrometer. The study
observed that all the techniques gave higher hydraulic conductivity values under the
canopy for falling-head lined borehole permeameter and twin-rings. Outside the canopy,
hydraulic conductivity from constant-head well permeameter and twin-rings were
significantly higher than falling-head lined borehole permeameter and disc infiltrometer.

Statistically similar estimates of saturated hydraulic conductivity of loamy soil
were found in (Alagna, et al., 2016), differing at the most by a factor of three for the results
obtained from six infiltrometer techniques such as BEST, the pressure infiltrometer (P1),
one-potential experiments with T1, MDI, the simplified falling head (SFH) technique and
the bottomless bucket (BB) method. The T1 and MDI techniques yielded the highest and
similar hydraulic conductivity values among the tested infiltrometer techniques suggesting
that macropores were not excluded from the flow process. The study highlighted lower
variability of hydraulic conductivity data obtained with the MDI as compared with the
other methods. In the case of sloping surfaces, it was found that the hydraulic conductivity
estimated from tension infiltrometers were 1.2 to 2 times higher than those from double
ring infiltrometers for all slope gradients up to 20% with silt loam soil (Bodhinayake, et
al., 2004). A lowest value of the hydraulic conductivity was observed for MDI as
compared to Guelph permeameter (Ronayne, et al., 2012). The reviewed comparative
studies indicate contrasting observations under different conditions indicating the need for

more evaluations. All the studies focused on the comparisons of hydraulic conductivity,
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which involves different methods of determination. None of the studies have attempted to
compare the direct measured results in terms of infiltration characteristics as shown in this
study. This offers a better comparison of instrument related bias exemplifying the

importance of this study.
4.2.5. Relationship between Infiltration Characteristics and Hydraulic Conductivity

This study investigated the relationship between the measured infiltration
characteristics and hydraulic conductivity determined from different infiltrometer results.
For this purpose, hydraulic conductivity obtained from all the infiltrometers for two

seasons and 14 stations were plotted together as a function of ii, ir, and ii — ir as shown in
Fig. 4. 11. It can be noted that K, exhibit a positive correlation with all the infiltration
characteristics. A relatively statistically significant relationship was noted for ii, and ii — it
denoted by Pearson’s r indicated on Fig. 4. 11. For a linear relationship passing through
origin, K, is observed to be 0.089, 0.173 and 0.125 times ii, ir and ii — ir, respectively.
There are not many studies that explore the statistical significance of relationship between
Ky, and infiltration characteristics in the literature. Such a relationship holds potential for

evolving a methodology for determining K, from directly measured infiltration

characteristics. However, more studies with different types of soil and initial conditions

are required to generalize this finding and the correlation.
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Fig. 4. 11 Relationship between hydraulic conductivity and infiltration
characteristics
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4.3. Infiltrometers and Permeameters for Measuring Hydraulic Conductivity

For the study of evaluation of infiltrometers and permeameters measurements from
12 different stations of the study area were selected (S1-S6 and S9-S14). Infiltration
measurements were conducted for two seasons: in December 2014 representing winter —
the driest month and June 2015, which represents monsoon - wettest month for the study
area respectively. In the field, it was ensured that the depth of the topsoil layer at all the
locations was more than 70 cm avoiding the possibility of soil layer effects on infiltration
and maintaining homogeneity. For a particular station, hydraulic conductivity
measurements were performed using all the four instruments.

A near zero tension was maintained for disc infiltrometers to avoid the influence
of negative head on hydraulic conductivity measurements. The DRI, GP and CHP
measurements were performed under constant ponding head conditions. Repeatability
studies were first performed for all the five instruments used in this study. One of the
challenges in the repeatability study of field measurements is maintaining identical initial
conditions. This often gets violated when each measurement is performed sufficiently
away from each other for avoiding the zone of influence of individual measurements. It
may be noted that MDI being a smaller instrument, five repetitions could be performed at
every station without violating the identical initial conditions. Tl measurements were
performed four times, GP three times and laboratory CHP three times with the same initial
moisture content and dry density conditions in the field. DRI repetition could be performed
only twice due to the large size of the instrument and cumbersome measurement
procedure. More DRI measurements beyond the zone of influence of individual
measurements necessitate a larger areal extent, which may violate identical initial
condition.

The scatter plot for repeatability studies for infiltrometer and permeameter
measurements corresponding to two different seasons are shown in Fig. 4. 12.
Qualitatively it can be noted that the infiltrometer measurements exhibited higher scatter
in measurements as compared to permeameter results. For quantitative statistical analysis,
the data presented in Fig. 4. 12 were log transformed based on the understanding that
hydraulic conductivity generally follows log-normal distribution (Bouwer, 1969; Nielsen,
et al., 1973; Buckland, 1988).
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Fig. 4. 12 Hydraulic conductivity (mm/h) measured by infiltrometers and
permeameters for two seasons

The repeatability of infiltrometers and permeameters is quantitatively expressed in
terms of pooled relative standard deviation (Spooled represented by Eq. 4. 6) of log
transformed hydraulic conductivity (log K) (Higgins, et al., 2008; Quan and Zhang, 2003)
by considering the measurements made in two different seasons and presented in Fig. 4.
13.

(4. 6)

(nl _1)312 +(n2 _1)522
Spooled =

(n,—1)+(n,-1)

where, n, and n, are the numbers of trials for the data sets 1 and 2 (data corresponding to

winter and monsoon season as stated earlier), s, and s, are the relative standard deviation.
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Fig. 4. 13 Repeatability of log transformed hydraulic conductivity (mm/h) measured
by infiltrometers and Permeameters

It can be noted that the permeameters and infiltrometers are fairly repeatable with
a pooled relative standard deviation less than 10% for the majority of the cases. The
statistical results of DRI are not very reliable due to fewer repetitions but have been
presented for the sake of completeness. The pooled relative standard deviation was more
than 10 % for four stations for DRI. For MDI and TI, station 6 and 10 exhibited more than
10%. The order of performance in terms of pooled relative standard deviation (lower the
value, better the performance) are GP < CHP < Tl < MDI < DRI.

Another important observation is that the hydraulic conductivity measurements of
permeameters for both the seasons matched well. It is well known that the saturated
hydraulic conductivity is an invariant parameter for a given soil with a particular pore
structure. Since the measurement of GP is performed at some depth (= 15 cm) below the
ground surface and CHP measurements are performed under controlled dry density (same
for both the seasons), it is explicit from the results that the measured hydraulic conductivity
undoubtedly corresponds to saturated hydraulic conductivity. Unlike permeameters, the
results obtained from infiltrometers are not the same for both the seasons. In the majority
of the cases, the infiltration measurements performed in December exhibited higher
hydraulic conductivity as compared to June measurements. This observation is similar to

those reported in the literature (Morbidelli, et al., 2017). Even for DRI measurements,
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which is expected to give saturated hydraulic conductivity, there is a considerable
difference in the results obtained for both the seasons. The results indicate that saturated
or near saturated hydraulic conductivity measured using infiltrometers do not comply with
the condition of invariance as compared to permeameters. This can be due to three reasons:
(a) the hydraulic conductivity is determined indirectly based on the cumulative water entry
at the ground surface as against the actual flow of water through the soil in the case of
permeameters (b) temperature and rain induced drying-wetting cycles altering the surface
pore structure (swell-shrinkage) of soil and (c) anthropogenic reasons.

4.3.1. Variability of Hydraulic Conductivity using Different Infiltrometers and
Permeameters

The mean of the log transformed hydraulic conductivity, (log K) mean 0btained from
infiltrometers and permeameters are compared as shown in Fig. 4. 14. The measurements
of disc infiltrometers were comparable with DRI and permeameters for a relatively dry
initial state in December 2014. For higher moisture condition (June 2015), (log K) mean
from disc infiltrometers were consistently less than DRI and permeameters. This trend is

similar to the results reported in the literature (Morbidelli, et al., 2017).
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Fig. 4. 14 Comparison of mean of the log transformed hydraulic conductivity
measured using infiltrometers and permeameters
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As initial moisture content increases, the cumulative infiltration decreases and
hence the hydraulic conductivity determined based on the former would result in a lower
value as compared to permeameters. Hydraulic conductivity (supposedly saturated)
obtained from DRI measurements were found to vary between those of permeameters and
disc infiltrometers. This is mainly because the hydraulic conductivity was determined
based on the final steady state infiltration rate (for an extended duration of time). The
seasonal variations were found to have an insignificant effect on permeameters as shown
in Fig. 4. 15.

Principally, the water flow used for the determination of hydraulic conductivity in
permeameters occurs through the soil mass as against the entry of water from the ground
surface in the case of infiltrometers. The water flow from GP occurs at a depth from the
ground surface thereby minimizing the wetting-drying induced effects and unforeseen
anthropogenic causes resulting in pore structure changes at the ground surface. However,
these factors can have considerable influence on infiltrometer measurements due to its
dependence on water entry at the soil surface. The results presented in Fig. 4. 15
corroborates these discussions and bring forth the expected invariant characteristics of
field saturated hydraulic conductivity (Ks) for GP. The results of GP compare well with
the Ks determined in the lab using CHP for the remolded soil sample with the same initial

compaction state as in the field.
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Fig. 4. 15 Seasonal influence on GP measurements and its comparison with CHP
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4.3.2. Statistical Analysis using Bland-Altman Plot

The Bland-Altman plot (BAp) is an established graphical statistical method to
compare the agreement between two measurement techniques (Brazdzionyte and Macas,
2007). In BAp, the difference between the two methods is plotted on the y-axis, and the
mean of two methods are plotted on the x-axis. The mean of the difference between the
two methods is defined as bias. The 95 % upper and lower limits of agreement (LoA) is
equal to £1.96 times the standard deviation of the difference. The advantage of BAp is its
ability to statistically interpret the data graphically based on how significant is the bias,
how wide is the limits of agreement and whether there is an observed trend between
difference and the mean (Brazdzionyte and Macas, 2007; Watson and Petrie, 2010). The
representation in BAp helps to evaluate the possibility of systematic difference existing
between the methods that are compared. This helps to understand whether the difference
between two methods is uniform for the whole range of measurements or restricted to a
specific range (low, mid or high).

The statistical difference between infiltrometers and permeameters were assessed
quantitatively by using the Bland-Altman plot (BAp) as shown in Fig. 4. 16. It can be
noted from Fig. 4. 16 that the majority of the data points fall within the limits of agreement.
There is a negative bias when disc infiltrometers are compared with DRI while the width
of LoA is comparable. For MDI-TI comparison, the bias is close to zero. There is no visible
trend existing between difference and mean for all comparisons thereby ruling out any
systematic difference between any two infiltrometers. The studies in the literature
observed hydraulic conductivity from DRI to be higher than T1 (Morbidelli, et al., 2017,
Reynolds, et al., 2002; Kohne, et al., 2011; Kodesova, et al., 2010) except for low-
permeable soils where the results were found to be similar for DRI and T1 methods. This
study also observed higher DRI values for high initial moisture condition and comparable
results for dry initial state (low-permeable condition). The results indirectly endorse the
fact that disc infiltrometer is more appropriate for a low permeable condition, which is

similar to the finding reported in the literature (Nestingen, et al., 2018).
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L-LoA: Lower limit of agreement; U-LoA: Upper limit of agreement; B: Bias
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Fig. 4. 16 Bland-Altman plot for statistical comparison of different infiltrometers

The statistical difference between permeameter and the three infiltrometers are
presented in Fig. 4. 17. In this comparison, GP is chosen as the reference as it is an
established method for determining field hydraulic conductivity. From Fig. 4. 17, it can be
visualized that there is a systematic difference between GP and infiltrometers as shown by
the increasing trend. Such a systematic difference was not reported previously in the
literature. For DRI, the bias is negligible, and several measured data points fall close to
zero difference confirming its efficacy in measuring field saturated hydraulic conductivity
as compared to disc infiltrometer. The usefulness of DRI for determining saturated
hydraulic conductivity was demonstrated under laboratory condition by Nestingen, et al.
(2018). Both the disc infiltrometers exhibited negative bias with respect to GP
measurements and with very few data points close to zero difference (close to mid-range
of the mean) indicating a difference between both the methods. All lower and higher range
of mean shows a higher difference with respect to GP measurements. The previous study
shows that there is no general consensus in the trend while comparing GP with TI
(Morbidelli, et al., 2017) and recommended further investigation for better understanding.
Also, the impact of the systematic difference between infiltrometers and GP (despite

qualifying LoAs) on various hydrological processes need to be investigated in detail.
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L-LoA: Lower limit of agreement; U-LoA: Upper limit of agreement; B: Bias
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Fig. 4. 17 Bland-Altman plot for statistical comparison between Guelph
permeameter and infiltrometers

It is realized from the above discussion that the disc infiltrometer measurements
exhibit a negative bias with respect to GP. It is expected that the near saturated hydraulic
conductivity corresponding to a minimal tension of 0.5 cm (=0.05 kPa) should be close to
the saturated hydraulic conductivity. It can be explained by referring to a conceptual
relative hydraulic conductivity curve shown in Fig. 4. 18 for a typical soil with a low air
entry value (AEV) close to 10 kPa. It can be noted that the range of tension head in MDI
(< 0.6 kPa) and TI (< 2 kPa) is well within the AEV. Theoretically, the hydraulic
conductivity corresponding to suction less than AEV should be close to saturated hydraulic
conductivity (Fredlund and Rahardjo 1993; Kohne, et al., 2011; Kodesova, et al., 2010).
However, the minimal tension (< AEV) set on the disc infiltrometer resulted in near
saturated hydraulic conductivity, which is systematically different from GP. The reason
for this is not explicit from this study and needs further investigation. Subsequently, an
effort was made to explore whether the systematic difference resulted in a statistical
correlation between GP and disc infiltrometer measurements. It was noted that the Pearson
correlation coefficient (Verbist, et al., 2013) of GP measurements with both the disc
infiltrometers were close to 0.1 indicating a very poor correlation. The possibility of such
a correlation was not investigated in the literature and needs further investigation with a

wide range of soil types.
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Fig. 4. 18 A conceptual relative hydraulic conductivity curve for a soil having low
air entry value close to 10 kPa

4.4 Summary

This chapter compared the measurement of three different infiltrometers: a well-
established double ring infiltrometer (DRI), tension disc infiltrometer (TI) and mini disc
infiltrometer (MDI) for a river sub-catchment in north-east India. Majority of the studies
reported in the literature compared the infiltrometers based on hydraulic conductivity
determined indirectly from the infiltrometer response. However, this study adopted the
measured infiltration response in terms of initial infiltration (i;), minimum or final
infiltration (ir) and range of infiltration (ii-if) for comparative assessment. For the same soil
type and initial state, there is considerable difference in the measured infiltration rate of

different infiltrometers. Owing to these differences, this study further investigated

—1 t ..
— ' versus —(t is

i — 1 f

methods for normalizing infiltration rate curves. It was found that

the time and tr is final infiltration) is the best form of normalization that alleviates
instrument related variabilities. A non-linear asymptotic curve was found to adequately

represent the normalized infiltration curve as compared to the Horton form of equation.

For a linear relationship with zero intercept, K, is observed to be 0.089, 0.173 and 0.125

times i, i, and i; — i, respectively. However, more studies are needed for evolving a
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methodology for determining hydraulic parameter from the normalized infiltration rate
curves.

Statistical evaluation of the results indicates that hydraulic conductivity
determination using all the infiltrometers are fairly repeatable for all the stations and for
varying seasons. Statistical comparison of mean hydraulic conductivity performed by t-
test indicated that the mean hydraulic conductivity values from MDI and T1 are similar for
both the seasons and different from DRI values. The hydraulic conductivity determined by
MDI and TI are approximately two-thirds of DRI values, which endorses the observation
in the literature. For majority of the cases the variability of hydraulic conductivity is within
+ 25% of the mean value considering all the infiltrometer measurements. The study clearly
demonstrates the usefulness of disc infiltrometers vis-a-vis DRI for rigorous and
repeatable measurements for establishing infiltration characteristics at catchment scale.

The statistical difference between infiltrometers and permeameters were quantified
using the Bland-Altman plot (BAp). There is a negative bias for disc infiltrometers with
DRI, and all the data falls within the limits of agreement (LoA). Comparison of disc
infiltrometers exhibited bias close to zero. Both the disc infiltrometers exhibited negative
bias with respect to permeameters measurements and a few data points close to zero
difference. It was expected that the disc infiltrometer with minimum tension would yield
hydraulic conductivity close to saturated hydraulic conductivity. However, hydraulic
conductivity determined from disc infiltrometers exhibited a very poor correlation with
permeameters. Further studies are required to investigate the reason for the systematic
difference in hydraulic conductivity between disc infiltrometers and GP. The impact of
such a systematic difference on various hydrological process modeling needs to be studied
in detail.

56
TH-2470_126104016



Chapter 5

Spatial and Seasonal Variability of Infiltration Parameters

5.1. General

Soil hydraulic conductivity, which governs the quantity of water entry into the soil
is a vital parameter for watershed modeling, irrigation management and waste
management (Chahinian, et al., 2006; Mishra, et al., 2003). In this chapter, the spatial and
the seasonal variability of soil hydraulic conductivity in the field, determined from

infiltration measurements are quantified based on MDI measurements.

5.2.  Details of the Field Experiments

The MDI experiments were performed in the study area with extensive spatial
measurements at 14 locations (designated as S1 to S14) as discussed in Chapter 3.
Experiments were conducted every month, starting from the month of September 2011 to
August 2015 for understanding the seasonal variation in the infiltration characteristics.
Before performing infiltration measurements, initial gravimetric water content (w) and
field dry density (y) of all the locations were measured according to the procedure
mentioned in ASTM D 2216 and ASTM D 6938, respectively. A sequence of MDI
measurements was made at a particular location for 4 different tensions, 6, 4, 2 and 0.5

cm. Based on Zhang (1997a) transient state approach, near saturated hydraulic

conductivity, K, was determined corresponding to each tension head, ho as discussed in

Chapter 3. The K, versus howas extrapolated linearly to ho= 0 for estimating the saturated

hydraulic conductivity, Ks as shown in Fig. 5. 1. For the study area, spatial interpolation
was performed by considering MDI measurements at twelve locations and the prediction
of Ks was done for two locations. The measured Ks were assigned to each of the sampled
points on a GIS platform using ARCGIS, for analyzing the spatial data. These data were
geo-referenced to the respective field location and used to generate a statistical surface
with numerically interpolated values of Ksfor all unknown locations. The spatial prediction
of Ks for 2 stations were compared with the measured hydraulic conductivity values for

evaluating the accuracy of the five spatial interpolation methods.
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Fig. 5. 1 Determination of saturated hydraulic conductivity

The infiltration rate determined using MDI approached a linear response after
exhibiting an initial non-linearity within the duration of testing. The linear response
indicates that the infiltration rate has approached a quasi-steady state. It takes around 30-
40 minutes for attaining the steady infiltration rate which is different for different stations
and suction heads. In the study area, there is wide variation in infiltration characteristics.
This may be attributed to the difference in soil type, density and initial water content. The
cumulative infiltration versus time response was used to determine hydraulic conductivity
by following the procedure mentioned in the Chapter 3. It is understood that for all the
external factors remaining same, the saturated hydraulic conductivity is a time invariant
parameter of the soil. Therefore, an attempt was made to first evaluate the time invariant
response of hydraulic conductivity determined using the MDI for all those months.

5.3. Spatial Variability of Hydraulic Conductivity

Spatial interpolation methods are employed for determining soil hydraulic
conductivity at unsampled locations of a catchment based on the point measurements of
soil hydraulic conductivity at selected locations (sampled locations) of the catchment

(Grayson and Bloschl, 2001). Therefore, it is important for the modelers and planners to
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clearly appraise the accuracy of spatial prediction of soil hydraulic conductivity data used
as input for hydrologic modeling.

Different spatial interpolation methods have been compared by Li and Heap
(2011), which can be used in environmental sciences (Webster and Oliver, 2001) and
mining engineering (Journel and Huijbregts, 1978). From the comparative studies among
different interpolators, it was observed that the best method varies based on different
geological characteristics (Usowicz and Lipiec, 2017). This can be ascertained by the
validation of response variables resulting from the interpolated variables (Moyeed and
Papritz, 2002; Kravchenko, 2003; Mueller, et al., 2004; Brouder, et al., 2005; Isaaks and
Srivastava, 1989). There are not many studies reported in the literature that evaluate the
relative performance of different interpolation methods for predicting spatial variability of
hydraulic conductivity. Consequently, performing a critical evaluation of five
interpolation methods, namely Kriging, Inverse Distance Weighted, Natural Neighbor,
Spline and Trend used for the short range spatial prediction of near surface saturated
hydraulic conductivity is very significant. The study quantified the variability associated
with the prediction of in-situ hydraulic conductivity when different interpolation methods
are used. The accuracy of different methods was assessed by comparing the prediction

results with the measured hydraulic conductivity in the field.
5.3.1. Spatial Interpolation Methods

This section briefly describes five spatial interpolation methods, namely Inverse
distance weighted, Kriging, Natural neighbor, Spline and Trend used in this study for

spatial interpolation of soil hydraulic conductivity.
5.3.1.1. Inverse Distance Weighted (IDW) Method

The inverse distance weighted (IDW) method is a deterministic interpolation
method based on the surrounding measured values. The method assumes that each
measured point has an influence on adjacent points that decreases with distance. Hence,
the method assigns greater weights to measurement points close to the prediction point.
For interpolation, some specified mathematical formulas are estimated by assigning a
weight. The inverse of the distance is raised to a mathematical power (Hutchinson, 1993),
and an optimal value for the power is determined by minimizing mean absolute error. In
this study, the analysis was carried out using ArcGIS Geostatistical Analyst extension

configuration (Wahba, 1990). This interpolation technique determines the values using a
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linearly weighted combination to a set of sample points, which does not require prior
information. IDW offers a direct estimate of the distribution of uncertainty in the
categorical or discrete variable (Moyeed and Papritz, 2002), and hence the most probable
values at unsampled locations can be obtained. By identifying the search area,
interpolation will use the number of known points within that area. Interpolated points are
appraised based on their distance from the known values of sample points. Points that are
closer to known values will be more influenced than points that are farther away, which
can be described by the following formula:

> G.1)
Xp _ =l i

=0
é(?)

where, Xp is the interpolated value, x; is the sample value at the sample point i, d; is the
distance from the known sample point i to the estimated point; i =1, 2, 3.... N, the known
sample points. The advantage of using IDW is that it can approximate extreme variations
and dense sample data points are interpolated with efficacy. The disadvantage is that it is
not good for determining extreme values, both maximum and minimum (Mueller, et al.,
2004; Brouder, et al., 2005).

5.3.1.2. Kriging Method

Kriging is a statistically optimal interpolator, which minimizes estimation variance
when spatial continuity of the variable is known (Mueller, et al., 2004; Babak, 2014). This
method produces a predicted surface from a data set of scattered points and optimal
interpolator statistically such that, it reduces the variance when the variogram is known
(Oliver and Webster, 1990; Robson, 1997). It uses the distance and the difference between
known data points for determining unknown values. It also assumes that the direction and
distance between the sample data points has a spatial connection, which is thereafter used
to describe the variation in the surface (Burrough and McDonnell, 1998). To estimate the
output value for every unsampled site, a mathematical function is fitted to an identified
number of sample data points within a definite radius. The procedure includes the
statistical study of the data, subsequent modeling of variogram and surface construction
(Zhang, et al., 1995). The predicted values are determined from the connections between

the samples by means of the weighted average method. This method weights the nearby
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sample values to develop a prediction for an unsampled site (Burrough, 1987). The general

formula used in Kriging method is
N
Z(Sy) =D AZ(S) (5.2)
i=1

where, Z(Si) is the measured value at the i location, Zi is an unknown weight for the
measured value at the i location, Z(So) is the predicted value and i =1, 2... N, are the
number of measured values.

For modeling the observed semi-variogram, four functions viz., circular, spherical,
exponential, and linear were selected in this study (Li, et al., 2000). The choice of the
model (designated as K-C, K-S, K-E, and K-L) would affect the prediction of the unknown
value. Generally, the curve shape changes considerably near the origin, thereby impacting
the prediction. Consequently, the output surface generated is not smooth. Each of the four
models mentioned above is intended to appropriate diverse kinds of situations more
precisely (Tang, 2002). The advantage of using the kriging method is that it can
approximate directional effects, surpasses the lowest and highest point values. However,
it does not traverse through any sample point values and as a result, interpolated values

become higher or lower than the actual values.
5.3.1.3. Natural Neighbor Method (NNM)

Natural neighbor method (NNM) is an interpolation technique where the value of
the unsampled location is set to the value of the nearest data point (Babak, 2014). It is a
geometric approximation technique, which uses the natural neighborhood area formulated
around each sample point in the data set corresponding to polygonal declustering. Like
IDW, the elementary equation of NNM is based on the weighted-average technique. NNM
chooses the adjoining nodes, which form a convex hull of the interpolation sample point,
then weights their values by equivalent area (Sibson, 1981). The equation for NNM is
given by Eqg. 5. 3, where the points used to approximate the attribute’s (parameter
considered) value at location x are the natural neighbors of x.

f(x)= Zklwi (x)a, (5.3)

where f(x) is the interpolated function at the point x, i =1,2... k are known sample points,
ai is the attribute of each point in the sample space, w;(x) is the weight, and each of the
neighbor’s weight is equal to the natural neighbor coordinate of X related to this neighbor
(Ledoux and Gold, 2004). The method can construct precise surface models from sparsely
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spread data sets or sample data points, which are spread with irregular density (Boissonnat
and Cazals, 2002). The advantage of using NNM is that it can approximate huge numbers

of sample data points with efficacy.
5.3.1.4. Spline Method

Spline method (SM) constructs a smooth surface, which precisely traverses through
the sample data points while reducing the surface curvature. In this, a mathematical
function is fitted to an identified number of adjacent input points where the surface is
crossing through the sample data points. This method is good for moderately changing
surfaces as it uses slope formulations (Franke, 1982). The mathematical function used for

the spline spatial interpolation method is given by Eq. 5. 4,
N
S(xY)=T(xy)+ > AR(r)) (5.4)
j=1

where, N is the number of points, j = 1, 2... N, 4; are the coefficients, rj is the distance from
the point (x, y) to the j™ point.

T(x, y) and R(r) are estimated in accordance with the regularized option as,
T(x,y)=a, +a,Xx+ay (5. 5)

where, aj are coefficients

1
zp°

R(r) =— [|n(%”)+c+ B, (ro)] (5.6)

where, r is the distance, ¢is the weight parameter, By is the modified Bessel function, ¢

is equal to 0.577215, which is a constant (Mitas and Mitasova, 1988). Spline uses curved
lines to calculate sample values. If the weight is more, the values are more adapted to be
within the range of the sample data. The advantage of using the spline method is that it
can approximate above the highest value and below the lowest value of the sample data
points and can also construct a smooth surface. The disadvantage is that it is not good for
determining values when the sample data points are adjacent to each other and have huge

variations in values (Mitas and Mitasova, 1988).
5.3.1.5. Trend Method

Trend interpolation method (TM) is a statistical technique, which is expressed as a
polynomial function for the input sample data points and varies gradually (Chidley and

Keys, 1970). The generalized form of the polynomial function is given as Eq. 5. 7,
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Z =b, +bx+b,y+b,x*+b,y* +... 5.7)

where, Z is the spatially distributed surface variable, and x and y are the locational
coordinates, bj are the coefficients (Hembd and Infanger, 1981). It is an approximate
interpolator where the resultant surface seldom traverses through the sample points. This
method is mainly useful for recognizing coarse scale pattern from the data. From the
sample data points, this interpolation method can perceive trends, which characteristically
fluctuate smoothly. The sample data points are fitted with a polynomial equation to the
whole surface by least-square regression, which reduces surface variance corresponding
to the sample data point values (Kruizinga and Yperlaan, 1978). Subsequently, the surface
is obtained such that the sum of the differences of the actual and the predicted values is

insignificant for each of the input data.
5.3.2. Comparison of the Spatial Interpolation Methods

The near surface Ks determined at different locations of a given stations were used
to evaluate the spatial variability using ArcGIS 10.3.1. Figures 5. 2 and 5. 3 depicts the
spatial variability of Ks using different interpolation methods for the stations of the study
area. In general, for the study area, K-E, K-S, and IDW portrayed a similar interpolation
trend, which is marginally different from K-C and K-L. The NNM and spline procedures
depicted a similar trend. However, the TM interpolation results were quite different and
more orderly pattern as compared to other methods. Irrespective of the methods adopted,
the spatial variability of Ks was found to vary in the same manner as that of the percentage
variation of sand fraction depicted in Fig. 3. 5 (b). The sand fraction was predominant
varying from 40 to 87% for the study area and as expected, the contours of Ks increased in
the same direction as that of sand fraction.
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For evaluating the efficacy of spatial interpolation methods considered in this
study, the Ks estimated from spatial interpolation methods were compared with the
measured values for 2 stations (S3 and S7) of the study area. The results of estimation
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from different methods are tabulated in Table 5. 1. The values reported in Table 5. 1 were
used to determine the root mean square error (RMSE) of the estimated Ks with respect to
the measured values and illustrated in Fig. 5. 4. It can be noted from Fig. 5. 4 that K-S, K-
L, K-C, K-E and NNM gave comparable RMSE with K-E marginally better than other
methods. However, the RMSE of SM was considerably lesser than the other methods
indicating its efficacy for spatial prediction of near surface Ks. The SM can model better
than other spatial interpolation methods. From Table 5. 1 it can be further noted that the
prediction of Ks was found to be more precise for the station with a higher percentage of
sand. As the percentage of sand decreased, the spatial prediction of Ks also diminished.
The spatial prediction of Ks at station S7 is found to be relatively inferior as compared to
other station. This may be attributed to the type of soil (silty soil) and a sudden transition
of soil type from sand to silt thereby affecting the accuracy of spatial interpolation. This
indicates the predominance of soil type in the prediction of spatial variability of Ks. This
observation calls for further investigation to appraise the systematic effect of soil type of
spatial interpolation of Ks by considering stations with different soil characteristics. This
could not be accomplished in this study because the surface soils in the study area were

predominantly constituted of sand.
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Fig. 5. 4 Evaluation of spatial interpolation methods based on RMSE
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Table 5. 1 Actual and predicted hydraulic conductivity (mm/h) using different
interpolation methods

Station Hydraulic conductivity (mm/h)
Actual Interpolated
Kriging IDW | NNM | SM | T™M

K-S | K-L K-C | K-E
S3 936 | 953 | 951 9.53 | 9.47 8.01 9.55 | 6.67 | 9.61
S7 045 | 286 | 2.62 2.60 | 2.83 3.29 272 | 3.52 | 1.80

5.3.3. Spatial Autocorrelation of Hydraulic Conductivity

Spatial autocorrelation is a significant factor in geo-spatial analysis which is
measured by both Moran’s index (I) and Moran’s scatterplot (Bivand et.al, 2009). Spatial
autocorrelation is advantageous for developing patterns in complex data sets. Spatial
autocorrelation is a special case of the spatial correlation function. Like correlation
coefficients, its values vary from -1 to 1, though, Moran’s | measures how one object is
similar to others surrounding it. A value of -1 portrays the dispersion perfect i.e. clustering
of dissimilar values, O signifies no autocorrelation i.e. randomness whereas +1 depicts
clustering of similar values (Moran, 1948). Moran’s | is a characteristic parameter of
spatial weight matrices, so the selection of weight functions is very significant for
autocorrelation analysis (Getis, 2009). In this study, the data from the 14 stations of the
study area is employed for validation. The improved framework of spatial autocorrelation
can be applied to all the 14 stations of the study area. The log transformed hydraulic
conductivity data are employed for each of the stations as a size measurement, while the
distance between any two stations is used as a spatial contiguity measurement.

The calculations of Moran’s | are based on a weighted matrix wi. Similarities
between units is calculated as the product of the differences between yj and y; with the

overall mean (Moran, 1948), where y represents the hydraulic conductivity.

Similarity = (y; = ¥)(y; - Y) (5. 8)
where y = anﬁ
i1 N

The Moran’s statistic is designed using the basic form, which is divided by the

sample variance:

g2 20 -9)° (5.9)
n
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1 ziZqu(yi -y -Y) (5. 10)
S s? ZZ,-Wu

Therefore, Moran’s | is the slope in a regression of ijij.(yj -y) on (y,-V) and

Moran’s scatter plot is depicted based on [(y; — ¥), Z,— w;.(y; = V)1

The value at i is plotted on the x-axis whereas its spatial lag weighted average of
neighboring values are plotted on the y-axis. Then the slope of the linear fit is the Moran’s
| (Moran, 1948). The null hypothesis for the test is that the data is randomly distributed
and the alternate hypothesis is that the data is more spatially clustered than any normal
expectation. A positive value signifies data is spatially clustered, whereas a negative value
shows data is clustered in a competitive way or alternating values with higher degree of
spatial heterogeneity. Moron’s | is a global statistic i.e. a single value for the whole spatial
pattern but it does not provide the location of clusters.

The value of Moran’s | is 0.269, which implies a moderate positive autocorrelation
between the stations in the study area. In accordance with the Moran’s scatterplot as shown
in Fig. 5. 5, spatial autocorrelation can be categorized into four types as the high-high
correlation (H-H type: e.g., S1-S5 and S-14) in the first quadrant, the low-high correlation
(L-H type: e.g. S13) in the second quadrant, the low-low correlation (L-L type: e.g., S6-
S12) in the third quadrant, and the high-low correlation (H-L type: no such stations) in the
fourth quadrant (Chen, 2013). In the first and third quadrant, statistically significant cluster
of high values (H-H), cluster of low values (LL) can be found. In the second and fourth
quadrant outliers can be found in which a high value is surrounded by low values (HL)
and a low value is surrounded by high values (LH). In the study area, except the marginal
case of S13, in all the other stations, statistically significant clustering can be observed.
Spatial autocorrelation identifies concentrations of high values, concentrations of low
values, and spatial outliers. Concentration of high values are observed for S1to S5 and
S14, which are either sandy or loamy sand. Low values can be found for S6 to S12, which
are either loamy or silty and S13 is marginally spatial outlier. The sharpest boundary exists
between high and low hydraulic conductivity values of S1 to S5 and S14. In the study area,
S13 gives the marginally inconsistent value of hydraulic conductivity in accordance with

spatial autocorrelation with unexpectedly higher values of hydraulic conductivity.
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Fig. 5. 5 Moran’s scatter plot

5.4. Seasonal Variation of Hydraulic Conductivity

The seasonal variation of hydraulic conductivity is shown in Fig. 5. 6. It can be
observed that there is high infiltration from December to February and the highest in the
month of December. It decreases from February to June with June exhibiting the lowest
infiltration. After June, there is slight increase till October and reaches highest value in
December. The pattern of variation of hydraulic conductivity is consistent for all the
locations and associated with the initial soil moisture content variation subject to the

rainfall pattern of the study area as discussed below.
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Fig. 5. 6 Monthly variation of hydraulic conductivity (mm/h) at all the stations

5.4.1. Association of Rainfall and Initial Soil Moisture Content with Hydraulic

Conductivity

In order to study the interrelationship among the hydraulic conductivity, rainfall

and initial moisture content of the soil, the average seasonal variation in the rainfall data

TH-2470_126104016

70



and the initial moisture content from September 2011 to August 2015 are analysed.
The monthly variation of the rainfall for four years from the month of September 2011 to
August 2015 for the study area is depicted in Fig. 5. 7. It can be inferred from the variation
of rainfall that June is the wettest month whereas December is the driest month. In
the month of June 318 mm of rainfall occurs and it experiences lowest rainfall in the month
of December which is 7 mm. The average seasonal variation in the measured initial
moisture content from September 2011 to August 2015 is shown in Fig. 5. 8. Also the
spatial variability of the initial moisture content is analysed using ArcGIS 10.3.1 software
and depicted in Fig. 5. 9. The results are consistent with the trends observed for the
variation of hydraulic conductivity. Maximum rainfall induces high initial moisture

content resulting in low hydraulic conductivity.
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Fig. 5. 7 Monthly variation of average rainfall (mm) for the study area

71
TH-2470_126104016



S6 |

15¢

10}

s51 20}

s11f20}

20}

20|

29Q
AON
10
das
Bny
inc
unp
Aep
1dy
e
ged
uer

- sS4

"S10

S13]

20l

15¢

10+

o
~N

20|

(%) JUBOD aINiSIow [eniu|

29Q
AON
10
das
Bny
inc
ung
AeN
Idy
=T
ged
uer

23d
AON
120
das
Bny
Int
unp
Aen
1dy
ey
ged
uer

Months

Fig. 5. 8 Monthly variation of initial moisture content (%) for all the stations
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Fig. 5. 9 Spatial variation of initial moisture content (%) for the study area
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In statistics, measure of association is used to quantify a relationship between two

or more variables. In this study, Pearson’s correlation coefficient, Spearman rank-order

correlation and Kendall tau were used to measure the strength and significance of

association of hydraulic conductivity, initial moisture content and rainfall (Gibbons,1985;
Berry and Mielke, 1992; Krieger and Green, 1993; Gibbons, 1993; Kraemer, 2000;
Wilcox, 2007). The results of the analysis are listed in Table 5. 2. It can be observed that

the rainfall and initial moisture content has a very strong positive correlation and hydraulic

conductivity has a strong negative correlation with both rainfall and initial moisture

content. Therefore, there is sufficient indication to determine the existence of a significant

linear relationship between hydraulic conductivity, initial moisture content and rainfall.

Table 5. 2 Correlation matrix from different methods to measure strength of

TH-2470_126104016

association
Variable | Pearson’s correlation Spearman rank-order Kendall tau
coefficient correlation

Rainfall | IMC Ks Rainfall IMC Ks Rainfall | IMC | K
Rainfall 1 0.93 | -0.94 1 0.99 | -1.00 1 094 | -1.0
IMC 0.93 1 -0.90 0.99 1 -0.99 0.94 1 -0.9
Ks -0.94 |-0.90 1 -1.00 -0.986 1 -1.00 |-094| 1
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The mean values from diverse groups with dissimilar conditions are often
compared. For a comparison of more than two group means, the one-way analysis of
variance (ANOVA) is the suitable method (Venkatesh, et.al., 2013). It considers the
relative size of variance amongst group means in comparison with average variance within
groups (Green and Salkind, 2010). The 'SS' represents the sum of squares where ‘SSB’
signifies the sum of squares between groups which is the difference of group means. The
'SSW' signifies sum of squares within groups. The mean of squares between groups (MSB)
is then attained by dividing SSB with degrees of freedom. Similarly, the mean of square
within groups (MSW) is obtained by dividing SSW with degrees of freedom. The ratio of
MSB and MSW which is known to follow the F distribution governs how comparatively
bigger the difference is between group means in comparison to within the group. For any
statistical deduction, the F value determined from the observed data needs to be compared
with the critical value at an error level of 0.05 in the F table known as Feriticai. Larger F
value suggests that group means are significantly dissimilar with each other in comparison
to the difference of the observations within each groups (Green and Salkind, 2010). Larger
F value than the critical value i.e., Feritical indicates that the variations between group means
are greater than what would be expected by chance.

In this study, the relationship between hydraulic conductivity and seasonal-spatial
factors are examined. The independent variables considered are the seasonal-spatial
factors (rainfall and initial moisture content), and the dependent variable is the hydraulic
conductivity. Using these variables, it was explored whether a statistical significant
relationship existed between hydraulic conductivity and seasonal-spatial factors.
Statistical analysis was performed to assess the seasonal and spatial predictability of
hydraulic conductivity by testing a set of null hypotheses at the significance level of 5 %
by using one-way ANOVA. For quantitative statistical analysis, the log transformed
hydraulic conductivity was used. The results of testing HI to H10 hypotheses are presented
in Table 5. 3 along with their respective statistical level of significance. The given null
hypothesis will be rejected if the corresponding p value is less than the significance level
of 0.05 with F values larger than the critical value. Then the result is interpreted as

statistically significant difference among the means of the groups at the error level of 0.05.
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Table 5. 3 Results of one-way ANOVA

Hypothesis Null Hypothesis F P values | Feriticar | Decision

H1 There is a statistically significant | 2.279 | 0.0136 | 1.851 | Reject
relationship between the
measured monthly log
transformed hydraulic
conductivity values for all the 12
months

H2 There is a statistically significant | 0.487 0.618 3.238 | Failto
relationship between the reject
measured monthly log
transformed hydraulic
conductivity values for the
months of November-January

H3 There is a statistically significant | 0.497 0.612 3.238 | Failto
relationship between the reject
measured monthly log
transformed hydraulic
conductivity values for the
months of February-April

H4 There is a statistically significant | 0.170 0.844 3.238 | Failto
relationship between the reject
measured monthly log
transformed hydraulic
conductivity values for the
months of May-July

H5 There is a statistically significant | 0.653 0.526 3.238 | Failto
relationship between the reject
measured monthly log
transformed hydraulic
conductivity values for the
months of August-October

H6 There is a statistically significant | 69.065 | 0.000002 | 1.7845 | Reject
relationship between the
measured monthly log
transformed hydraulic
conductivity values for all the
stations of the study area

H7 There is a statistically significant | 0.0185 | 0.997 2.817 | Failto
relationship between the reject
measured monthly log
transformed hydraulic
conductivity values for sandy
soils of the study area
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H8 There is a statistically significant | 0.137 0.983 2.354 | Failto

relationship between the reject
measured monthly log
transformed hydraulic

conductivity values for loamy
soils of the study area

H9 There is a statistically significant | 0.047 0.830 4,301 | Failto
relationship between the reject
measured monthly log transform
hydraulic conductivity values
for silty soils of the study area
H10 There is a statistically significant | 0.140 0.712 4,301 | Failto

relationship between the reject
measured monthly log
transformed hydraulic

conductivity values for loamy
sand soils of the study area

H1 and H6 results indicate that there is as statistically significant difference among
the means of the groups of log transformed hydraulic conductivity values as the observed
F value is larger than the critical value. Hence the result may be interpreted as statistically
significant difference among the means of the groups at the error level 0.05. The result
suggests the rejection of the null hypothesis that all the group means are the same, and
coincidently supports that at least one group mean differs from other group means.

It is clear from the Table 5. 3 that the monthly log transformed hydraulic
conductivity values are statistically similar seasonally but not annually. Hydraulic
conductivity for the study area can be ascertained for four seasons independently.
Similarly, the monthly log transformed hydraulic conductivity values are statistically
similar for a particular soil but not for the study area as a whole. Therefore, hydraulic
conductivity determination for a particular study area has to incorporate seasonal and soil
aspects in it. Hence an attempt was made to assess the effect of both seasonal and spatial
factors on log transformed hydraulic conductivity values using a 2-way ANOVA with
repetition. The statistical output is shown in Table 5. 4 which shows that the spatial
variation is a significant aspect of the log transformed hydraulic conductivity values,
whereas seasonal variation did not reach statistical significance at 0.05 alpha level.
Statistical output for 2-way ANOVA for assessing the effect of interaction between the

spatial and seasonal factors is non-significant at 0.05 alpha level.
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Table 5. 4 Results of two-way ANOVA

Hypothesis Null Hypothesis F | Pvalues | Fcitica | Decision

H1 There is no  statistically | 3.86 0.006 1.704 | Reject
significant variation within the
measured monthly log normal
hydraulic conductivity values
for the months of November-

January
H2 There is no  statistically | 0.48 0.618 3.238 | Failto
significant variation within the reject

measured monthly log normal
hydraulic conductivity values
for all the stations with sandy
soils of the study area

H3 There is no  statistically | 3.51 0.014 1.851 | reject
significant variation within the
measured monthly log normal
hydraulic conductivity values
for the months of November-
January and all the stations with
sandy soils of the study area

5.5.  Summary

The efficacy of different interpolation methods for estimating the spatial variability
of near surface saturated hydraulic conductivity, Ks was evaluated. Five spatial
interpolation methods, namely Kriging, Inverse Distance Weighted, Natural Neighbour,
Spline and Trend methods were used for spatial predictions of Ks. The study indicated that
with sudden change in soil characteristics and soil compaction state, the accuracy of all
methods decreases. For a small study area with a higher number of point measurements,
Kriging with exponential, spherical functions and inverse distance weighted methods of
spatial interpolation portrayed a similar trend. The trend method interpolation results were
quite different and more orderly pattern as compared to other methods for the study area.
The spatial variability of Ks was found to be in the same pattern as that of the percentage
variation of the sand fraction for the study area.

Based on the root mean square error (RMSE), it was noted that Kriging with
circular, spherical, exponential and linear function and natural neighbour method gave
comparable RMSE with Kriging-exponential method marginally better than others. The

RMSE of spline method was considerably lesser than the other methods. It was further
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noted that the prediction of Ks was found to be more precise for the station with a higher
percentage of sand. As the percentage of sand decreased, the spatial prediction of Ks also
diminished. This indicates the predominance of soil type in the prediction of spatial
variability of Ks, which needs to be investigated further.

The results presented in this study attempted to evaluate the time varying response
of hydraulic conductivity determined using the MDI for four consecutive years within the
study area. It was evident that all the 14 stations have a consistent pattern of hydraulic
conductivity variation with time (seasonal). From January to June the hydraulic
conductivity values were found to decrease and increase from June to December. The trend
was associated with the rainfall and initial soil moisture variation. It was observed that the
hydraulic conductivity has a strong negative association with both rainfall and initial
moisture content. The Moran’s index infers a moderate positive autocorrelation between
the stations in the study area. Another finding from the spatial autocorrelation is that the
difference in hydraulic conductivity values are negatively associated with distances. For
adjacent stations having the same soil types, less differences in hydraulic conductivity

values are observed.

78
TH-2470_126104016



Chapter 6

Role of Measurement Time and Equations for Determining Hydraulic
Conductivity

6.1. General

This chapter critically evaluates the appropriateness of different mathematical
equations for determining hydraulic conductivity based on disc infiltrometer
measurements. The first section of this chapter presents a detailed discussion on steady
and transient mathematical equations for determining hydraulic conductivity and the last
section deals with the influence of short term and long term MDI measurements on

hydraulic conductivity determination.

6.2. Mathematical Equations for Determining Hydraulic Conductivity

There are several well-established mathematical equations for determining near
surface hydraulic conductivity in the field (Angulo-Jaramillo, et al., 2000). Researchers
have proposed short term transient methods and long term steady state methods for
analyzing disc infiltrometer data (Ankeny, et al., 1991; Logsdon and Jaynes, 1993;
Jacques, et al., 2002; Angulo-Jaramillo, et al., 2000, 2016). These methods adopt different
assumptions, mathematical formulations and boundary conditions for estimating hydraulic
characteristics (David and César, 2009; Haverkamp, et al., 1994; Reynolds, et al., 2002).
This may lead to the variability in the determination of surface hydraulic conductivity
using MDI (Verbist, et al., 2013). MDI measures near saturated hydraulic conductivity

(Kho)corresponding to a negative pressure head(ho)applied at the ground surface. The

variabilities in the hydraulic conductivity depending on the measurement techniques are
appraised in the literature (Verbist, et al., 2013). However, there is no conclusive
recommendation on the appropriateness of any particular measurement methodology. It is
mainly due to the lack of reference true value for hydraulic conductivity in the field
(Morbidelli, et al., 2017). Researchers have carried out studies to evaluate different
physically based, semi-empirical and empirical infiltration equations in different types of
soil (Hsu, et al., 2002; Mishra, et al., 2003; Chahinian, et al., 2006; Sihag, et al., 2017).

However, there are not many studies that critically evaluate the appropriateness of
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different mathematical equations for determining hydraulic conductivity based on MDI
measurements under identical field conditions and different seasons.

The primary objective of this chapter is to evaluate nine popular mathematical
equations that can be used to determine hydraulic conductivity based on MDI
measurements performed at 14 stations within a sub catchment of north-east India for two

different seasons. A well established Guelph permeameter (GP) was used as the reference

for saturated hydraulic conductivity ( K,) measurement in the field (Salverda and Dane,
1993; Reynolds and Elrick, 1985; Bagarello and Giordano, 1999; Morbidelli, et al., 2017).
Some of the mathematical equations considered in this study determine K, instead of K,

. For such cases, K, measured at a water head h, lower than zero was extrapolated to h,

equal to zero for determining K, as discussed in Section 5.2 and as shown in Fig. 5. 1.

From the past research works, it was observed that Wooding-Gardner, Weir’s Refinement,
van- Genuchten Zhang (vG-Z), Ankeny (A), and Haverkamp (H) equations are appropriate
mathematical equations that can be used for analyzing MDI results for the field conditions.

Infiltration beneath the MDI is governed by axisymmetric three-dimensional water
flow into an initially unsaturated porous medium. For a given field condition, MDI
measures cumulative infiltration with time for a specific time interval. This raw data is
analyzed using different steady state and transient mathematical equations for determining

K\, - The details of mathematical equations considered in this study are briefly discussed
as follows.
6.2.1. Wooding-Gardner Equation (W-G)

According to Wooding (1968), the steady-state flux, g, entering into the soil at a

tension head h,, from a shallow circular pond of radius r,, can be approximated by a

three-dimensional axisymmetric infiltration equation (Eq. 6. 1):
dy, =Ky [1+44, /(71,)] 6. 1)

where A, =1/a., is the macroscopic capillary length, and K, is the near saturated

hydraulic conductivity which is a function of h, . The first term of Eq. 6. 1 represents the

one-dimensional vertical infiltration below the disc under gravity. The second term

designates the lateral spread under the capillary matric force. The Gardner (1958)
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exponential function for the estimation of hydraulic conductivity ( K, ) can be expressed
as,

K, =K,exp(a.h,) ,whenh <0 6.2)
where K, is the saturated hydraulic conductivity.
Combining both Wooding’s and Gardner equations, K can be determined by Eq. 6. 3.

Q= ar’K, exp(acho)(u rij (6. 3)
e

[

where Q, is the steady-state flow rate under a given tension h;. The unknowns in this
equation are K, and ¢, which can be estimated by conducting infiltration measurements
with a fixed disc radius and multiple negative pressure heads (Wang, et al., 1998).

6.2.2. Weir’s Refinement Method (W-R)

For water flow from a small surface source such as MDI disc, Weir (1987)

observed that Wooding’s approximate solution might not be representative. The flow rate
and the infiltrometer disc radius, r, were normalized into the following dimensionless

form:

4 W 6.4
Q LK, exp(occho)th ©-4

F= %ac I (6. 5)
Wooding’s relationship was modified as,

Q =4+2m” (6. 6)
For, r* <0.4, Weir (1987) found that Eq. 6. 6 may not be precise and thereby proposed

an alternative estimate for Q" given by Eq. 6. 7.

o - 47zsin2(r*) (6.7)
r*sin(r”)cos(r” )+ 2r"sin?(r)in(r*)-1.073(r" ]

The experimental fitting parameter ¢, is determined from the known steady-state flow

rates at two tensions h, and h, using Eq. 6. 8.

. _In[Q(h,)/Q(h)] (6. 8)
i hz_hl
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The saturated hydraulic conductivity can be estimated by Weir’s equation as

K, = Lenp(-ay) LY ©.9

6.2.3. van-Genuchten - Zhang Method (vG-Z)
Zhang (1997a) proposed a method for determining near saturated hydraulic
conductivity, K, from the measured cumulative infiltration versus the square root of the

time response of relatively dry soil. The measured result was fitted with a second-order
polynomial equation for determining the hydraulic conductivity and sorptivity of the soil.

Zhang (1997a) used simulated data of cumulative infiltration under the disc infiltrometer

for the determination of constants C, and C, . The near saturated hydraulic conductivity

K,, and sorptivity S, was estimated by

K, =S (6. 10)
For

s =& (6. 11)
A

where A and A, are the dimensionless coefficients. Using numerous numerical

experiments, the empirical relationships were established for A and A, as functions of soil

retention parameters, infiltrometer parameters, and initial water content (Zhang and van
Genuchten, 1994; Zhang, 1997a). The dimensionless coefficients alter with the total
infiltration time, although, the variation becomes insignificant as infiltration time increases
and the coefficients can be treated as constants. By considering van Genuchten (1980) soil

water retention function, the coefficients are given by the following equations:

1.4p°°(6,-6,)"" exp[3(n—1.9)arh, |

(e, )0.15 (6.12)
11.65(n°* —1)exp[ 2.92(n—0.19) ah
_11.65(n" 1)exp] 0.91( Jarh ] n>19 (6.13)
(ary)
11.65(n®* —1)exp[ 7.5(n—0.19) h
- ( Jexp[75( oty n<1.9 (6. 14)

(O{ ro )0.91

82
TH-2470_126104016



nand « represents the van Genuchten soil parameters, h,(<0) is the pressure head of the
infiltrometer, I, is the radius of the infiltrometer, 6, is the water content at ho , 0 is the

initial water content, b is the parameter equal to 0.55. The van Genuchten parameters for

different soil texture can be obtained from Carsel and Parrish (1988).
6.2.4. White and Sully Method (W-S)

White and Sully (1987) proposed a method to determine the value of ¢, in Gardner

(1958) exponential hydraulic conductivity function (Eq. 6. 2) as follows:

(6,6, (Ky, —K) (6. 15)
o= bS?

where S, , 6, and K, is the sorptivity, moisture content and hydraulic conductivity at

pressure head h,, 6, and K are the initial moisture content and the corresponding
hydraulic conductivity and b is a shape factor. Linking Egs. 6.15 and 6.1 with an
assumption that K is insignificant, White, et al. (1992) proposed the equation:
K, =G - 4bShZo (6. 16)
(6)h0 —0,)7r,
where 0, is the flow rate at steady state for pressure head h,, Sho was determined from

early time cumulative infiltration versus square root of the time response of MDI by

following vG-Z method (Eq. 6. 11), 6, is obtained from the soil surface instantly after

the measurement, 6, is determined before the measurement, and b is taken as 0.55.

6.2.5. Simunek-Wooding Method (S-W)

Simunek, et al. (1998) presumed that in the interval between two adjacent heads,
the parameter ¢, in Gardner (1958) exponential hydraulic conductivity function was
constant. This assumption was used to find out the hydraulic conductivity in the middle of

the interval between two successive heads, h. and h . The parameter o, was given as,

i+1*

In it )
R iI=1..,n1 (6. 17)
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The average steady state infiltration rate can be described as:

O, =0, xq +1 i=1..,n1 (6.18)

Then the near saturated hydraulic conductivity, K, was estimated as,

T (6.19)

rOac
6.2.6. Ankeny Method (A)

Ankeny, et al. (1991) proposed a multiple head method for the determination of

near saturated hydraulic conductivity using two consecutive tension heads. The parameter

o, in Gardner (1958) exponential hydraulic conductivity function was estimated by,

Q, (6. 20)

where Q, and Q, are the steady-state fluxes at h and h,, respectively.

Corresponding to two tension heads, hy =h and h,, two values of K, can be obtained as

(-9
2+ 4 (6. 21)
aC
Koo S
h, ﬂ.roz +ﬂ (6. 22)
o

c

6.2.7. Zhang Method-I (Z-I)

Zhang (1998) suggested a procedure to reduce the time for field infiltrometer
experiments drastically which do not require steady-state infiltration rates but infiltration
data at any time by modifying Ankeny, et al. (1991) procedure. In this method, the

correction factors were proposed as follows:

. A 4.01K, A
f1=1+04431r°(01 05‘9') —0.216exp ——hltz (6. 23)
(Khlﬂ’tl)l (el_ei)ro .
' _n\°° 401K, At
2=1+04431r°(‘92 Of") ~0.216exp| - ———= 2 (6. 24)
(K, 2t,)" (@0, |
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where K, and K, are the hydraulic conductivity values and 6, and ¢, are the final water

contents at tensions h, =h,_and h, respectively, & is the initial water content, Q,and Q,
are the measured flux at infiltration time t, and t,, and A is the macroscopic capillary

length, which are unknowns. The modified method in the matrix form can be expressed
as:

2
fzr, 0 41K, || Ky, Q.
0 f27z|’02 41°2|’0Khz Ky, =] Qn, (6. 25)

0.5Ah 0.5Ah Khz — Khl A 0
where Q, and Q, are the measured flux at infiltration time t,and t, for tension h and h,
. Matrices are nonlinear because the coefficients are functions of the unknowns K, , K,
and 4. A Picard iteration with an incremental solution technique was used to solve the
nonlinear equations assuming the initial approximate solution (Zhang, 1998).

6.2.8. Zhang Method —II (Z-I)

Zhang (1997b) proposed the infiltration model of the disc infiltrometers which is
known as the second method of Zhang as,

| =C,\t +C,t (6. 26)
where | is the cumulative infiltration, C,and C, are parameters and t is the time.
The relationship for infiltration rate i is derived as:

i=05Ct % +C, (6. 27)

If the steady-state infiltration rate i, =C,, then

1

Fo Qg 055 (6. 28)

QS IS CZ
where Q, is the steady-state flow rate.

For the tensions h, and h,, the correction factors f, and f, can be expressed as,

1

C =
f :% ~1+05 57 (6. 29)
1s 12
C. -*
f,= 2% _105°a¢2 (6. 30)
2s 22
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Fitting Zhang (1997b) equation to cumulative infiltration data from 0 to t for
tension h, and O to t,for tension h,, the coefficients C,, C,, C,and C,, were
determined. In accordance with the first method of Zhang, t, and t, can be any infiltration

time. Using known values of f,and f, for any definite time, the hydraulic conductivity

can be found out by Zhang (1998) as follows:

Q
K - & (6. 31)
hy 2
7ty +4rr,
Q,
K, = f, (6. 32)

2 721‘02 +4rr,
6.2.9. Haverkamp Method (H)

Haverkamp, et al. (1994) developed a physically based quasi-exact equation
describing the three-dimensional unsaturated cumulative infiltration (1 ) curve for disc

infiltrometers expressed as

2K, ~K)' 2 (Km—Kn){l_Kt{ yS2 H

Sy 1-B8 S (6, —6,)
28(K,, ~Ky) , (6. 33)
1 s2 7/Sho 1
——~ In|{e | —K t—| —" |tt+(B-1!p
1_ﬁ r0(‘9h0 _en)

where 1, is the radius of the disc, 6, and@, are the initial and final volumetric water
content respectively, S, is the sorptivity, and y is the proportionality constant, K, and
K, are the soil hydraulic conductivity values corresponding to 6, and 6, , respectively,
and £ is a shape constant.

Haverkamp, et al. (1994) assumed K to be negligible and simplified the above equation
for short to a medium time interval as,

| =C,\t+Cyt (6. 34)

_ s?
where, cl=30;02=23ﬂKh0+ (¢9y “00)
Iy hh ~ n

(6. 35)
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Using this expression, Vandervaere, et al. (2000a) suggested the differentiated
linearization (DL) method to infer soil hydraulic properties using linear regression. The
DL method is only applicable for short to medium time and the validity of this method is
questioned when the capillary forces are predominant (Angulo-Jaramillo et al., 2000). The

technique consists of differentiating it with respect to the square root of time which gives,

di

——=C,+2C,t

N (6. 36)

Plotting the (;j—\l/_ term as a function of«/t_ gives C, as the intercept and C, as the
t

slope of the corresponding regression lines. Haverkamp, et al. (1999, 2005) proposed an
average value of 0.75 for » and 0.6 for . Knowing C; and C, from the DL method (Eq.
6.36) K., is obtained by using Eq. 6. 35. The summary of all the equations, its designation,

different parameters and initial conditions required for the calculation of hydraulic

conductivity are listed in Table 6. 1.

6.3. Hydraulic Conductivity Determined using Mathematical Equations from
Steady and Transient State Infiltration

The MDI and GP measurements reported in chapter 4 are used for the mathematical
analysis. The critical evaluation of different mathematical equations used for determining
hydraulic conductivity from the measured results of MDI necessitates a reliable reference

value. In this study, GP was considered as the reference because it is an established method
for measuring field K,. Most of the mathematical equations (except Wooding-Gardner
and Weir’s refinement method) evaluated in this study gives near saturated hydraulic
conductivity for which there is no independent reference value. Therefore, K
corresponding to different tension heads (hO ) obtained from MDI was linearly extrapolated
to estimate the field saturated hydraulic conductivity at h, =0 as discussed in Section 5.2
and as depicted in Fig. 5. 1. It can be noted that the variation in K, ~corresponding to h,
of 0.05 kPa to 0.6 kPa (or 0.5 cm to 6 cm) is linear (Zhang, 1997a) and hence the linear
extrapolation to h, =0is justified. For statistical analysis, the hydraulic conductivity was
log transformed based on the understanding that hydraulic conductivity generally follows
log-normal distribution (Bouwer, 1969; Nielsen, et al., 1973; Buckland, 1988). The K

estimated from the results of MDI using different mathematical equations are compared
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with GP measurements for all the stations and two seasons as shown in Fig. 6. 1. Owing

to the marginal standard deviation of these measurements, the error bars are not shown in

the figure.
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Fig. 6. 1 Comparison of saturated hydraulic conductivity (mm/h) determined from
MDI and GP
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Table 6. 1 Parameters and initial conditions for different equations

TH-2470_126104016

S. Equation | Equation Parameters Reference
No. Parameters Near Saturated
Saturated Hydraulic
Hydraulic Conductivity
Conductivity
1 W-G o, A Wooding Eq. | Gardner Eq. | Gardner
(Eq.6.1) (Eq. 6. 2) (1958);
Wooding
(1968)
2 W-R m[Q(hz)/Q(hl)] Weir Eq. Gardner Eq. | Weir (1987);
¢ :T (Eq. 6. 4) (Eq. 6. 2) Gardner
2 (1958);
A=1la, Wang, et al.
(1998)
3 vG-Z n |Sand |268 |vG-Z Extrapolation | Zhang
Loam | 1.56 | (Eq.6.10) method (1997a);
Silt 1.37 van
o | sand | 0.145 869%‘6c)hten
Loam | 0.036
Silt | 0.016
4 W-S White Eq Extrapolation | White and
@, -0)(K, —K,) | (Eq.6. 16) method Sully (1987);
o = bS? White, et al.
A -1lg, (1992)
5 S-wW i it O, Extrapolation | Simunek, et
a, Ky, = 4 | method al. (1998)
a, = : 1+
h.,—h ha,
6 A In Qu ‘ Q, Extrapolation | Ankeny, et
. ~Qp h . 4 method al. (1991)
’ h, —h, &
7 Z-1 Ky, Ki o A Zhang matrix | Extrapolation | Zhang (1998)
form (Eg.6. | method
25)
8 Z-11 K K, A Zhang Eq. Extrapolation | Zhang
(Egs. 6. 31 method (1997b)
and 6. 32)
9 H Y 10.75 Differential Extrapolation | Haverkamp,
linearization | method et al. (1994,
K |0 method 1999, 2005);
" (Eq.6. 36) Vandervaere,
p 0.6 et al. (2000a)
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It is evident that the K measurements of GP for both the seasons match well

indicating the invariant behaviour of K. for a particular soil and pore structure. Unlike
GP, the results from MDI are not the same for both the seasons thereby violating the
condition of invariance.

The MDI measurements in December gave higher K as compared to June even
though the difference between two seasons is well within one order of magnitude. It may

be noted that the GP measurements were performed at a depth of 15 cm below the ground

surface whereas MDI measurements were performed on the ground surface. The major
reason for the difference in K (from MDI) corresponding to different seasons can be
attributed to the higher sensitivity of MDI measurements to surface pore structure changes

with seasons as compared to GP. In general, the observations in Fig. 6. 1 indicates that the

mathematical equations can be divided into three sets. The first set of equations include
W-G, W-R, vG-Z, S-W, A, and H listed in Table 6. 1 gave comparable K, based on the
MDI measurements. The K, from the second set of equations Z-1 and Z-I1 is lesser and
third set of equation W-S is higher as compared to first set. It is worth noting that the first
set includes both steady state and transient equations for determining K, . From the initial
observation, it is difficult to comment on the comparison of K, determined from different

equations with GP results. It can be noted that for some stations, first set of equations
performed reasonably well depending on the season. Statistical analysis was performed in

the ensuing section for better understanding of the comparisons of K. determined from

mathematical equations with GP measurements.
6.3.1. Variability in Hydraulic Conductivity

The statistical difference between K, determined from GP and different

mathematical equations (using MDI results) were assessed quantitatively by using Bland-
Altman plot (BAp) as shown in Fig. 6. 2, where each panel refers to a single equation
applied to all the stations and seasons. Bland-Altman plot is an established graphical
statistical method to compare the agreement between two measurement techniques
(Brazdzionyte and Macas, 2007).
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Fig. 6. 2 Bland-Altman plot for statistical comparison between Ks determined from
Guelph permeameter and different equations (based on MDI)

In this plot, the difference between MDI and GP is plotted on the Y-axis and mean
of the two methods are plotted on the X-axis. In Fig. 6. 2, “bias” is the mean of the
difference between the two methods. The 95 % upper and lower limits of agreement (LoA)
is equal to +1.96 times the standard deviation of the difference between the two methods.
The BAp helps to compare two methods based on the magnitude and direction of the bias,
width of LoA and whether there is any systematic trend between the difference and the

mean. It is understood that the K. comparisons with minimal bias and LoA can be

considered to be better. The details of parameters for BAp for different equations are listed
in Table 6. 2.
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It can be noted from Fig. 6. 2 that the majority of the data points falls within the LoA. With
GP as the reference method, LoA indicates the total error of a given mathematical equation
(Krouwer, 2002) used for determining K. Smaller LoA means the majority of the data
falls within smaller error limit. It is noted that LoA is comparable for the majority of the
mathematical equations considered with maximum LoA for W-S and minimum for S-W.
However, LoA alone may not be sufficient for deciding the appropriateness of the
equations. The bias between the two data sets also needs to be considered. Among all the

equations, W-S versus GP is having a positive bias, which means that W-S overestimated
K, as compared to GP. The three equations W-G, vG-Z and A exhibited minimum bias
(<0.1) with GP. For a better understanding, LoA is plotted with respect to bias as shown

in Fig. 6. 3. Based on Fig. 6. 3, it can be noted that there is not much of difference in LoA

for all the equations considered. At the same time, there is a wider range of bias exhibited

by these equations. Considering both LoA and bias, K, determined by equations W-G,

W-R, vG-Z, A and H is found to compare well with the results of GP.

Table 6. 2 Statistical analysis of hydraulic conductivity determined using different

equations
S. | Method Bias Lower | Upper | Width of Pearson p-value
No. (mm/h) LoA LoA LoA Coefficient
1 W-G -0.063* | -0.479 | 0.353 0.832 0.86 0.0037
2 W-R -0.103 | -0.524 | 0.319 0.843 0.86 0.0020
3 vG-Z -0.092* | -0.508 | 0.324 0.832 0.86 0.0023
4 W-S 0.173 | -0.316 | 0.661 0.977 0.84 0.0513
5 S-W -0.365 | -0.680 | -0.050 0.630 0.81 0.0033
6 A -0.096* | -0.539 | 0.348 0.887 0.88 0.0003
7 Z-1 -0.126 | -0.539 | 0.287 0.826 0.88 0.0003
8 Z-11 -0.211 -0.59 0.169 0.759 0.86 0.0004
9 H -0.109 | -0.549 | 0.331 0.880 0.84 0.0032

*Bias is close to zero; italics value shows the postive bias and bold values indicate

failed to reject the null hypothesis (p>0.05)

It can be noted further from Fig. 6. 2 that there is a systematic difference in K|

determined from equations and GP results. There is a visible increase in difference with
the mean for all the equations and the trends are quite consistent. For mid-range of mean,

the difference is centred around bias. For those methods with low bias, this means that

92
TH-2470_126104016



mid-range values of K, determined from equations exhibited a better comparison with GP
results as compared to the higher and lower range of K. The definition of low, mid and
high range of K, is entirely dependent on the data from this study. The impact of the

systematic difference of K. determined from different equations and GP measurements

on the modeling of various hydrological processes is not clear from this study and need to

be investigated in detail.
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Fig. 6. 3 Limit of agreement versus bias plot for Ks determined from different
mathematical equations

An effort was made to explore the correlation between K, from different equations

and GP measurements. The details of the Pearson correlation coefficient (Verbist, et al.,
2013) and the p- values are listed in Table 6. 2. It can be noted that the Pearson correlation

coefficient was found to vary between 0.81-0.88, indicating a fair correlation. However, it
is difficult to adjudge the effectiveness of equations in determining K, based on the

Pearson correlation coefficient. In the case of White and Sully (W-S) method, even though
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the Pearson coefficient was 0.84, the bias and the p-value (from Pearson correlation)
indicated a marginal comparison of K. with GP.

For cross verifying the observations from BAp, a comparison diagram was plotted
between K, determined by different equations and GP measurements as shown in Fig. 6.
4. It can be observed that the equations W-G, W-R, vG-Z, S-W, A, Z-1l and H gave the
majority of K. values within 25% variation. The results from BAp indicated a subset of

this group of equations, which performed better.
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Fig. 6. 4 Comparison of hydraulic conductivity estimated from MDI and GP
measurements

Similar to the finding from Fig. 6. 2, it can be noted that the mid-range of K|
exhibited a better match between equations and GP. A few of the December data exhibited
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overestimation and July data showed underestimation in the higher and lower range of K|

, respectively. The Root Mean Square Error (RMSE) of all the equations were estimated

by considering GP as the reference value of K, and are illustrated in Fig. 6. 5.
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Fig. 6. 5 RMSE of saturated hydraulic conductivity estimated from different
mathematical equations based on MDI results
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In general, W-S, Z-1, and Z-Il equations were found to perform poorly in different
locations considered in this study. For silt dominant stations S7 and S8, RMSE of all
equations were found to be comparable. The above discussion reveals the fact that different

mathematical equations can induce variability in K, for the same measured data of MDI.

Based on all the statistical procedures, the smallest subset of equations identified
by BAp (W-G, W-R, vG-Z, A and H) is recommended for estimating near surface
hydraulic conductivity based on MDI results. Among the equations, W-G, W-R and A are
based on the Wooding’s steady state formulations whereas vG-Z and H are transient

methods. The steady state equations that determined K. directly (W-G and W-R) was

found to be superior to those which relied on extrapolation (W-S, S-W, Z-1, and Z-11). The
equations W-G and W-R is entirely dependent on the measured results of MDI and do not
depend on any estimated soil parameters. The results from W-G and W-R were found to
be similar, thereby ruling out the influence of small disc radius of MDI on hydraulic

conductivity determination based on W-G (Weir, 1987) for the soils considered in this
study. For transient state equations (vG-Z and H), extrapolation of K, to K, was found
to yield satisfactory results. The adequacy of vG-Z equation indicates that neglecting the
effect of sorptivity in K determination was not erroneous for the soils in the study area.
The W-S equation was found to grossly overestimate K, as compared to GP
measurements. This can be attributed to the overestimation of the sorptivity parameter

used in W-S equation (Jacques, et al., 2002). According to Zhang (1997a), the accuracy of
sorptivity is less for smaller measurement duration. The factors f1 and f» used in Z-I and

Z-11 equations would have resulted in the underestimation of K, as compared to GP

measurements.

6.4. Influence of Short Term and Long Term MDI Measurements on Hydraulic
Conductivity Determination

It may be noted that there are no recommended code provisions for the
measurement and analysis procedure of MDI. Due to the small water reservoir of MDI, it
is mostly applicable for short term measurements. The details of the methd of analysis

folowed in this analysis is explained in the following sub sections.
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6.4.1. Methods of Analysis for Short-Term and Long-Term MDI Measurements

In the absence of any specified method of analysis, the general user community
tends to adopt the manufacture specified procedure and method of analysis for all practical
purpose. The manufacturer specified method is based on the rigorous numerical analysis
performed by Zhang (1997a). The method describes transient infiltration and it is based on
the two-term infiltration model by Philip (1957) as discussed in Sub section 2.2.3. The
transient approach of Zhang (1997a) was applied to the short-term (< 50 minutes)) and

long-term (240 minutes) data series marked as A and B, respectively, in Fig. 6.6.
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Fig. 6. 6 Typical infiltration rate curves from MDI for tension head 2 cm
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Figure 6.6 also depicts the repeatability of MDI measurements for selected stations
for a tension head of 2 cm and it can be noted that the MDI measurements are fairly

repeatable. Zhang’s method follows transient approach and hence the infiltration

measurement time may have influence on K, ,determination. The comparative analysis by

applying Zhang’s method to data series A (short-term transient) and B (long-term quasi

steady state) would help to understand the bias, if any, associated with the infiltration

measurement time on K, determination. These methods of K,, determination are
tabulated in Table 6. 3 as N1 and N2 for data series A and B, respectively. Further, the K,

obtained from Nz and N2 was used to determine K, by extrapolating the value of K, for

zero tension and designated as S; and So.

Table 6. 3 Methods of analysis for determining near saturated and saturated
hydraulic conductivity using MDI results

Near saturated hydraulic conductivity Saturated hydraulic conductivity (K.)

(Kio)
Method | Desig- Remark Method | Desig- Remark
nation nation

1 N1 Zhang’s approach 1 St K, from N1
short-term data (A extrapolated to ho= 0
in Fig. 6.6)

2 N2 Zhang’s approach 2 S, K. from N>
long-term data (B in extrapolated to ho = 0
Fig. 6.6)

3 N3 | Haverkamp’s 3 Ss | Wooding-Gardner
approach equation using steady
(short-term data A) state discharge

4 IHh | Final infiltration 4 S4 K, from N4
rate from hyperbolic extrapolated to ho=0
method

(extrapolation  of
short-term data A)

5 IMp | Final infiltration 5 IHh=0 | Final infiltration rate
rate from measured from hyperbolic
results method extrapolated to
(long-term data B) ho=0

6 IMh=o | Final infiltration rate

from measured results
extrapolated to ho =0
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In the Table 6. 3, N and S corresponds to the method of analysis used for near
saturated hydraulic conductivity and saturated hydraulic conductivity, respectively. The

steady-state flux, q,,, entering into soil at a tension head h, , from a shallow circular pond
of radius r,, can be approximated by a three-dimensional axisymmetric infiltration

equation (Wooding, 1968) given by Egs. 3.1 to 3.5. The steady-state discharge Q, was

used to determine K, and designated as method Sz in Table 6. 3.

The quasi-exact equation proposed by Haverkamp, et al. (1994) (denoted by Eq. 6.

33) was used to determine determining K, by following the differentiated linearization

(DL) method (Vandervaere, et al., 2000a). Unlike Zhang’s method, this method considers
the effect of sorptivity on the determination of K,,. The K,, was determined by
considering short-term infiltration data measured using MDI and designated as Ns. The
results from N3 was used to determine K, by the method of extrapolation and designated

as Sy in Table 6. 3.

The short-term measured data (< 50 minutes) as shown by data series A is Fig. 6.6
was used to determine final infiltration rate (if) by hyperbolic method (Al-Shamrani, 2005;
Huang, et al., 2014; Chung, et al., 2014). In this method, it is assumed that the infiltration
rate (i) versus time (t) response follows a rectangular hyperbola expressed by Eq. 6. 37.
Equation 6. 38 indicates that when time t tends to oo, the final infiltration rate i is equal to
the constant m. Accordingly, the Eq. 6. 38 is expressed in linear form as given by Eq. 6.
39. Figure 6. 7 corresponds to MDI measurement of station 5 of the study area for a tension
head of 0.5 cm. When a straight line is fitted to this data, the slope is given by 1/m. The
inverse of the slope (m) is therefore equal to ir. Therefore, i corresponding to different
tension head was determined and this method is designated as IHn in Table 6. 3. Further,

the ratio t/i was plotted as a function of time as shown in Fig. 6. 7(b).

j= M 6.37
k+t (6.37)
i _m
L (6. 38)
t
E—£+l 6. 39
i m m (6.39)

where, k and m are parameters of hyperbola equation.
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In addition, the parameters k and m was used to extrapolate the short-term data A
to long-term data for 4 hours as shown in Fig. 6. 7(a). The van Genuchten-Zhang method
was applied to the extrapolated data from hyperbolic method for estimating K
corresponding to different tension head for the method IHn. These values were further
extrapolated to tension head zero to obtain Ks and this method is designated as IHn=o in
Table 6. 3. Therefore, both ir and K, was determined based on short-term data by
following hyperbolic method.

The measured infiltration rate versus time data from MDI for 240 minutes (data B)
was used to determine the quasi steady state final infiltration rate is (shown in Fig. 6.6). In

this study, this was directly considered as K,,and designated as M and the extrapolated

value corresponding to zero tension from IMn was considered as K, (designated as 1Mn=o)

in Table 6. 3. The following section deals with the analysis of above mentioned methods
for understanding the short-term and long-term MDI measurements on hydraulic

conductivity determination (K., and K,).
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Fig. 6. 7 (a) Hyperbolic fit to short-term MDI data and (b) determination of final
infiltration rate from MDI measurement of station 5 for tension head 0.5 cm
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6.4.2. Discussion on Short-Term and Long-Term Data Analysis

The measured short-term and long-term MDI data as discussed above were used in
conjunction with different transient and steady state mathematical procedures for

determining the variability in near saturated (K, ) and saturated (Ks) hydraulic
conductivity corresponding to identical conditions. Figure 6. 8 compares K, determined
by Zhang’s method for short-term and long-term measured data designated as N1 and N,

respectively, in Table 6. 3.
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Fig. 6. 8 Comparison of near saturated hydraulic conductivity obtained from short-
term and long-term MDI measurements and Zhang’s method of analysis

The data include MDI measurements corresponding to four different negative
pressure heads at 14 locations in the study area. The aim of this comparison is to evaluate

whether the applied negative pressure head influence K, determination. It is explicit that
the applied tension head do not have much influence on K, determination. For the range
of K, <8 mm/h, both N1 and N2 results in the same value, and for K, >8 mm/h, N;
marginally underestimates as compared to N2. A higher K, _corresponds to a drier initial
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state of the soil and higher infiltration. It may be noted that the effect of sorptivity will be
more pronounced for soils with low initial water content and for short time duration.

Zhang’s approach does not consider the effect of sorptivity on K, determination. It is

understood that the variation of dimensionless coefficients (Egs. 6.12 to 6.14) involved in

the determination of K,, can be treated as constants as duration of infiltration time

increases. Therefore, combined influence of sorptivity and short term measurement would

have resulted in a marginal underestimation of K, Ni.
The near surface saturated hydraulic conductivity Ks obtained based on the K,

from Njand N> (designated as Si and Sz, respectively in Table 6. 3) was compared with
field saturated hydraulic conductivity measured at the same location using a Guelph
permeameter as shown in Fig. 6. 9. It can be noted that the Ks from the methods S; and S
do not compare well with the GP measurements. As the range of Ks increases, the deviation
is found to be more. There are both under and over estimation of Ks from S; and S and
majority of the data are within 50 % variability as compared to GP. There is no specific
advantage for long term and short term data (A and B) when Ks from MDI based on
Zhang’s method was compared with GP. Such an under and over estimation of MDI results
with reference to field saturated hydraulic conductivity are reported in the literature
(Nestingen, et al., 2018).

The variability can be attributed to the combination of various factors such as (a)

the methodology followed for K, and Ks estimation from MDI measurements, (b) MDI

measurements are based on water entry into the soil whereas GP is based on water
permeation within the soil, (c) soil surface characteristics influence MDI measurement
significantly, whereas the influence would be considerably less for GP (measurement
depth is 15 cm below ground surface), (d) the variation of MDI with reference to GP will
be site-specific as noted in the comparison presented in Fig. 6. 9 (both under and over
estimation), and can be due to both soil structure and soil type prevalent at the
measurement location. The individual contribution of these factors could not be
ascertained from the present study, and needs experimentation with controlled known

boundary conditions in the field for further investigation.
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Fig. 6. 9 Comparison of saturated hydraulic conductivity obtained from S1 and S2
(Table 6. 3) and Guelph permeameter

The Wooding-Gardner equation (Eqg. 6. 3) gives Ks from MDI measurements. Since
method Ss is a steady state method, the long term measured data from MDI was used. This
was compared with Si1, S» data and GP measurements for the study area as shown in Fig.
6. 10. It may be noted that Gardner’s a determined by two head approach in S3 was found
to be less sensitive for soils present in the study area. Hence, the resulting Ks from S3
method was found to be comparable for different locations of the study area. It is explicit
that the Ks determined by steady state approach (S3) is considerably greater than Zhang’s
transient method (S: and S») and GP measurements. To prove this point, Pearson’s
correlation coefficient “r”” was determined and reported in parenthesis as shown in Fig. 6.
10. A poor correlation was exhibited by S3-GP relationship whereas a better correlation
was noted for S1, S2 methods with Ss. Similar to the factors stated above, GP measurements
at a depth portrayed a lower Ks as compared to the surface Ks obtained by method Ss based
on MDI measurements.
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Fig. 6. 10 Comparison of saturated hydraulic conductivity obtained from Sz with Sy,
S2 and Guelph permeameter

Figure 6. 11 depicts the comparison of Zhang’s method (N1 and Nz) with
Haverkamp’s transient analysis based on data series A (denoted by Nz in Table 6. 3). It

can be noted that K, from N1 and N2 matches well with Haverkamp’s analysis for K,
< 16 mm/h for the type of soils found in the study area. For K, > 16 mm/h, Zhang’s

analysis was found to underestimate the values as compared to Haverkamp’s method

irrespective of the data series A and B. The mismatch is for higher values of K, , which

corresponds to low initial moisture content where the influence of sorptivity is maximum
(Angulo-Jaramillo, et al., 2016). It may be noted here that N1 and N2 do not account for

sorptivity for K, determination as compared to Haverkamp method (Ns).

The Ks obtained indirectly from N3 (designated as Ss) was compared with S3, S»
and GP as shown in Fig. 6. 12. It can be noted that the majority of the comparison of S
with Sy and S» falls within 20 % variability but exceeds more than 50 % variability for GP.
It is clear from previous discussion and Fig. 6. 12 that the measurement data from MDI is

more influential in the determination of K, and Ksthan the analysis procedure itself. This

is the reason why the trends reported in Fig. 6. 9 and Fig. 6. 12 are similar.
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Fig. 6. 11 Comparison of near saturated hydraulic conductivity obtained from
Zhang’s method (N1 and Nz in Table 6. 3) and Haverkamp method (N3)
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Fig. 6. 12 Comparison of saturated hydraulic conductivity obtained from
Zhang’s method (S1, Sz in Table 6. 3) and GP with Haverkamp method (Ss)
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The final infiltration rate (ir) was estimated from short-term data using hyperbolic
method (as discussed in Sub section 6.4.1) corresponding to different tension head. These

ir were compared with K, determined from N1 and N2 as shown in Fig. 6. 13. It can be
noted that there is no comparison between K, determined from N1and N2 and it estimated

from hyperbolic method. Hence, no relationship was attempted between these attributes.

However, an effort was made to find the factor R1, which is defined as the ratio of K,

N> to the i estimated from IH, and the results are tabulated in Table 6. 4. It can be noted
that there is a distinct value of R1 for different soil type observed in the study area. The
values of R1 is not sensitive to the applied tension pressure head and hence it was averaged.
The average R1 for sand and loamy sand is comparable and hence considered to be the

same. As the soil texture becomes finer, the R1 values reduces.
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Fig. 6. 13 Comparison of near saturated hydraulic conductivity obtained from
Zhang’s method (N1, N2 in Table 6. 3) with final infiltration rate estimated by
hyperbolic method (IHn)
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Table 6. 4 Ratio of K, determined from N2 and final infiltration rate estimated

from IHh
Station | Soil | Ratio R1 = Kygdetermined from N2 Average | Average
No. Final infiltration rate estimated from IHy R1 R1 based
Tension head (cm) on soil
0.5 2 4 6
S1 0.266 0.269 0.275 0.278 0.27
S3 S 0.252 0.255 0.261 0.264 0.26
S4 0.256 0.260 0.265 0.269 0.26 0.27
S5 0.268 0.271 0.278 0.281 0.27
S2 LS | 0.263 0.266 0.272 0.275 0.27
S14 0.273 0.276 0.283 0.286 0.27
S6 0.151 0.152 0.156 0.157 0.15
S9 0.141 0.143 0.146 0.148 0.15
S10 L 0.149 0.152 0.155 0.157 0.15 0.15
S11 0.149 0.151 0.154 0.156 0.15
S12 0.143 0.144 0.147 0.149 0.15
S13 0.145 0.146 0.150 0.151 0.15
S7 Si | 0.077 0.078 0.079 0.081 0.08 0.08
S8 0.078 0.078 0.080 0.081 0.08

S: Sand; LS: Loamy sand; L: Loam; Si: Silt

The factor R1 was applied to the i estimated from IHn and again compared with

K, determined from Nz as shown in Fig. 6. 14. It can be noted that there is an excellent
match between K, determined from N2 and factored it from IHn method by using the soil
specific factor R1 listed in Table 6. 4. This indicates a clear possibility of determining K,

from i estimated by hyperbolic method based on short term data A in Fig. 6.6. The is values
need to be factored using the soil specific values of R1 reported in Table 6. 4. The values
of factor R1 could be obtained for only four soil textures: sand, loamy sand, loam and silt
based on the soil type available in the study area. Further studies are needed to the
determine the values of R1 for other soil textures.

In addition, vG-Zhang approach was applied to the estimated curve (long-term)

based on hyperbolic method for determining K, and compared with N1 and N2 as shown

in Fig. 6. 15. As expected, it can be noted that the long term data (N2) matched well as

compared to N1 with the K, determined from hyperbolic method. This observation

endorses the fact that the hyperbolic method can be used to generate the long-term

infiltration data based on the short-term measurements from MDI.
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Fig. 6. 14 Comparison of near saturated hydraulic conductivity obtained from N2
and factored final infiltration rate estimated from IHn
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Fig. 6. 15 Comparison of near saturated hydraulic conductivity obtained from
Zhang’s method (N1, N2 in Table 6. 3) and hyperbolic method (I1Hn)
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The K, from hyperbolic method was used to determine saturated hydraulic

conductivity and was compared with the results of S and GP as shown in Fig. 6. 16. It can
be noted that there is an excellent match between Ks obtained from hyperbolic method and
Sz while there is high variability with GP data. This again endorses the previous finding
that hyperbolic method can be used to extrapolate the short-term data to obtain long term
response. Further, effort was made to explore relationship between Ks from hyperbolic
method and final infiltration rate (ir) estimated from hyperbolic method. The results are
shown in Fig. 6. 17. It can be noted that there is a good linear relationship between Ks from
hyperbolic method and final infiltration rate estimated from hyperbolic method with
Pearson’s correlation equal to 0.9856. This empirical relationship can be used to estimate
near surface Ksfrom short term measurements of MDI by knowing it from hyperbolic

method. However, this relationship is valid for is> 30 mm/h.
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Fig. 6. 16 Comparison of saturated hydraulic conductivity obtained from Zhang’s
method (S2), GP with hyperbolic method (IHn)
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Fig. 6. 17 Relationship between saturated hydraulic conductivity and final
infiltration rate (i) obtained from hyperbolic method (1Hn)

The estimated ir from hyperbolic method based on the short term data (data A in
Fig. 6. 6) was validated with the long term (data B in Fig. 6. 7) measured if from MDI as
depicted in Fig. 6.18. For completeness, the extrapolated i to zero pressure head (IHn=o
and IMn=o in Table 6. 3) are also shown in Fig. 6.18. It can be noted that the estimated and
measured it matches well with the former marginally underestimated as compared to the
measured values. This again reinforces the fact that hyperbolic method is quite effective
in estimating the final infiltration rate from the short term measured data of MDI. Both

estimated and measured it can be factored by R1 for determining K, _indirectly from short

term MDI measurements as explained before.
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Fig. 6. 18 Comparison of estimated final infiltration rate from hyperbolic method
with measured final infiltration rate from MDI

6.5. Summary

This study performed a critical evaluation of nine mathematical equations for
determining near surface saturated hydraulic conductivity (K,) based on mini disc
infiltrometer (MDI) measurements corresponding to different field conditions. A well
established Guelph permeameter (GP) was used as a reference measurement for K in the
field. The nine equations considered in this study include Wooding-Gardner (W-G),
Weir’s Refinement (W-R), van- Genuchten Zhang (vG-Z), White and Sully (W-S),
Simunek-Wooding (S-W), Ankeny (A), Zhang method -1 (Z-1), Zhang method -I1 (Z-11)
and Haverkamp (H). The statistical difference between K. determined from GP and
different mathematical equations (using MDI results) were assessed quantitatively by

using Bland-Altman plot (BAp), Pearson correlation coefficient and root mean square

error (RMSE). Analyzing the limits of agreement (LoA) and bias used in BAp, it was noted
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that, K, determined by W-G, W-R, vG-Z, A, and H equations compared well with the

results of GP.
The final section of this chapter deals with the investigation on the influence of

short-term and long-term MDI measurements on hydraulic conductivity determination.

Five different approaches were studied for near saturated ( K, ,) and saturated hydraulic
conductivity (K, ) determination. Zhang’s method of analysis using short-term and long-
term measured data gave identical results for K, <8 mm/h and marginal variation for
K, > 8 mm/h for the type of soils in the study area. The variation was attributed to the

non-consideration of sorptivity effect and short duration of measurement for relatively dry
state of the soil. The K, determined based on Zhang’s method using short-term and long-
term data did not compare well with the independent measurement using Guelph
permeameter (GP) and exhibited both under and over estimation. A poor correlation was

exhibited by K, determined from steady-state Wooding-Gardner equation as compared to

Zhang’s method and GP.

The K, from Zhang’s method matched well with Haverkamp’s analysis for K,
< 16 mm/h and underestimate for K, > 16 mm/h irrespective of short-term or long-term

data. The mismatch was again attributed to the non-consideration of sorptivity in Zhang’s
analysis as compared to Haverkamp’s method. This study demonstrated the prediction of
final infiltration rate (ir) from short-term data using a rectangular hyperbolic method. It
was shown that the estimated ircompared well with measured is from long-term measured

data. A method was developed by defining a soil specific factor for estimating K, _based

on ir obtained from hyperbolic analysis of short-term data. A good comparison was noted
between Ks obtained from hyperbolic method and Zhang’s method while there was high
variability with GP data. The empirical linear relationship between Ks from hyperbolic
method and final infiltration rate estimated from hyperbolic method can be used to
estimate near surface Ksfrom short-term measurements of MDI. The relationship is valid

for is > 30 mm/h.
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Chapter 7

Laboratory Investigation on the Relationship and Sensitivity of Initial
Compaction State on Near Saturated Hydraulic Conductivity

7.1. General

Infiltration is primarily influenced by soil type and initial compaction conditions
(dry density and water content). However, there are not many studies that investigates the
relationship and sensitivity of initial compaction state on infiltration characteristics of
soils. Recent developments such as portable mini disc infiltrometer (MDI) permits
controlled, non-destructive and non-intrusive infiltration experiments in the laboratory.
Using this possibility, the study formulated a statistically significant multiple-linear

regression (MLR) to quantitatively investigate the relationship between near saturated near

surface hydraulic conductivity K, and initial compaction state (dry density, y and

gravimetric water content, w) with and without negative pressure head (ho). Also, an
artificial neural network (ANN) model was developed for predicting the hydraulic
conductivity by knowing the initial compaction state and particle size fraction of a
particular soil. As such, this chapter discusses the association between initial compaction
conditions with the near saturated hydraulic conductivity attained from infiltration
responses for different types of soils including both cohesionless and cohesive soils.

7.2. Material and Methods
7.2.1. Soil Characterization

In this study, cohesionless sand, a cohesive natural lateritic hill soil (red soil), a
silty and a loam soil were selected. The soils were characterized for their basic
geotechnical characteristics and the results are summarized in Table 7. 1. The soils were
classified as SP, CL, MH and ML based on Unified Soil Classification System (USCS) as
stated in ASTM D 2487, where, SP stands for poorly graded sand, CL for lean clay of low
plasticity, MH for high plasticity silt and ML for low plasticity silt. Specific gravity (G)
of soil is determined based on ASTM D 854 and particle-size distribution was determined
in accordance with ASTM D 7928-17.
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Table 7. 1 Soil characteristics of the selected soils

Soil Particle size fraction | USCS* | Specific | van Genuchten
Type (%) Gravity parameters
Sand | Silt Clay (GS)
o n
Sand 95 5 0 SP 2.55 0.145 | 2.68
Red soil | 30 32 38 CL 2.72 0.059 | 1.48
Silt 23 56 21 MH 2.62 0.016 | 1.37
Loam 27 42 31 ML 2.68 0.036 | 1.56

7.2.2. Experimental Setup

Two PVC cylindrical molds of 20 cm diameter and 30 cm height were fabricated
with and without bottom drainage provision for performing controlled MDI infiltration
measurements on compacted soil samples shown in Fig 7.1. A rammer of 1.7 kg was used
to impart the required compaction energy to the soil sample. The soils were compacted at
atarget y of 1.4 g/lcm?, 1.6 g/cm® and 1.8 g/cm®. The target water content of the soil varied
from air dried, 2%, 4%, 8%, 12%, 16% and 20 % for sand and air dried, 2%, 10%, 20%,

25%, 30% and 35 % for red soil, silt and loam. Determination of Kho could not be

performed for those samples having initial state of the sample close to full saturation. The
required mass of air dried soil sample was mixed with calculated quantity of water to
obtain desired water content. The soil sample was packed in the mold in three layers by
giving equal number of blows on each layer. The number of blows depends on the desired
state of compaction for a particular soil and was determined by trial and error. The weight
of soil filled in the cylinder was noted and the bulk density was determined. The water
content of the compacted soil was measured by oven drying method (ASTM D 2216), and
the y of the sample was determined. This was done to verify whether the achieved
compaction state was identical to the targeted values. Remolded samples were opted in
this study as against the field samples for achieving homogeneous samples of known
compaction states. Field core samples may result in heterogeneity in terms of compaction

state, which is not known and will not serve the purpose for which this study is performed.
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Fig. 7. 1 Experimental set up

For each compacted state of the soil, MDI measurements were performed for

suction head 0.5, 2, 4 and 6 cm corresponding to with and without bottom drainage. All

the experiments were repeated four times for ensuring the authenticity of the results

obtained. The results were used to develop a relationship between hydraulic conductivity

as a function of compaction state and applied tension head (ho). It may be noted that the

initial condition of the soil sample was kept identical for every suction head. In total, 544

sets of measurements were performed for sand and 512 for red soil, silt and loam

respectively.
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7.2.3. Determination of Hydraulic Conductivity

The size of the laboratory mold in which the soil is compacted was fixed such that
there is no boundary effect on MDI measurements. Trial experiments were performed to

verify no boundary effect on near surface near saturated hydraulic conductivity (K, )

determination. Afer preparing the MDI, it was placed on the soil surface and water was
allowed to infiltrate. The volume of water that infiltrates into the soil at different time

interval was measured for plotting cumulative infiltration (cm) versus time response.

The near saturated hydraulic conductivity K, from three-dimensional infiltration

response was determined by the transient approach proposed by Zhang using the Eq. 3. 6
(Section 3.2.3). The required water retention parameters corresponding to van Genuchten
(1980) model was obtained based on the USDA textural classifaction as proposed by
Carsel and Parrish (1988) and as recommended by the manufacturer of MDI. From the
literataure (Angulo-Jaramillo, et al., 2016), it was observed that there is a possibility of

error in Cz determination because of the influence of sorptivity on K, determination,

which is not accounted in Zhang’s method (Smettem, et al., 1994). However, for all
practical purpose and as a first hand estimate, Zhang’s method was found to be suitable
for analysing MDI measurements (Angulo-Jaramillo, et al., 2016). It is worth mentioning
here that Dohnal, et al. (2010) has demonstrated that Zhang (1997a) method is the most
reliable method for determining hydraulic conductivity from MDI results for soils having
van Genuchten parameter n greater than 1.35. It may be noted that the value of n for soils
considered in this study is greater than 1.35 as listed in Table 7. 1, which justifies the use
of Zhang’s method.

In spite of the above justification for Zhang’s method, this study attempted to

understand the influence of sorptivity on K, determination. There is a possibility of
improper estimation of K, as the soil becomes dry where in the effect of soil suction and
sorptivity increases. For this reason, re-analysis of MDI results was performed using the

physically based two-term cumulative infiltration model proposed by Haverkamp, et al.
(1994). This model accounts for the influence of sorptivity on the estimation of K,
(Angulo-Jaramillo, et al., 2016). Haverkamp, et al. (1994) developed a quasi-exact

equation describing the three-dimensional unsaturated cumulative infiltration curve for

disc infiltrometers. The three-dimensional cumulative infiltration for short to medium time
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can be determined by using Eq. (6. 34), in which the values of C;1 and C; are given by Eq.
6. 35.
Table 7. 2 and 7. 3 summarizes the statistical parameters for the repeatability of the

near saturated hydraulic conductivity of the soil (K, ) measurements using MDI for sand

(SA) and red soil (RS), respectively. These statistical parameters include arithmetic mean
(AM), standard deviation (SD) and coefficient of variation (CV) for selected compaction
states and suction. All the sets of measurements exhibited similar statistical trends and

hence for the sake of brevity not all the results are listed in Tables 7. 2 and 7. 3.

Table 7. 2 Statistical parameters for the repeatability of near saturated hydraulic
conductivity (mm/h) measurement for sand

Sr. | Drainage | Dry Density Water Suction AM SD | CV
No. | condition (g/cm?) content (%) (cm) (mm/h) (%)
1 without 1.4 4 0.5 18 024 | 12
2 | drainage 6 12 036 | 2.8
3 12 0.5 12 03 | 2.3
4 6 12 024 | 21
7 1.6 2 0.5 18 036 | 25
8 6 12 018 | 14
9 12 0.5 12 048 | 4.3
10 6 6 0.06 | 04
11 1.8 2 0.5 12 0.06 | 04
12 6 6 03 | 34
13 6 0.5 12 012 | 14
14 6 6 0.18 | 4.3
16 with 1.4 12 6 12 03 | 20
17 | drainage 1.6 0 0.5 12 06 | 14
18 6 12 012 | 0.8
20 2 6 12 0.12 | 0.9
22 1.8 2 6 12 03 | 2.7
24 6 6 6 012 | 35

AM - Arithmetic mean; SD - Standard deviation and CV- Coefficient of variation

The results indicate that the measurements performed using MDI is repeatable for
the soils and compaction state considered in this study. The coefficient of variation is less
than 5 % for all the MDI measurements. This is an encouraging statistical trend for the

Ky, measurements, which is considered to be a highly variable parameter in the literature

(Vrettas and Fung, 2015). The high repeatability is the result of controlled compaction and
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homogeneity of soil samples considered in this study. The K, corresponding to with and

without bottom drainage conditions is depicted in Fig. 7.2. It is explicit that the influence

of bottom drainage condition on K; determination using MDl is negligible. This indicates

that the three dimensional wetting front beneath MDI is not influenced by bottom drainage

condition for the test duration considered in this study.

Table 7. 3 Statistical parameters for the repeatability of near saturated hydraulic
conductivity (mm/h) measurement for red soil

Sr. Dry Density Water Suction | AM SD Ccv
No. (g/cm?) content (%) | (cm) | (mm/h) (%)
1 without 1.4 4 0.5 10.2 042 | 4.0
2 | drainage 6 8.4 012 | 1.1
3 12 0.5 7.2 018 | 24
4 6 7.8 024 | 3.2
7 1.6 2 0.5 7.2 012 | 1.3
8 6 6.6 0.06 | 0.6
9 12 0.5 6.6 036 | 5.5
10 6 5.4 0.18 | 3.1
11 1.8 2 0.5 4.8 012 | 2.8
12 6 4.2 012 | 3.3
13 6 0.5 9.0 0.06 | 06
14 6 8.4 001 | 0.1
15 with 1.4 12 0.5 1.3 002 | 15
16 | drainage 6 1.0 0.002 | 0.3
20 1.6 2 6 3.9 0.16 | 4.2
21 1.8 2 0.5 3.2 004 | 1.2
22 6 2.6 0.02 | 0.6
23 6 0.5 1.4 0.01 | 0.9
24 6 0.7 002 | 2.8

AM - Arithmetic mean; SD - Standard deviation and CV- Coefficient of variation
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Fig. 7. 2 Comparison of near saturated hydraulic conductivity (K, ) with and
without bottom drainage

To understand the effect of sorptivity, the K, values determined based on
Haverkamp’s (considering sorptivity) and Zhang’s analysis (not considering sorptivity)
were compared for soils SA and RS as depicted in Figs. 7.3 and 7.4, respectively. It can

be noted that the K, obtained from Haverkamp’s and Zhang’s methods of analysis
compares well for K, values less than 15 mm/h for sand and 8 mm/h for red soil. Beyond
this prescribed value, the Zhang’s method marginally underestimates K, as compared to

Haverkamp’s method. It is explicit from the figures that the mismatch is for higher K,

values, which corresponds to relatively low initial water content of the sample. It is known

that the influence of sorptivity is predominant for low water content. This means that the

underestimation of K, from Zhang’s analysis for relatively dry state of the soil can be

attributed to the non-consideration of sorptivity effect for both the soils. However, it is
worth mentioning that the mismatch between Haverkamp’s and Zhang’s methods of
analysis is well within 10% variability for both the soils as indicated in Figs. 7.3 and 7.4.
Even though it is understood that the role of sorptivity is prominent for low water content,

it is not clear from the literature about the degree of saturation of the soil for which the
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effect is more prominent on K, determination. Further analysis of initial state of the soil

shows that the average degree of saturation for SA is 20 % and for RS is 30 % below which

the sorptivity is found to influence K, determination.
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Fig. 7. 3 Comparison of hydraulic conductivity determined using Haverkamp and
Zhang equations for sand
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Figure 7.5 exhibits the variation of K, with initial compaction state for soils SA

and RS, for infiltration measurements performed at 0.5 and 6 cm tension. For a particular
w, the infiltration and K, decreased with an increase in y. For a particular y, the K,
determined from infiltration measurements decreased with an increase in initial water

content for both the soils and the trends are consistent for all the cases considered in this
study. For a higher initial water content, the measured infiltration was less and hence the

Ky, determined based on the former is also less. It can be noted from the literature that a
drier initial state of the soil has high suction and hence low unsaturated hydraulic
conductivity (Fredlund and Rahardjo, 1993). However, a drier soil absorbs more water at

the boundary due to which the infiltration and K, is higher.
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Fig. 7. 5 Variation of hydraulic conductivity with initial compaction for sand (a, b)
and red soil (c, d)

There are several studies that investigates the variation of hydraulic conductivity
(measured based on flow through soils as in the case of permeameters) for different initial

compaction states (Assouline, et al., 1997; Zhang, et al., 2006), there are not many studies
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for the near surface, near saturated hydraulic conductivity based on infiltration

measurements. This aspect can only be investigated through controlled infiltration

measurements as in the present study. The K, determined from infiltration measurements

IS more appropriate and mandatory for any hydrologic modelling related to irrigation,

drainage, artificial recharge and flooding where the surface K, is more important.

Owing to the importance of surface hydraulic conductivity, an effort is made in this

study to investigate the relationship between K, and initial compaction state (y and w) for

cohesionless and cohesive soil considered in this study. Such relationships are rarely
reported in the literature essentially due to the paucity of controlled infiltration
measurements with fully known initial compaction conditions. This was possible in this
study due to the use of MDI on a laboratory compacted samples allowing infiltration
measurements on samples with known compaction state. This is not always possible in the
field measurements due to the inherent factors affecting homogeneity of soil compaction

state.

7.3. Relationship of Initial Compaction State on Near Saturated Hydraulic
Conductivity Using Multiple Linear Regression (MLN) Analysis

As a simple first hand estimation, a multiple linear regression (MLR) analysis was

performed to investigate the quantitative relationship and sensitivity of initial compaction

condition (y and w) and ho on K, for a particular soil where sand and red soil were
selected. The general form of the MLR is expressed as

Y =0 + o X X + UpXgenn +o X +€ (7.1)
where y is the variable to be predicted (K, in this case) and xi is the predictor variables.

The coefficients ay, ...., ak measure the effect of each predictor after considering the effect
of all other predictors in the model. The coefficients measure the marginal effects of the
predictor variables. 400 different sets of values were used for MLR.

The adequacy of the regression equation was quantified using R-square value. For
more than one independent variables, adjusted R-square is used, which is adjusted for the
number of predictors in the model (McCardle, 2003; Cramer, 1987; Ohtani, 1994). A

higher the adjusted R-square indicates better representation of the model to the fitted
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data. The adequacy of the model was checked using 100 independent measured values of

K, (for sand and red soil).

7.3.1. Results of MLR model for Near Saturated Hydraulic Conductivity

A simple multiple-linear regression (MLR) equation was formulated with and
without considering boundary negative pressure head for both Zhang’s and Haverkamp’s
approach to understand its influence. The coefficients of all the cases of MLR equation

obtained from the present study is listed in Table 7. 4.

Table 7. 4 Multiple linear regression equation for hydraulic conductivity of sand

and red soil
Soil | Method of | Equation without | Adjusted Equation Adjusted
type | analysis considering ho R? considering ho R?
Zhang | K, =-0.73w- 075 | K, =-0.73w-1854 | 0.88
Sand 18.54 y +45.97 y - 0.87 ho + 48.7
Haverkamp | K, =-0.89 w- 079 | K, =-0.89w-19.83 | 0.89
19.83 y +49.46 y-0.88 ho + 52.21
Zhang Ky, =-0.25 w- 081 | K, =-0.25w-11.86 | 0.90
red 11.83 y +26.13 y - 0.45 hg +27.58
Soil Haverkamp K, =-0.28 w- 0.83 K, =-0.28w-12.75 | 0.91
12.75 y +28.28 y - 0.47 ho +29.74

Ky, — hydraulic conductivity; w — initial water content; y— initial dry density, ho —

applied disc tension

The adequacy of the MLR equation was validated by independent infiltration
measurements performed on both soils. Figures 7.6 and 7.7 depicts the comparison of

measured and estimated K, for sand and red soil, respectively. It can be noted that
majority of the measured and estimated K, falls within 25 % variability and encouraging

number of data within 10 % variability. Further, statistical analysis was performed to
assess the predictability of MLR equation by testing a set of null hypotheses as listed in
Table 7. 5 at the significance level of 0.05.
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Kruskul-Wallis Hypothesis testing with the significance level of 0.05 was
conducted to establish statistical difference between measured and estimated K, values.
The results of testing HI and H2 hypotheses are presented in Table 7. 5 along with their
respective statistical level of significance. The stated null hypothesis is rejected if the
corresponding p value is less than 0.05. The results tabulated in Table 7. 5 shows that p

value is greater than 0.05 for both the soils considered in this study and hence fail to reject

the null hypothesis. This means that the estimated K, is not statistically different from

measured results, which is an encouraging result for practical applications.

Table 7. 5 Kruskul-Wallis Hypothesis testing

Hypothesis Null Hypothesis p values | Decision
H1 none of the measured hydraulic conductivity 0.99 Fail to
values differ significantly from the estimated reject
values obtained from MLR equation for sand
H2 none of the measured hydraulic conductivity 0.82 Fail to
values differ significantly from the estimated reject
values obtained from MLR equation for red soil

The developed relationship will be handy for predicting near saturated near surface

hydraulic conductivity based on infiltration measurements by knowing the initial

compaction condition of the soil, which is relatively simple and more certain than K

measurements. For a highly variable parameter like K, (Lee, et al., 2016; Assouline,

2013), such MLR can be a good first hand estimate for various field applications where
actual infiltration measurements cannot be performed. Such relationship can also be
employed for determining infiltration for a known y and w determined remotely for
inaccessible sites. However, the generality of such MLR need to be established by testing

wide variety of soils.
7.3.2. Sensitivity Analysis of MLLR Equation

The influence of input parameters w, y and ho on K, was quantified by sensitivity
index determined by one-at-a-time measure (Saraiva, et al., 2017). According to the
methodology explained in Saraiva, et al. (2017), method of difference is adopted for

determining sensitivity index, which is based on the difference between system response

(yij)) and the base solution (B) for a particular parameter variation. For yij, i varies from 1 to
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k, where k is the total number of parameters and j = 1 to n, where n is the number of
equidistant sample points which is kept same for all the parameters. The sensitivity indices
Sdwy IS given by Eq. 7. 2, where X; is the parameter.

3s, (7.2)

j=1

Sd(xi) = n

where i and k remains same as explained above, Sjj is the partial sensitivity indices for the

jth sample point of the curve x; given by Eq. 7. 3.
-4 (7.3)
Tk

Ylvi-4

i=1

The results from Eqgs. 7.2 and 7.3 is used to develop quantitative representation of

S

ij

sensitivity index of each parameter considered in this study (w, y and h). This method helps
to evaluate how sensitive the parameters are for the same percentage variation.
Figure 7.8 exhibits spider diagram (Saraiva, et al., 2017) which forms the basis of

method of difference for illustrating the sensitivity of parameters. Spider diagram

represents the output variation (in this case, value of K, ) for a given percentage variation

in the input parameters considered one at a time (w, y and ho). The reference value of K,

(measured value) corresponding to a reference value of input parameters is shown in the
figure. The spider graph offers a first-hand graphical information on the sensitivity of
parameters. Only two cases were considered here one each of sand and red soil with and
without considering ho. It can be noted that spider graph presents a consistent

representation of parameter sensitivity where in K, determination is highly sensitive to y,

followed by w and ho. Other cases of spider diagram present the same information and is
not presented here for the sake of brevity.

The results from the spider diagram was used to determine sensitivity index Sq (EQ.
7. 5) for all the multiple-linear regression equations considered in this study as shown in

Fig.7.9. The quantitative values of sensitivity index clearly indicate that the initial dry

density (y) has significant influence on K, determination for all the cases considered in

this study for both the soils. The sensitivity of ho is marginally more than w for three cases.
However, for all practical purpose, the sensitivity of w and ho can be considered

comparable. The results clearly indicate the importance of the knowledge of initial
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compaction state of soil for determining infiltration characteristics in addition to the scale

effects reported in the literature (Rasoulzadeh and Fatemi, 2011).
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7.4. Relationship of Initial Compaction State on Near Saturated Hydraulic
Conductivity Using ANN

Neural networks are data mining assemblies comprising artificial neurons in a
multifaceted architecture to establish correlation between the inputs parameters and the
outputs parameters (Das, et al., 2011; Mishra, et al., 2016). Training a network contains
an iterative procedure through which the network gives the appropriate inputs along with
a precise output for each of the inputs. After effective training, the training set has been
learned with the learning weights are marginally attuned during each iteration and the
training cycle concluded until the suitable weights have been established (Das, et al.,
2012).

In the study, ANN was performed to correlate surface hydraulic conductivity as a
function of soil fractions (sand, silt and clay) and initial compaction condition (dry density
and water content) for a particular soil. The boundary pressure head which was applied at
the bottom disc was also considered as an independent variable in the study. The data
required for this analysis was generated using controlled laboratory experiments conducted
in loam, silt, red soil and sand sample. 544 different sets of values were used for ANN
model for sand samples whereas for red soil, silt and loam samples 512 sets of values were
used respectively.

In the study, ANN toolbox accessible with MATLAB v 2015A has been used for
the establishment of the association between the hydraulic conductivity and soil fractions,
initial compaction conditions and pressure head applied at the bottom disc (MathWorks,
2001). The network was constructed and trained via different learning algorithms. In the
study, a multilayer feed-forward-back-propagation network supported by Levenberg—
Marquardt’s learning rule had been used as it was the most efficient and accurate in
determining the optimal point compared to other algorithms as shown in Fig. 7. 10 with
the lowest mean square errors (MSE) with 6 neurons or nodes. The maximum possible
iterations had been set to 50,000 where the progress in consecutive learning iterations was

estimated by means of MSE, as expressed in Eq. 7. 4.

MSE =ii(os -0,) (7.4)

d i=1

where Os and Oa were the simulated and predicted values respectively of the same unit
and Nq was the total number of units. As evident from Fig. 7. 10, the number of nodes in

the hidden layer was optimum to have a least MSE. Consequently, the network structure
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has been used in the study includes a 6-6-1 architecture with six nodes in the input layer,
six nodes in the hidden layer and one node in the output layer as shown in Fig. 7. 11. In
the present network, nonlinear tan-sigmoid transfer function was used for all the nodal

connectors.
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7.4.1. Normalization of Input and Output

The normalization was carried out using the following expression given by Eq. 7.

sﬂ:gﬁ_l (7.5)

J S;nax_S;mn

where S/ and S were the j™ values of input or output before and after normalization
respectively whereas 5" and S]'»"i” are the maximum and minimum values of all before

normalization. With the normalization process the raw data of inputs and outputs had been

normalized between -1 and 1.
7.4.2., Number of Hidden Neurons

In the study, an analysis was carried out to find out the optimal number of nodes
essential in the hidden layer. It was evident from the Fig. 7. 10 that the lowest MSE was
in the case of Levenberg—Marquardt’s training function with 6 nodes in the hidden layer.
Hence, a 6-6-1 ANN architecture had been employed with six input nodes (initial water
content, dry density, applied suction at the bottom disc of MDI, sand fraction, silt fraction
and clay fraction) with one output node (hydraulic conductivity) and six hidden nodes as

shown in Fig. 7.11.

7.4.3. Overview and Performance of the ANN Architecture

The architecture of the ANN can adapt its performance in accordance with the
specific problem. Consequently, ANN has the ability to apprehend effective configuration
from a particular dataset which is known as training where the connection weights of nodes
alter methodically to provide the preferred results (Das, et al., 2012). The foremost
objective of the training is to find the ideal connection weights which would produce
minimum MSE (Ghaboussi et.al., 1994; Demuth and Hagan, 1996). In this study, the
partition of samples for training, testing and validation was carried out in accordance with
the conservative practice which is shown in Table 7. 6. The training parameters are listed
in Table 7. 7 and the optimum connection weights attained from the training was set aside
for testing and validation phases. The training process was persistent until the error is

lowest in testing dataset (Viji, et al., 2013).
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Table 7. 6 Number of samples used in various performances

Sr. No. | Performance | Number of Samples
1 Training 1456
2 Testing 312
3 Validation 312

Table 7. 7 Training parameters in the study

Sr. No. | Training parameters Magnitudes and Selection
1 Training function trainlm
2 Transfer function Hidden layer tansig
3 Transfer function Output layer tansig
4 Performance function mse

5 Error after learning 0.001
6 Epochs 50,000
7 Number of neurons in input layer | 6

8 Number of hidden layers 1

9 Number of neurons in hidden layer | 6

10 Number of output layers 1

Validation checks indicated the number of successive iterations that the validation
performance fails to reduce. With number of stopping criteria was used concurrently, the
training phase was supposed to end when any of the criteria is met. In the training phase,
the coefficient of correlation R? was 0.984, which indicates a solid association between
predicted and simulated results underlining the optimal training of the neural network. The
connection weights from this stage could be attained as a result of the training which were
then used in the testing and validation stages along with the conforming biases as tabulated
in Table 7. 8 to 7. 10. The trained neural network along with its optimal connection
weights, was used for the testing stage to assess the capability of prediction for the model.
The testing stage had depicted in Fig. 7. 12, a high correlation coefficient R? of 0.987
offers an endorsement that the trained ANN model had greater prediction capacity.
Afterwards, the trained neural network considered the validation dataset which was not
used till now neither in training nor in testing stage. The validation phase was suitable to
test the appropriateness of the neural network model. Figure 7. 12 demonstrated
outstanding matching with R? of 0.987 between simulated and predicted values
emphasizing the greater performance of the 6-6-1 ANN architecture. The development of
training was reviewed for the three stages training, testing and validation by plotting the
deviation of MSE with the concluded number of epochs, as shown in Fig. 7.13. In the
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study, the usefulness of the trained network was tested on the basis of the training statistics
with the recorded data of coefficient of correlation R2. As the values of R? fluctuated from
0.984 t0 0.987, the ANN was optimally trained and the network structure had outstanding

competence of prediction.

Table 7. 8 Input-Hidden Connection Weights

idden A B C D E F

Input

1 -0.181 | -3.050 | -6.359 | 3.883 0.505 | -4.198

2 -0.550 | -2.828 | -1.600 [ 0.547 | -0.004 | -3.802

3 1.924 | 0.049 | -0.295 | 0.285 0.268 | 0.038
4 -0.167 | 1.296 | -1.033 | -2.241 | -0.386 | -0.145

5 0.100 | 0.752 | 2.477 | 0.581 0.262 | -0.337

6 -0.708 | 0.294 | 1.688 | 0.435 | -1.079 | -0.505

Table 7. 9 Output-Hidden Connection Weights
Hidden
A B C D E E
Output [ -0.190 2.044 0.435 -0.850 -0.436 -1.676

Table 7. 10 Biases obtained after training phase

Biases
Hidden layer | Output layer
1.986 -0.608

-0.785
-2.264
3.687
0.045
-1.681
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7.4.4. Sensitivity of ANN Model

Sensitivity analysis is significant for the selection of influencing input variables so
as to provide their ranking in accordance with their importance. There are different ways
to ascertain the contributory input variables (Olden, et al., 2004; Das, et al., 2010; Mishra,
etal., 2016). Among them, garson’s algorithm was used in this study to find the importance
of inputs (Garson, 1991; Olden et.al., 2004). In the case of Garson’s algorithm, initially
the input-hidden and hidden-output weights were separated, and the absolute values of the
weights was used to distinguish the rank of input parameters (Garson, 1991). In the
approach, the product of the input-hidden and hidden—output connection weights were
considered. The result is a ranking of the input variables based on their absolute values,
also provide the idea whether the outputs are having a direct or inverse relation with
different input parameters (Olden et.al., 2004).

. .
Input, = ZM (7. 6)
=2 |Hidden,, |

Z=1
Accordingly, the above expression represents the estimation of variable importance
for predictor variable X (where X = 1-6), using the weights connecting each of the input
neurons Z (where Z = 1-6) to each of the hidden neurons N (where N = 1-6), and the latter
to the single output neuron. The result of the sensitivity analysis conducted with the
Garson’s method to deliver the importance ranking to the input parameters was shown in
Table 7. 11.

Table 7. 11 Sensitivity index for near saturated hydraulic conductivity by Garson’s
algorithm (based on ANN)

S. Input Importance Importance | Rank

No. (%)

1 Water content 2.105 35.1 1
2 Dry density 1.112 18.5 2
3 Suction 0.709 11.8 5
4 Sand 0.765 12.8 4
5 Silt 0.527 8.8 6
6 Clay 0.782 13.0 3

It is obvious from the Table 7. 11 that initial water content was the most significant

input parameter with maximum impact on the variations in prediction for the Garson’s
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algorithm method. It was followed by the other input parameters according to their impact
dry density, clay and sand fraction, applied suction and silt fraction in case of Garson’s

algorithm in that oder.
7.4.5. ANN Prediction Equation for Near Saturated Hydraulic Conductivity

A model equation was framed with the weights and biases acquired from trained
ANN. The mathematical equation linking the input variables and the output could be
expressed as (Goh et.al., 2005; Das and Basudhar, 2008),

K, = fgq {bo +Zh:|:wk X f g (i +iwikxi)}} (7.7)

where K, was the normalized output variable, fsig is the sigmoid transfer function, by is the
bias at the output layer; Wk is the connection weight between k™ node of hidden layer and
the output node, bnk is the bias at the ki node of the hidden layer, m is the number of input
variables, h is the number of nodes in the hidden layer, Wik is the connection weight
between i layer of input and k™ node of hidden layer, Xi is the normalized input variables.

With the values of the connection weights and biases tabulated in Table 7. 8 to 7.
10 and subsequent expression was framed where w represents the first input parameter
initial water content, y represent second input parameter dry density, ho represents the third
input parameter applied suction, s represents fourth input parameter sand fraction, si
represents the fifth input parameter silt fraction and c represents the sixth input parameter

clay fraction,

A1=1.986-0.181 w-0.550 y + 1.924 ho - 0.167 s+ 0.1si - 0.708 c (7.8)
A2=-0.785-3.050 w - 2.828 y + 0.049 ho+ 1.296 s + 0.752 si +0.294 ¢ (7.9)
A3=-2264-6.359w-1.600y-0.295ho-1.033s+2.477si+1.688c (7.10)
A4 =3.687 +3.883 w + 0.547 y + 0.285 ho- 2.241 s + 0.581 si + 0.435 C (7. 11)
As = 0.045 + 0.505 w - 0.004 y + 0.268 ho -0.386 s + 0.262 si - 1.079 ¢ (7.12)

As=-1.681-4.198w-3.802y+0.038 hg-0.1455-0.337si - 0.505 ¢ (7. 13)

el - Al

B1=-0.190 x S—S_ (7. 14)

eAl + e'Al
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e - g2

Bo= 2044 x S0 (7. 15)
Bo= 0435 x S0 (7. 16)
Be= - 0.850 x S (7.17)
Bs= 0436 X S (7. 18)
Bo= 1676 x S (7. 19)
Ci1 = -0.608 + By + By + B3 + B+ Bs + Be (7. 20)
Kn:% (7. 21)

The K, value as acquired from Eq. 7. 21 was in between —1 and 1 and that required to be

denormalized as,
Kho = 05(Kn +1) (Kmax - Kmin) + Kmin (7 22)

where, Kmax and Kmin Were the maximum and minimum value respectively of the dataset

7.5.  Summary

This study investigated the possible relationship and sensitivity of initial
compaction condition of soil on the near saturated near surface hydraulic conductivity (

Ky, ) determined by minidisc infiltrometer (MDI). The coefficient of variation was found

to be less than 5 % for MDI measurements proving its repeatability for the controlled
compaction and homogeneous soil samples considered in this study. The three dimensional
wetting front beneath MDI was not influenced by the bottom drainage condition for the

test duration considered in this study. It can be noted that the K, obtained from
Haverkamp’s and Zhang’s methods of analysis compares well for lower K; values less

than 15 mm/h for cohesionless soil and 8 mm/h for cohesive soil. For hoth the soils, the

Zhang’s method marginally underestimates K, (within 10 %) as compared to
Haverkamp’s method for higher K, values, which corresponds to low initial water content
of the sample (sorptivity is predominant). The variation of K, from Zhang’s analysis may

be attributed to the non-consideration of sorptivity effect for both the soils. The average

136
TH-2470_126104016



degree of saturation was 20 % and 30 % for cohesionless and cohesive soil, respectively,

for which sorptivity was found to influence K, determination. For a particular initial
gravimetric water content (w), the infiltration and K, decreased with an increase in dry
density (y). For a particular y, the K, determined from infiltration measurements

decreased with an increase in w for both the soils and the trends are consistent for all the
cases considered in this study. A drier soil absorbs more water at the soil surface due to

which the infiltration and K, is higher.

A simple multiple-linear regression (MLR) equation was formulated with and
without considering boundary negative pressure head (hs) for both Zhang’s and

Haverkamp’s approach to investigate the relationship between K, and initial compaction

state (y and w) for cohesionless and cohesive soil considered in this study. The adequacy
of the MLR equation was validated by independent infiltration measurements performed

on both soils. The relationship between estimated K, from MLR and measured results

was found to be statistically significant, which is an encouraging result for practical
applications. It is believed that such MLR can be a good first hand estimate for various
field applications where actual infiltration measurements cannot be performed. However,
the generality of such MLR need to be established by testing wide variety of soils. The

developed MLR was used to study the sensitivity of input parameters (w, y and ho) on K

by using spider diagram and method of difference. The quantitative values of sensitivity

index clearly indicate that the initial dry density (y) has significant influence on K

determination for all the cases considered in this study. The sensitivity of w and h, is much
less than y and can be considered comparable.
The study also explored the effect of soil type, applied suction and initial

compaction state of soil on the hydraulic conductivity(K, ) based on ANN model

estimated on controlled MDI measurements carried out in the laboratory. Unlike linear
regression model, the sensitivity analyses (Garson’s algorithm) based on ANN model

indicated that K|, determined from MDI is more sensitive to initial water content followed

by dry density. The ANN model with the six input parameters was the optimal model based

on the statistical parameters and correlation coefficient for training and testing data set.
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Chapter 8

Numerical Flow Simulation Beneath Infiltrometers

8.1. General

There is substantial advancement in the theoretical understanding and
mathematical formulation of water flow and solute transport in the vadose zone with quite
a few analytical solutions. However, there is a need to cross verify the validity of input
hydraulic parameters from the database for simulating infiltration beneath infiltrometers.
In this chapter, the flow processes beneath different infiltrometers were numerically
simulated using Hydrus 2D software. Also, controlled experiments with instrumentation
were conducted under controlled condition to understand the flow processes beneath a

mini disc infiltrometer (MDI).

8.2. Field Experiments

The infiltration tests conducted at 14 locations in the study area for June 2014,
December 2014 and June 2015 using mini disc infiltrometer (MDI), tension infiltrometer
(T1), and double ring infiltrometer (DRI) were utilized for the numerical simulation of
flow beneath infiltrometers. Initial gravimetric water content (w) and field dry density (y)
of all the stations were determined before the infiltration experiments in accordance with
ASTM D 2216 and ASTM D 6938, respectively. The infiltration tests were conducted in
the field using MDI and T1 measurements corresponding to 2 different tensions, 6 and 0.5
cm for all the locations and DRI measurements were conducted with a ponding head of 8

cm. The details of the field experiments are already discussed in Chapter 3.

8.3.  Numerical Simulation Using HYDRUS 2D

The numerical simulation of flow beneath infiltrometers requires the solution of
the Richards’ equation (Richards, 1931; Chow, et al., 1988), which describes water flow
in a variably saturated soil. These solutions use soil hydraulic parameters and do not
require measured infiltration data. The factors influencing the soil hydraulic properties are
the soil type, soil structure, soil compaction state and the saturation state of the soil matrix
(Schuhmann, et al., 2011). The numerical flow simulation beneath infiltrometers was

performed using HYDRUS 2D software, which numerically solves Richard’s equation for
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water flow through soil using Galerkin type finite element scheme.
8.3.1. Direct Simulation Using HYDRUS

The governing flow equation for simulating the flow beneath the infiltrometers can
be described by the non-linear Richard’s equation given by Eq. 8. 1 (Warrick, 1992).

o¢ _EE(RK(h)ah)+§(K(h)a_hj_M (8.1)

o ROR R/ a o oz

where h is the pressure head; @ is the volumetric water content; z and R are the vertical
and radial coordinates respectively, and K(h) is the unsaturated hydraulic conductivity
function.

The soil hydraulic functions such as #(h) and K(h) in Eq. 8. 2 are non-linear
functions of h and can be expressed in terms of soil water retention parameters in
accordance with the statistical pore size distribution model of Mualem (1976) (Mualem,
1976; van Genuchten, 1980)

49r+95;9rm,h<0 8.2)
o(h)=) | L+[ahf]
0,h=0
m 12
K(h)=K, se'[l—(l—se”"‘) } (8.3)
mzl—%,n>l (8.4)

where 6, and 6, is the residual and saturated water content respectively; K, is the saturated

hydraulic conductivity; S, is the effective saturation; nis the pore-size distribution index;
| is the pore-connectivity parameter and « is the parameter representing air entry value
in soils.

The above van Genuchten-Mualem’s model consists of 6 independent parameters,
6.,0,,K,,n,|I and awhere n,land o are empirical parameters affecting the shape of the
hydraulic function. The van Genuchten water (v-G) retention model parameters (Mualem,
1976; van Genuchten, 1980) are given by Carsel and Parrish (1988) as listed in Table 8. 1.

By knowing the pressure head imposed by different infiltrometers at the boundary,

hydraulic parameters for different soil types (Table 8. 1), and measured values of 6, and

K, from the field or lab (as discussed in section 3.3), the direct flow simulation was
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performed using Hydrus 2D. The results of direct simulation give cumulative infiltration
with time response beneath infiltrometer. A comparison of the simulation results with
measured infiltration curves help to understand the adequacy of the hydraulic parameters
listed in Table 8. 1.

Table 8. 1 Hydraulic parameters of van Genuchten model for different soils (Carsel
and Parrish, 1988)

Soil Type Or 0s a n (cm?) Ks [
(cm/min)
Sand 0.045 | 0.43 | 0.145 | 2.68 0.4950 0.5

Loamy sand 0.057 0.41 0.124 2.28 0.2432 0.5
Sandy loam 0.065 0.41 0.075 1.89 0.0737 0.5

Loam 0.078 0.43 0.036 1.56 0.0173 0.5
Silt 0.034 0.46 0.016 1.37 0.0042 0.5
Silt loam 0.067 0.45 0.020 1.41 0.0075 0.5

Sandy clay loam | 0.100 0.39 0.059 1.48 0.0218 0.5
Clay loam 0.095 0.41 0.019 1.31 0.0043 0.5
Silty clay loam | 0.089 0.43 0.010 1.23 0.0012 0.5
Sandy clay 0.100 0.38 0.027 1.23 0.0020 0.5
Silty clay 0.070 0.36 0.005 1.09 0.0003 0.5
Clay 0.068 0.38 0.008 1.09 0.0033 0.5

8.3.2. Inverse Simulation Using HYDRUS

The hydraulic parameters from the database (Table 8. 1) may not be always
representative of the soils encountered in the study area. These parameters were estimated
by performing the inverse flow simulation of infiltration test. In this study, the model
parameters a and n were determined by performing inverse simulation using HYDRUS
2D. By considering measured cumulative infiltration data, the model parameters o and n
were estimated using Levenberg-Marquardt parameter estimation technique (Marquardt,
1963) by minimizing the objective function, @ (Simunek, et al., 1998), which is given by
Eq. 8.5,

m

#0.0.0) =DV, > [ 0,0, 8) 9,8, ) |

j=1 i=1

(8.5)

2

3 Vjiv_vu [bj(ei)_ p,-(t9i,b)T+ib:\7j [Bj —bj]

]
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where the first term on the right-hand side represents deviations between the measured and
calculated space-time variables (e.g., observed pressure heads, water contents, and/or
concentrations at different locations and/or time in the flow domain, or the actual or
cumulative flux versus time across a boundary of specified type). In this term, mq is the
number of different sets of measurements, ngq is the number of measurements in a particular
measurement set, represents specific measurements at time for the j'" measurement set at
location x (r, z), are the corresponding model predictions for the vector of optimized
parameters b (6r, 6s, a, n, Ks, ...), and vj and w;; are weights associated with a particular
measurement set or point respectively. The second term of Eq. 8. 5 represents differences
between independently measured and predicted soil hydraulic properties (e.g., retention,
6(ho) and/or hydraulic conductivity, K(0) or K(ho) data), while the terms

m,,n,, P;(8), p;(6,b),v; andw; have similar meanings as for the first term but now for

the soil hydraulic properties. The last term of Eq. 8. 5 represents a penalty function for
deviations between prior knowledge of the soil hydraulic parameters, and their final
estimates, bj, with n, being the number of parameters with prior knowledge and
representing pre-assigned weights.

The objective function @ can be expressed for an arbitrary combination of selected

variables, q as (Simunek and van Genuchten, 1996),

$(b,q) = i[vj Z_j:wij I:qj (ti)_q?(tiyb)]ZJ (8. 6)

where, optimised parameter vector b = {a, n, Ks}, M is the number of sets of

measurements, Nj is the number of measurements in an individual set, q; (t;) is explicit

measurement for the j™ measurement set at timet, , q;(ti,b) is the conforming prediction

for parameter vector b, and v; and wi;j are weights connected with a set of measurements j
and a measurement i within set j respectively.

In this study, three parameters were optimized (Ks, n, and a) as part of the inverse
simulation. The suggested values for a specific soil type in accordance with the van
Genuchten model are given as initial estimate for the unknown parameters o, n and
measured values from the field are used as an initial estimate for parameter Ks. The values
of other parameters such as s is obtained from the field, : as suggested by van Genuchten
model (Simunek and van Genuchten, 1996; AnguloJaramillo, et al., 2016) and | is taken
as 0.5 (Simunek and van Genuchten, 1996).
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8.4. Numerical Simulation Results

The direct simulation of the infiltration was carried out using HYDRUS 2D for
MDI, TI, and DRI for measurements in the field. The magnitude of the transport domain
was chosen in such a way that the outer boundaries had no influence on flow simulation
within the domain. The boundary conditions adopted for direct simulation and details of
the mesh are depicted in Fig. 8.1. A mesh convergence study was performed to ensure that
there is no influence of mesh size on the simulation results.

The simulation results of cumulative infiltration were compared with the measured
cumulative infiltration for all the 14 locations of the study area and presented in Fig. 8.2
for MDIL. It can be noted that for stations S2, S5, S11, S13, and S14, the simulated and
measured results matched well. Among them, S2 and S14 have loamy sand, S5 has sandy
and S11 and S13 have loamy soils. For both locations having loamy sand, the simulated
and measured results are identical whereas for both the locations having silty soils, the
simulated results are overestimated. Out of four locations having sandy soils, the simulated
results are underestimated in three cases, while for S5, it is matching well. Similarly, out
of the six locations having loamy soils, the simulated results are overestimated in the case
of S6, S10 and S12, identical for S11 and S13 and underestimated for S9. Such
inconsistencies can be attributed to a particular value of the parameters used from the
database. Additionally, it can be noted that the seasonal variation has minimal influence
on the results.

The comparison of simulated and measured cumulative infiltration obtained from
Tlis shown in Fig. 8.3. It can be observed from Fig. 8.3 that except S6, there is a significant
difference between the measured and simulated results for all the stations. The seasonal
influence was also found to be more for comparison of Tl measurements. The major
difference between MDI and TI is the aerial footprint of measurements. A wider
measurement area of T1 may influence measurements due to the presence of macro, micro
cracks and seasonal influence as compared to MDI. Figure 8. 4 depicts the measured and
simulated cumulative infiltration for DRI measurements. It can be observed that the results
matched well except for station S1.

From the above Figs. 8.2 to 8.4, it can be concluded that there is variation in the
cumulative infiltration from direct simulation and the experimental data from the field
tests. These inconsistencies between the numerically simulated and experimental results

can be due to the inappropriate soil hydraulic parameters o and n, values based on soil
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texture, specifically for disc infiltrometer analysis. The van Genuchten parameters o and

n has a substantial impact in defining the shape of the soil hydraulic functions.

Negative Negative
Constant Head Constant Head

2.25cm 10 cm
|<— No Flux——|

No Flux Boundary
No Flux Boundary
50 cm
50 cm
No Flux Boundary
No Flux Boundary

\l Free Drainage L [l Free Drainage
|<— 50 cm _>| |<— 50 cm 4>|
() (b)
Ponding

Constant Head

Outer Ring« |

“

A

Inner Ring<

A
v

No Flux

No Flux Boundary
200 cm

No Flux Boundary

l Free Drainage

< 300cm —————>

()
Fig. 8. 1 Axisymmetric HYDRUS simulation domain and boundary conditions for
(@)MDI (b) Tl and (c) DRI
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The direct simulation using the values of the van Genuchten parameters « and n
based on the soil texture, underestimated and overestimated results in case of MDI and TI.
Hence, for studying the influence of these parameters on the infiltration simulation, an
inverse analysis was conducted for MDI to estimate the optimized values of van
Genuchten parameters « and n for different types of soils in the study area. The values of

the parameters a and n obtained from the inverse simulation are presented in Table 8. 2.

Fig. 8. 2 Comparison of cumulative infiltration obtained from direct simulation and
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Table 8. 2 Details of the vG parameters based on soil texture and inverse analysis
for MDI at suction 0.5 cm

van Genuchten model parameters

. Type of | Carsel and
Station soil Parrish (1988) June 15 Dec 14 June 14
Nvan Oan Ninv Qinv Ninv Qinv Ninv Olinv

S1 Sand | 2.68 |0.145 |7.160 | 0.129 | 5263 | 0.110 | 6.258 | 0.127
S2 Is_gr?ény 228 |0.124 [3.830 |0.220 |3.130 | 0.193 | 3.760 | 0.209
S3 Sand | 2.68 |0.145 |3.830 | 0.220 | 3.251 | 0.185 | 3.772 | 0.201
S4 Sand | 2.68 |0.145 | 4.506 | 0.181 | 3.758 | 0.169 | 4.167 | 0.177
S5 Sand | 2.68 |0.145 | 2391 |0.114 | 2.510 | 0.114 | 2.385 | 0.112
S6 Loam | 1.56 | 0.036 | 2.945 | 0.002 | 3.201 | 0.014 | 2.547 | 0.008
S7 Silt 137 | 0016 | 1.111 | 0.002 | 1.147 | 0.020 | 1.100 | 0.008
S8 silt 137 | 0016 | 1.154 | 0.002 | 1.214 | 0.015 | 1.126 | 0.007
59 Loam | 156 | 0.036 | 1.717 | 0.045 | 1.589 | 0.041 | 1.735 | 0.048
S10 Loam | 156 | 0.036 | 1.352 | 0.001 | 1.514 | 0.013 | 1.319 | 0.007
S11 Loam | 156 | 0.036 | 1.616 | 0.034 | 1.656 | 0.031 | 1.506 | 0.039
S12 Loam | 156 |0.036 |1.369 | 0.014 | 1.488 | 0.011 | 1.348 | 0.021
513 Loam | 156 | 0.036 | 1.468 | 0.027 | 1.589 | 0.023 | 1.425 | 0.032
S14 'S-;’ﬁg‘y 228 |0.124 | 2473 |0.129 [2.073 |01 |2.324 |0.125

The variations of van Genuchten parameters a and n for the four types of soils in
the study area with season, different applied tension heads and with different infiltrometers
are depicted in Figs. 8.5 to 8.7. Figure 8.5 indicates how the van Genuchten parameters «
and n changes seasonally for different soil types. It is evident from the Fig. 8.5 that there
is no significant temporal variations of the van Genuchten parameters o and n. Such a
verification is important because cumulative infiltration is influenced by seasonal
variation. However, such variations are not sensitive to the variation in van Genuchten
parameters estimated from infiltration measurements. In Fig. 8.6, it was deliberated how
the van Genuchten parameters o and n varies with the soil types for different applied
suctions of 0.5 cm and 6 cm. It can be seen that there is no visible difference in the van

Genuchten parameters o and n corresponding to different tension heads.
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Figure 8.7 presented how the van Genuchten parameters a and n fluctuates with
the soil types for the different infiltrometers MDI, Tl and DRI. There is difference in van
Genuchten parameters estimated from three infiltrometers with T1 exhibiting higher values
as compared to other infiltrometers. For all the cases (Figs. 8.5 to 8.7), the expected
deviation in parameters is significant for sand and minimal for silt texture. The van
Genuchten parameters obtained using inverse simulation for different soil textures were
found to exhibit variability. Therefore, a range of optimized hydraulic parameters o and n
are proposed and the same ate listed in Table 8. 3. It was noted that the values of van
Genuchten parameters based on soil texture are within the range of optimized hydraulic
parameters determined through inverse simulation. It is also noted that the values of shape
parameter n exhibit marginal variability with respect to the season as well. This is mainly
due to the sensitivity of the cumulative infiltration on soil surface structural changes based

on which a and n are optimized.
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Table 8. 3 The range of optimized hydraulic parameter o and n obtained using
inverse simulation with MDI at suction 0.5 cm

Soil type Stations Olvan Qiny Nvan Ninv
texture) texture)

Sand 1,345 0.145 0.11-0.22 2.68 2.39-7.16

Loamy Sand | 2,14 0.124 0.1-0.22 2.28 2.07-3.83

Loam 6,9,10,11,12,13 | 0.036 0.001-0.129 | 1.56 1.35-2.94

Silt 7,8 0.016 0.002-0.02 | 1.37 1.11-2.94

The hydraulic conductivity (logio Kavg) values from the field experiments are listed
in Table 8. 4 whereas the values from the numerical modeling are listed in Table 8. 5. A
comparison of the results show that for all the infiltrometers the results are matching well.
This indicates that van Genuchten parameters o and n do not influence hydraulic

conductivity determination infiltrometers.

Table 8. 4 Hydraulic conductivity (mm/h) determined using various infiltrometers

Station 10910 (Kavg)
hlos June 2014 Dec 2014 June 2015
MDI TI DRI MDI TI DRI MDI TI DRI

S1 0.168 | 0.161 | 0.478 | 1.153 | 1.035 1.078 | 0.748 | 0.957 | 0.954
S2 0.686 | 0.478 | 0.778 | 1.145 | 1.033 1.256 | 0.837 | 0.918 | 1.079
S3 0.632 | 0.477 | 0.781 | 0.810 | 0.672 1.079 | 0.659 | 0.983 | 1.079
S4 | 0673 | 0.605 | 0.778 | 0.737 | 0.668 1.079 | 0.881 | 1.047 | 1.079
S5 0.667 | 0.605 | 0.776 | 1.266 | 1.145 1.381 | 0.664 | 0.947 | 0.954

S6 0.584 | 0.677 | 0.778 | 0.441 | 0.494 0.778 | 0.140 | 0.648 | 0.477
S7 0.813 | 0.825 | 1.078 | 0.194 | 0.198 1.077 1 0.079 | 0.576 | 0.301
S8 0.793 | 0.722 | 1.079 | 0.252 | 0.198 1.077 1 0.079 | 0.617 | 0.301
S9 0.591 | 0.605 | 0.778 | 0.981 | 0.891 1.080 | 0.258 | 0.898 | 0.477
S10 |0.658 | 0.477 | 0.776 | 1.139 | 0.668 1.080 | 0.518 | 0.903 | 0.778
S11 | 0.641 | 0.605 | 0.781| 0.975 | 1.100 1.257 | 0.258 | 0.860 | 0.778
S12 | 0574 | 0520 | 0.778 | 1.070 | 1.100 1.255 | 0.080 | 0.913 | 0.778
S13 | 0.658 | 0.477 | 0.778 | 1.052 | 1.139 1.256 | 0.576 | 0.836 | 0.477
S14 | 0.801 | 0.659 | 1.081| 0.502 | 0.670 | 1.0805 | 0.730 | 0.903 | 0.954
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Table 8. 5 Hydraulic conductivity (mm/h) estimated using inverse analysis

Station l0g10 (Kavg)
No. June 2014 Dec 2014 June 2015
MDI TI DRI MDI TI DRI | MDI TI DRI

S1 0.163 | 0.153 | 0475| 1.151| 1.01 1.08 | 0.741| 0.95|0.951
S2 0.682 | 0471 |0.780| 1.144| 1.01 1.26 | 0.829 | 0.91 |1.077
S3 0.611 | 0.471 | 0.780 0.78| 0.671 | 1.08| 0.65| 0.98]1.077
S4 0.662 0.6 0.780 | 0.724| 0.671 | 1.08| 0.872| 1.01|1.077
S5 0.66 0.6 0.780| 1261 | 1.11 1.38 | 0.662 | 0.94 | 0.951

S6 0.597 | 0.671 |0.780| 0.463| 0.49 0.78| 0.15] 0.642 | 0.475
S7 0.828 | 0.819 1.08| 0.209| 0.195 | 1.08 09| 0.57]0.300

S8 0.806 | 0.716 1.08| 0.262| 0.195 | 1.08 0.9 0.613 | 0.300
S9 0.587 06 |0780| 0977| 0.89 1.08 | 0.253 | 0.893 | 0.475

S10 0.665 | 0471 |0.780| 1.148| 0.671 | 1.08| 0.53 0.9 | 0.780
S11 0.641 0.6 0.780 | 0.975| 1.07 1.26 | 0.253 | 0.85 | 0.780
S12 0.579 0.5 0.780 | 1.069| 1.07 126 | 0.08| 0.91|0.780
S13| 0.661 | 0.471 |0.780| 1.054| 1.11 1.26 | 0.577 | 0.83|0.475
S14 | 0.802 | 0.653 1.08| 0503| 0.671 | 1.08| 0.731 0.90.951

The optimized parameters from inverse simulation are found to vary within a range
for different soil types. For the same soil type, the variability of « and n estimated from
the inverse analysis was found to be significant as against a particular value based on
texture. This indicates the necessity to perform actual measurements at the site, wherever
possible, as against using the hydraulic parameters based on texture. For understanding the
influence of this, there is a need to carry out controlled experiments in the laboratory for
understanding the influence of soil hydraulic parameters as discussed in the following

sections.

8.5. Controlled Experimental Simulation of Flow Process Beneath MDI

Controlled experiments in the laboratory were performed for the four
homogeneous soils, sand, clay loam (red soil), silt and loam using MDI. van Genuchten—
Mualem model soil hydraulic properties were estimated using inverse simulation in

Hydrus 2D. The details of the experimental set up used in the study are discussed below.
8.5.1. Experimental Setup

For performing the controlled experiments using MDI, a PVC cylindrical mould
with a diameter of 30 cm and height equal to 50 cm was used. A rammer of 1.7 kg was
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used to impart the necessary compaction to the soil sample. The particular soil sample was
air dried and the required mass was compacted in three layers with equal number of blows
using the rammer. The bulk density of the soil was determined from the weight of the soil
filled in the cylinder. The infiltration experiments were conducted using MDI
corresponding to suction of 0.5 cm on all the four soil samples. The measured results were
used to plot cumulative infiltration versus square root of time response, based on which

infiltration parameters C; and Cz were computed.

8.5.2. Different Sensors Used

The moisture content and the soil suction was measured with time at different
depths using sensors such as 5TM ECH20 moisture sensors and T5 miniature tensiometers
respectively as shown in Fig. 8.8. Five moisture sensors were used in the experiment along
with three tensiometers. Among the five moisture sensors, three were placed at the top (15
cm), middle (25 cm) and bottom (35 cm) from soil surface on one side of the PVC mould.
Other two were placed both sides of the MDI horizontally, and three tensiometers were
placed at the top (15 cm), middle (25 cm) and bottom (35 cm) from soil surface on the
diametrically opposite side of the PVC mould. The T5 tensiometer can measure suction
less than 100 kPa, which is adequate for sand, the same may not hold good for other soils
of fine texture (Stannard, 1994; Samjstrla and Harrison, 1998; Malaya and Sreedeep,
2016). Therefore, the relationship between suction and water content obtained from WP4
suction measurements were used to extrapolate suction greater than 100kPa. There is an
assumption here that the soil exhibits negligible hysteresis. This is mainly because MDI
experiments are wetting phenomenon while WP4 measurements corresponds to drying.
From the measurements, the variation of soil suction with the time was obtained for a given

cumulative infiltration beneath MDI.

153
TH-2470_126104016


https://ascelibrary.org/doi/10.1061/%28ASCE%29MT.1943-5533.0001399
https://ascelibrary.org/doi/10.1061/%28ASCE%29MT.1943-5533.0001399

—/ﬁ——————* —][—
_ cm
\ Soil sample
-y ——————
| EXEEEEE o
Drainage

valve ﬂ

Fig. 8. 8 Setup for controlled laboratory column study

8.5.2.1. Calibration of ECH20 moisture sensors

The volumetric water content of the soil was measured using 5TM sensors, and it
is based on the dielectric constant of the soil. Different soils have different electrical
properties. There are variations in the output of the ECH20 sensors due to soil bulk
density, mineralogy, texture and salinity of that particular soil. Therefore, soil- specific
calibration for 5TM ECH20 sensors was performed to ensure accuracy in volumetric
water content measurements. For calibration, a PVC cylindrical mould with a diameter of

20 cm and height equal to 20 cm was used, as depicted in Fig. 8.9.
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Fig. 8. 9 Details of the mould used for laboratory infiltration experiments

Different dry densities and target water contents (air dried, 5%, 10%, 15%, and 20

%) were used for calibration of sand. Similarly, to conduct the calibration of red soil, silt

and loam sample, three different dry densities (y,, 7,, ;) and different targeted water

contents (air dried, 10%, 20%, 30%, and 40 %) were used. The soil sample was packed in
a PVC mould in three layers with an equal number of blows using the rammer. The weight

of the soil, which was filled in the cylinder was noted, and the bulk density was determined.

Sample with same water content has been compacted to three different dry densities (y,,

¥, 7s) With the number of blows equal to 5, 10 and 20 blows.

The dry density of compacted samples was computed using the known values of
the water content and bulk density. A scatter plot was prepared with the output of the
sensors on the x-axis and computed volumetric water content on the y-axis which was used

to develop a mathematical calibration relationship. The computed water content (&, )is

the true reference value, which is obtained from the known mass-volume relationship as
given by Eq. 8. 7.

wy
ecomp = 7/_\,\, (8 7)

where w is the moisture content; y is the dry density of soil and y,, is the unit weight of
water
The new calibration curves for sand, red soil, silt and loam are depicted in Fig. 8.

10. In Fig 8. 10, the raw data is the output from the sensor. A second order polynomial
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was fitted to evolve a calibration equation for calculating 6 from the known values of raw

data. The computed and observed moisture content is depicted in Fig. 8. 11.
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Fig. 8. 10 Calibration curve of ECH20 moisture sensors
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8.5.2.2. Tensiometer

A miniature tensiometer is used in laboratory experiments to determine the soil
suction (Tarantino and Tombolato, 2005; Malaya and Sreedeep, 2016). As the moisture
content of the soil changes, the suction also changes (Lu and Likos, 2004). The variation
of soil suction with the moisture content is defined as the soil water characteristic curve
(SWCQC) of that particular soil. In very dry soil, suction dominates, and the gravity term
becomes negligible (EI-Ehwany, 1990).

8.5.2.3. WP4 Dew point Potentiameter

The dew point potentialmeter (WP4) is used to determine SWCC for suction>100
kPa. It may be noted that the WP4 measurements are more precise for suction greater than
1000kPa (Petry and Jiang, 2007). The detailed methodology adopted in dew point
potentiometer is discussed in ASTM 6836. For red soil, silt and loam soils, soil suction
above 100 kPa were obtained indirectly from SWCC established using WP4 and observed

water content during experiments.
8.5.3. Discussion on Controlled Experimental Results

The variation of the soil suction with time at different layersduring MDI infiltration
are depicted in Fig. 8. 12. Both fine-grained and coarse-grained soils were affected by soil
suction, but the particle size of the soil controls the magnitude of suction. Smaller particles
such as silt, generated a higher suction than that generated by larger sand particles. It was
also quite evident from all the soils that the decrease in soil suction was more drastic
initially, which was more prominent for the fine grained soils such as red soil, silt, and
loam.

The volumetric moisture content responses were recorded, and the same is depicted
in Fig. 8. 13. Initially, as the soil was very dry, moisture content was close to zero. With
increase in time, the degree of saturation of the soil increased from the top to bottom of
the mould as the wetting front moved down. In due course of time, when soil approach
near saturation the moisture content attained close to the porosity value of that particular
soil at that particular dry density. As expected, coarse-grained soils like sand drained faster
than the fine grained soils due to which moisture content increased rapidly for sand.
Similar to the observations in Fig. 8.12, the increase in moisture content was more drastic

initially, and it was more prominent for the coarse grained soils. It was noted that the
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sensors at the same depth exhibited constant measurements, which ensures the

repeatability of the observation.
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Fig. 8. 12 Variation of soil suction with time at different levels of the soil column
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Experiments were conducted with a zero-flux boundary condition at the sides and
free drainage conditions at the bottom of the soil column. The cumulative infiltration data
was obtained using MDI corresponding to a tension of 0.5 cm for sand, red soil, silt and
loam soils. Experiments were repeated thrice for all the soils. Initially, the amount of
drained water was less and gradually increased. When the soil approached near saturation,
the amount of drained water became reasonably constant.

Volumetric water content responses from the five moisture sensors were recorded.
Also, from the three tensiometers and WP4 results, soil suction responses were obtained.
The SWCC was obtained based on MDI wetting front by plotting suction with volumetric

water content for same time duration as depicted in Fig. 8. 14.
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Fig. 8. 14 SWCC obtained from sensor measurements during Infiltration

Figure 8. 14 shows the SWCC for four types of soils which was used to predict the
soil water storage and field capacity. As the sand include primarily capillary binding, it
released maximum water at higher potentials, whereas red soil, loam, and silt with

adhesive binding, released water at lower potentials. Near saturated hydraulic
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conductivities for each of the measurements at tension 0.5 cm was evaluated and is listed

in Table 8. 6.

Table 8. 6 Hydraulic conductivity values (mm/h) for various types of soils

Soil Type | Hydraulic conductivity values (mm/h)
Trial 1 Trial 2 Trial 3

Sand 20.1 18.8 20.9

Red soil 4.7 4.7 4.9

Silt 3.6 3.8 3.2

Loam 4.7 4.4 4.9

8.6. Numerical Simulation Results Using Hydrus 2D

Numerical simulation of flow below MDI was carried out using HYDRUS 2D for
the controlled laboratory experiments. During the simulation, the transport domain was
chosen in such a way that the outer boundaries did not disturb the flow field located within
the domain. The selected transport domain was then discretized as a finite element mesh.
The domain adjacent to the disc had smaller mesh sizes compared to domain away from it
and is shown in Fig. 8. 1(a).

The infiltration test was conducted with the set up depicted in Fig. 8. 8 and a
sequence of MDI measurements was obtained for tension corresponding to 0.5 cm for all
the four types of soils viz. sand, red soil, loam and silt. The infiltration tests were repeated
three times corresponding to each of the 4 types of soils. The first repetition of cumulative
infiltration results for tension of 0.5 cm obtained from MDI are depicted in Fig. 8. 15.
These plots compare the direct simulation results obtained by using values of hydraulic
parameters from van Genuchten model with the experimental cumulative infiltrations.
From the Fig. 8. 15, it is evident that in case of sand and loamy soil, it is marginally
underestimated whereas for the red soil and silt, not much variation is observed.

The cumulative infiltration response of MDI was used to estimate the van
Genuchten hydraulic parameters by inverse analysis. These estimated values were used to
determine SWCC. The SWCC, so obtained was compared with the measured SWCC
obtained from sensors (Section 8.6) as depicted in Fig. 8. 16. It can be noted that except
for sand there is a reasonable match between simulated and measured SWCC. For more
clarity the comparison of simulated and observed soil suction and volumetric water content
are carried out and the same are plotted in Fig. 8. 17 and 8. 18. It can be observed from
these figures that there is a difference between the simulated and the observed values in
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the case of sand and in all the other cases not much variation is observed. It may be

attributed to the values used in for the soil hydraulic properties based on the Carsel and

Parrish (1988).
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Fig. 8. 15 Cumulative infiltration curve using MDI with 0.5 cm tension
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8.7. Summary

This chapter deals with the comparison of measured and simulated infiltration in
the field and under controlled laboratory conditions. From the field study, it was noted that
the van Genuchten hydraulic parameters exhibited a wide range as against the value based
on soil texture. It was noted that van Genuchten hydraulic parameter values were within
the range obtained from the inverse analysis for soil types considered in this study. The
observation from laboratory MDI measurements shows that SWCC estimated from MDI
measurements compares reasonably well with the measured SWCC at different depth of
the column experiment for all soils considered in this study, except sand texture. This
endorses the validity of hydraulic parameters obtained from MDI, which was not studied

using controlled experiments previously.
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Chapter 9

Conclusions and Future Scope of Work

9.1. General

This chapter enlists the important conclusions derived from this study followed by

major contributions. The last part of this chapter discusses the future scope of work.

9.2. Conclusions

1. A comparative analysis of two tension disc infiltrometers (Tension infiltrometer (TI)
and mini disc infiltrometer (MDI)) and conventional double ring infiltrometer (DRI)
was performed in the field for two different seasons. For the same soil type and initial
state, the measured infiltration rate response was entirely different for disc
infiltrometers and DRI,

2. This study proposed a normalized procedure and asymptotic curve for representing
infiltration rate measured using different infiltrometers. The proposed normalization
would alleviate instrument related variabilities while comparing infiltration
measurements performed using different infiltrometers under various conditions.

3. The mean hydraulic conductivity values from both MDI and Tl was found to be
approximately half to two-thirds of DRI values. This observation is consistent with the
Philip parameter A (Philip, 1957), which was reported to be close to 0.30 reported in
the literature (Sharma, et al., 1980; Christianson, et al., 2016) and 0.67 as reported in
Youngs (1968).

4. The initial water content at the measurement stations exhibited a negative correlation
with hydraulic conductivity determined from infiltrometer. The particle size fraction

was found to have statistically insignificant correlation with hydraulic conductivity.

5. The near saturated near surface hydraulic conductivity (K, ) exhibited a positive

correlation with all the infiltration characteristics. The Kho was observed to be 0.089,

0.173 and 0.125 times initial infiltration rate (i;), final infiltration rate (ir) and range of
infiltration rate (ii — i), respectively.
6. This study further quantified the statistical difference of hydraulic conductivity
determined from infiltrometers and permeameters by using Bland-Altman plot. There
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is a systematic difference between permeameters and infiltrometers as shown by the
increasing trend. Both the disc infiltrometers exhibited negative bias with the
permeameters with very few data points close to zero difference.

7. The efficacy of five interpolation methods (Kriging, Inverse Distance Weighted,
Natural Neighbour, Spline and Trend) for estimating the spatial variability of near
surface saturated hydraulic conductivity, Ks was evaluated. It was noted that the Spline
method gave a better spatial prediction as compared to other methods. The prediction
of Ks was found to be more precise for those stations with a higher percentage of sand.
A sudden transition of soil type from sand to silt was found to influence the accuracy
of spatial prediction.

8. A critical evaluation of nine mathematical equations used for determining near surface

saturated hydraulic conductivity (K,) from mini disc infiltrometer (MDI)

measurements corresponding to different field conditions were performed. It was
established that K, determined by Wooding-Gardner, Weir’s Refinement, van
Genuchten-Zhang, Ankeny and Haverkamp equations compared well with the
measured values in the field.

9. The influence of short-term and long-term MDI measurements on hydraulic
conductivity determination was explored. Zhang’s method of analysis using short-term

and long-term measured data gave identical results for K, <8 mm/h and marginal
variation for K, >8 mm/h for the type of soils in the study area.

10. This study demonstrated the estimation of final infiltration rate (ir) from short-term
data using a rectangular hyperbolic method. A distinct factor R1 was determined for

estimating K, based on ir obtained from hyperbolic method for i > 30 mm/h.

11. This study investigated the possible relationship and sensitivity of initial compaction
condition of soil on K, determined by MDI. The Zhang’s method marginally
underestimates K, (within 10 %) as compared to Haverkamp’s method for higher K,

values, which was attributed to the effect of sorptivity.
12. A simple multiple-linear regression (MLR) equation was formulated with and without
considering boundary negative pressure head (ho) for both Zhang’s and Haverkamp’s

approach to investigate the relationship between K, and initial compaction state (y and

w) for cohesionless and cohesive soil. The quantitative values of sensitivity index
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clearly indicate that the initial dry density (y) has significant influence on K,

determination for all the cases considered in this study. The sensitivity of w and ho was
much less than y and comparable.
13. Unlike linear regression model, the sensitivity analyses (Garson’s algorithm) based

on non-linear ANN model indicated that K, determined from MDI is more sensitive to

initial water content followed by dry density. The ANN model incorporated the effect
of soil type as well.

14. The study performed controlled laboratory studies with sensor measurements for
investigating the flow beneath MDI. The volumetric water content determined from
MDI measurements were found to compare with the measured values. This endorses
the validity of hydraulic parameters obtained from MDI which was not studied using
the using controlled experiments.

15. From the field study, it was noted that the van Genuchten hydraulic parameters
exhibited a wide range as against the value based on soil texture. It was noted that van
Genuchten hydraulic parameter values based on texture were within the range obtained

from the inverse analysis for soil types considered in this study.

9.3. Major Contributions from This Study

1. Extensive comparison among different infiltrometers and permeameters for hydraulic
characterization in the field. Based on this, a normalized infiltration rate equation was
proposed for minimizing the instrument related bias.

2. Evaluation of equation for determining hydraulic conductivity using MDI.

3. Evaluation of equation for spatial prediction of hydraulic conductivity determined using
MDI.

4. Investigated the effect of short-term and long-term MDI measurements on hydraulic
conductivity determination.

5. Proposed rectangular hyperbolic method for estimating final infiltration rate from short-
term measurements. A soil-specific empirical relation was developed for determining
near saturated hydraulic conductivity from final infiltration rate.

6. A multi-linear regression and ANN model was developed through controlled laboratory
measurements for studying the relationship and sensitivity of near saturated hydraulic
conductivity on initial compaction state.

7. Controlled and instrumented laboratory study for investigating the flow beneath MDI.
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9.4, Future Scope of This Study

1. Further studies are needed to evolve a procedure for determining hydraulic conductivity
from the normalized infiltration rate curve proposed in this study.

2. Extensive infiltration studies are needed with different types of soil and initial
conditions to propose a generalized equation (similar to the one proposed in this study)

to correlate infiltration characteristics (initial infiltration rate, final infiltration rate and

range of infiltration rate) with K, .

3. The impact of the systematic difference between infiltrometers and permeaemeters on
various hydrological processes need to be investigated in detail.

4. The predominance of soil type on the prediction of spatial variability of hydraulic
conductivity needs to be studied further.

5. The usefulness of rectangular hyperbolic method needs to be demonstrated with other
types of soils than the one considered in this study.

6. The proposed ANN model needs further modifications by considering larger database
with wide variety of surface soils. Based on the extensive database, alternate artificial
intelligence techniques can be used for developing the predictive model for near surface

near saturated hydraulic conductivity.
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