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Abstract

My PhD research celebrates nearly two centuries of theoretical advancements in soil-water
interactions, specifically focusing on soil infiltration. Over time, mathematical models and
experimental techniques have enriched our understanding of infiltration processes, contributing to
improved water management, soil conservation, and environmental practices. Despite the
proliferation of models enhancing our understanding of soil-water interactions, the diversity of
available options poses challenges in model selection and data analysis. To address these
challenges, | first conducted a detailed literature review tracing the theoretical and historical
evolution of infiltration models. This review categorized 138 models based on their conceptual
and empirical foundations, covering a wide spectrum of applications to guide researchers in
selecting appropriate models and challenge existing theories to advance infiltration modeling.
Building on this review, | addressed the uncertainty in extracting soil hydraulic properties, such as
saturated hydraulic conductivity (Ks) and sorptivity (S) from experimental infiltration data to
evaluate the physical meaning of these estimated properties across various infiltration models. As
such, | performed a metadata analysis using a global database of 5,023 cumulative infiltration
curves to assess the variability in (Ks) and (S) parameters across various one- and three-
dimensional models and extraction techniques. My analysis revealed insights into the robustness
of current practices applied in soil water parameter estimation. Another key finding from my
literature review on infiltration modeling is the significant gap in theoretical frameworks studying
the impact of soil structure on infiltration. To this end, | conducted a meta-analysis systematic
review to establish correlations between infiltration rates and soil structural properties,
emphasizing the need for integrated approaches. As we advance, leveraging large databases and
advanced analytics can enhance our understanding of soil-water interactions and address real-
world challenges. My research calls for continued scientific rigor and curiosity to uncover new
relationships of dominant processes in soil science.
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CHAPTER 1: Mapping the Terrain: An Overview of the Dissertation
Today we celebrate almost two centuries of theoretical advancements in soil-water interactions,
particularly soil infiltration. This effort has resulted in sophisticated mathematical models and
experimental techniques that mark a rich history that has deepened our understanding of infiltration
processes, contributing to more effective water management strategies, soil conservation, and

environmental practices.

Looking ahead, | truly believe there is no better time to study soil infiltration than today with all
the exciting modeling advancements, technologies, and applications. The proliferation of models
has indeed advanced our collective ability to understand infiltration processes. However, this wide
array of modeling options has presented a real challenge for researchers to select which model to
use, and what procedures to follow for analyzing experimental infiltration data and extracting soil
hydraulic properties. While many reviews have covered different aspects of infiltration processes
and modeling, until now there has not been a comprehensive and objective examination of

infiltration models in the literature.

This gap motivated me to develop a detailed review that summarized and mapped conceptual and
empirical infiltration models’ development through historic and theoretical lenses over the last two
centuries. First, | started by tracing the evolution of the basic and fundamental physical flow
models for rigid (non-swelling) soils that researchers have built on and used as steppingstones to
model infiltration. Then I extended my review beyond the rigid soil’s theory to encompass the
characterization of water movement through deformable (swelling) soils. Moving from these
pioneering concepts, | collected and identified 138 infiltration models spanning from early theories
to the most recent models, including their mathematical equations along with their underlying

philosophies and concepts. These infiltration models were categorized into a wide spectrum of



formats and applications from conceptual to empirical equations, rigid to non-rigid swelling soils,
one-dimensional to multi-dimensional infiltration, from pre-ponding to completely saturated

porous media.

Despite the hundreds of infiltration models that were developed, they all clustered theoretically
around major milestones that were achieved by six or seven major contributions, starting with the
early theoretical work of Navier-Stoke and Hagen-Poiseuille at the pore scale moving into Darcy
and Richard-Richards-Buckingham at the core scale, then opening into dual and multiple domains.
Around the 1990’s, as models started to build on each other for advancing models’ ability to predict
infiltration, they tended to treat earlier classic models like Darcy and Richard as absolute laws.
This paradigm was clearly evidenced by a decline in citations of these foundational models within
papers introducing new theoretical models. At this stage, we take our review as an opportunity to
reopen a dialogue in the soil physics and soil science community, inspiring researchers to ask
critical questions, as well as to challenge and improve the current theory as we aspire to advance
modeling of infiltration. Achieving this requires treating all theories with the critical lens of a
curious scientist and becoming less “comfortable” with some of our assumptions, theories, and

boundary conditions.

At this stage, my review offers a unique examination of the evolution of infiltration modeling,
guiding researchers in selecting the most appropriate infiltration model tailored to their specific
application, as well as inspiring them to challenge existing theories. However, the uncertainty
researchers encounter when determining appropriate procedures for analyzing experimental
infiltration data and extracting soil hydraulic properties has not been addressed yet. Put simply,
it’s essential to address the accuracy of extracting soil hydraulic properties, such as saturated

hydraulic conductivity K (LT™?) and sorptivity S (LT %) across different infiltration models. These



properties play crucial roles in infiltration modeling as they govern movement and retention of

water through soil.

The accuracy of K (LTY) and S (LT %) estimates depends on various factors, including the degree
to which steady flow is attained within the system being studied, ability of each experimental
method to account for various theoretical and practical constraints associated with representing the
physical system using a particular infiltration model, and robustness of the parameter estimation
techniques employed. Using experimental infiltration data, researchers often employ various
extraction methods, such as inverse modeling or curve fitting algorithms to estimate K, (LT™) and
S (LT?%). When employing the same extraction method, different infiltration models may yield
similar estimates of K, (LT?) and S (LT, particularly if they are based on comparable
theoretical frameworks and parameterization techniques. However, variations in model
complexity, input data requirements, and applied extraction techniques, especially given the
evolving landscape of infiltration databases, as well statistical and numerical data analysis, can
lead to differences in estimated K, (LT?) and S (LT %) values. A comprehensive and unbiased

assessment of these similarities and discrepancies has been lacking till now.

Given these aspects, | carried out a metadata analysis using a global infiltration database of 5,023
cumulative infiltration curves to assess variability of the estimated infiltration characteristics, Kj
(LTY) and S (LT across eleven one-dimensional (1D) and four three-dimensional (3D)
infiltration models, considering different extraction techniques applied to estimate those
characteristics. By examining the differences in predictions of K, (LT?) and S (LT®%) among
infiltration models using diverse data analysis methods, we gained insight into the robustness of
available applied practices in estimating soil hydraulic parameter through multi-dimensional

infiltration modeling.



My PhD journey focused on discovering and assessing infiltration modeling, one key observation
that | found very interesting, yet insightful, is the significant absence of and the need for theoretical
frameworks studying the impacts of soil structure on water infiltration. Soil structure plays a
crucial role in governing the movement and distribution of water within the soil profile, yet there
is a notable gap in the existing literature in terms of theoretical frameworks specifically addressing

this aspect of infiltration modeling.

Motivated by growing availability of large databases of soil properties, | further explored how soil
structural properties control soil infiltration capacity, while using statistical modeling methods
through a meta-analysis systematic review. My systematic review again highlighted the dominance
of field-scale experimental studies comparing field responses under different soil practices or

treatments over the modeling efforts studying the effects of soil structure on water infiltration.

To conduct this meta-analysis systematic review, | formulated the following question: “How does
soil structure affect water infiltration?”. From there, | built a literature search strategy, applying
specific inclusion and exclusion criteria to collect and analyze data from the most relevant research
on soil structure and water infiltration. Several pedo-transfer functions were developed, revealing
significant correlations (R?>0.5) between infiltration rate and soil structural properties (such as
bulk density, wet aggregate stability, mean weight diameter, organic carbon, and porosity),
highlighting the positive effects of improving soil structure on water infiltration and the dynamic
nature of infiltration response. Structure and soil texture assessed together lead to stronger

predictability of soils infiltration characteristics than when each soil property is considered alone.

As | conclude my PhD journey, | strongly believe that our scientific rigor and curiosity as a
community should continue to guide us through the discoveries of new relationships and the

understanding of more dominant soil-water processes. From the inherent variability of soil systems
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to preferential flows, water repellency and surface processes, the pursuit of practical and adaptive
infiltration models should persist. As we move forward in today’s world governed by “big data”,
we could draw some inspiration from the growing availability of large databases and advanced
data analytics. Eventually, we can develop comprehensive theoretical frameworks that not only
advance our knowledge but also enhance the relevance of soil-water interactions in addressing

real-world challenges.



CHAPTER 2: Evolution of Infiltration Modeling: Theory and Historical Perspectives

2.1. Abstract

Infiltration regulates the movement and storage of water at the soil-atmosphere interface and is,
therefore, a key component of many related physical and biogeochemical processes. Numerous
studies have examined infiltration over the past two centuries. These efforts have resulted in the
development of numerous models that capture the effects of specific soil properties and initial and
boundary conditions. This proliferation of models has advanced our collective ability to understand
infiltration processes but has also made it challenging for researchers to select appropriate
approaches for analyzing experimental infiltration data or for conducting basic research on soil
parameters like saturated hydraulic conductivity or sorptivity. Here, we aimed to reduce this
uncertainty by developing a comprehensive literature review of published infiltration models,
including their underlying philosophies and evolution across the years. Through this effort we
compiled and examined 138 unique infiltration models. We grouped models into two major
categories, empirical and conceptual, noting boundaries between those two categories are at times
debatable. We considered conceptual approaches as those built based upon earlier concepts,
mainly derived from fundamental flow models, resulting in analytical solutions applied to the
infiltration problem. We classified empirical models as those that solved the infiltration problem
by curve-fitting measured data with algebraic equations. After classifying and providing a full
historical retrospective of these models, we examined specific model parameters and how their
usage has changed with time. We also reviewed different methods applied to estimate infiltration

parameters, as well as the challenges that arise when using such methods.



2.2. Introduction

Water infiltration is one of the most important processes of the hydrologic cycle for assessing
runoff, soil moisture, groundwater recharge, nutrient leaching, plant growth and many other soil-
related processes (Zadeh et al., 2007; Singh, 2010; Fodor et al., 2011). Because of its importance,
infiltration has been widely studied for over two centuries (Ghorbani et al., 2009). This attention
led to development of numerous infiltration models, classified into two categories: conceptual and
empirical models. Conceptual models are derived from fundamental and physical theories and
typically account for soil properties and specific boundary and initial conditions, while empirical
models are based on fitting experimentally measured data using defined mathematical functions

(Assouline, 2013; Jacka et al., 2016).

Among the conceptual models, most equations were derived from Darcy’s law and substantially
influenced by approximating solutions and assumptions of Buckingham and Richardson-Richards.
Although some researchers have questioned the validity of Buckingham’s assumptions and
Richardson-Richards’ equations (Hunt et al., 2013; Beven 2018; Abou Najm et al., 2019;
Germann, 2021), several extensions and new applications of Darcy-Buckingham-Richardson-
Richards paradigm for saturated and unsaturated flow (hereafter referred to as Darcy-BRR and
explained in depth in the following section) were developed as an attempt to estimate infiltration.
For example, flow in infiltration models was mostly derived from an abstracted and often overly
simplified soil pore-structure of a bundle of capillary tubes. Comparatively rare are advancements
reporting progress in percolation theory, network models, and Stokes viscous approach (Hunt et

al., 2013; Beven, 2018; Germann, 2021).

The abundancy of developed equations motivated other researchers to build reviews that

investigate different infiltration models. Some of these reviews were comprehensive summaries of



various conceptual and empirical equations (Kutilek and Nielsen, 1994; Clothier, 2001; Raats et
al., 2002; Delleur, 2006; Barry et al., 2007). Others provided insight of the historical evolution of
infiltration theory, including the classic solutions of Richards’ equation (Youngs, 1995), or more
generally, simple physical models (Assouline, 2013). Building on these reviews (Youngs, 1995;
Assouline, 2013), other researchers have worked to identify which models are satisfactory for field
applications. Typically, such models were fitted to measured infiltration data (e.g., cumulative
infiltration vs. time of infiltration) for estimation of the parameters of fitted infiltration models.
Ease and accuracy of estimated parameters were further assessed through evaluation techniques
that identify the best-fit infiltration models for different datasets (Fodor et al., 2011; Jacka et al.,

2016; Nie at al., 2017b; Bayabil et al., 2019).

Most reviews on infiltration theory provided a comprehensive evaluation of the commonly used
infiltration models developed over the past century, highlighting the seminal works of Green and
Ampt (1911), Philip (19573, b), Parlange et al. (1982), Swartzendruber (1987), and Haverkamp et
al. (1990, 1994), along with key empirical equations by Kostiakov (1932), Horton (1940),
Mezencev (1948), and Holtan (1961). These models are still extensively studied and applied.
However, in the last two decades, substantial efforts have been built on the above-mentioned
models, leading to theoretical improvements and a wider body of research on modeling infiltration.
These advancements have ultimately led to a larger and more diverse set of infiltration models and
to more open discussions on the validity and application of some of the dominant theoretical
frameworks. To this end, it became challenging for researchers to select appropriate approach(es)
for analyzing experimental infiltration data or for conducting basic research on soil parameters
like saturated hydraulic conductivity or sorptivity. Therefore, a comprehensive and current review

covering both past and recent model development is still needed.



Here, we present a comprehensive critical review that traces the development of conceptual and
empirical models over the past two centuries through both historical and theoretical lenses. With
this review, our objectives are to 1) build an inclusive historical retrospective of the evolution of
the infiltration problem and its solutions, 2) highlight the diversity in form, origin, and theory
among reviewed infiltration models, and 3) explore methods applied to estimate the basic model
parameters, including saturated hydraulic conductivity and sorptivity. To this end, we aimed for
models that provided theoretical advancements, novel frameworks, and unique empirical fits, and
excluded papers that focused on iterative or incremental advancements of existing models, as well

as papers that adapted these models to other uses (e.g., hydraulic characterization).



2.3. Underlying physics of infiltration processes

Water, lying upon or below the soil surface, infiltrates principally because of two forces of
comparable importance, capillarity, and gravity (Buckingham, 1907). Absorption of water due to
capillarity, namely sorptivity S (LT9), controls water movement at the early state of infiltration;
then at transient state, hydraulic conductivity K (LT™Y) comes into play and dominates the
infiltration process at steady state, which is mainly driven by gravity (Philip 1957b). The hydraulic
conductivity, K (LT™), varies rapidly and nonlinearly with matric head, 1 (L) (Richards, 1931).
Integration of K (LT) over a range of ¥ (L) is defined as matric flux potential, ¢ (L?T1), which
provides an interesting approach to the infiltration problem in unsaturated soils (Raats, 1971). The
relative importance of capillarity over gravity during water infiltration in unsaturated soils is
expressed by a scaling factor defined as the capillary length, A, (L) (Philip, 1985). 4. (L) is equal
to the inverse of a parameter « (L) introduced by Gardner (1958) as a general description of soil
textural and structural characteristics. « tends to be small in fine-textured soils with capillarity
dominant, while large in coarse-textured soils where gravity is important. Typically, a is about
1m™1, and the range 0.1 to 5m™! can be representative of the full moisture range in real soils
(Philip, 1984). Elrick and Reynolds (1992) suggested four values i.e., @« = 36,12,4and 1 m™!
for practical use of permeameters and infiltrometers in soils varying from coarse sands to
compacted clays. The reader should note that the larger values (i.e., 12 and 36 m™) are for "sand
fractions™ and/or apply over small capillary ranges.

Infiltration, at both local and field scales, can be treated as a one-dimensional (1D) process
assuming water flow below the water source at soil surface or subsurface is directionally restricted.
Otherwise, a multi-dimensional infiltration including two-dimensional (2D) flow through planar

or axi-symmetrical domains, and fully three-dimensional (3D) flow can be established.
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To determine water infiltration into soils, it is necessary to impose appropriate boundary
conditions. These conditions include concentration, pressure, or flux-based depictions. Such
boundaries may be summarized as:

1) The concentration type boundary condition states that there is an infiltration flow that
corresponds to the value of water content at the soil surface below saturation (but above
the initial water content of the soil profile) and that the pressure head is fixed to negative
or zero since the boundary is unsaturated.

2) When water is ponding at the soil surface imposing hydrostatic head pressure, hy (L), at
the boundary between the soil and the constant or falling water in a furrow, lake, or river,
infiltration is governed by a pressure type boundary condition.

3) When awater flux, g, (LT™1), occurring primarily in sprinkling irrigation or rain is imposed
across the boundary, a flux boundary condition can be applied as long as q, is below the
soil infiltration capacity. As soon as infiltration capacity decreases below the imposed
water flux, runoff may be generated at the soil surface.

The boundary conditions may change from prescribed flux to prescribed head type conditions (and
vice-versa). For instance, when the precipitation or irrigation rate g, (LT™) exceeds infiltration
capacity of the soil, ponding will occur. In this case, infiltration rate is no longer controlled by
precipitation rate, but instead by infiltration capacity of soil.

Finally, soil characteristics greatly affect water infiltration. Some soil characteristics with
relatively high importance include:

e Rigid vs. deformable or shrink-swell soils

e |sotropic vs. anisotropic soils

e Homogeneous vs. scale-heterogeneous or heterogeneous soils
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e Non-hydrophobic vs. hydrophobic soils

e Single- vs. dual- or multi-porosity domains

e One- vs. two- or multi-layer soil profiles

e Flat vs. sloping soil surfaces
Infiltration models are mostly designed to characterize infiltration into simplistic soils, i.e., rigid,
homogeneous, isotropic, and non-hydrophobic soils. These soils have idealized conditions with no
water-repellency, preferential flow, or any other factors where the cumulative infiltration curves
reflect a characteristic concave shape. The concave curve demonstrates higher infiltration capacity
at early stages that reaches a constant slope at steady state. However, different soil and field
conditions can alter this behavior leading to cumulative infiltration curves that exhibit convex,
mixed, or non-standard shapes (e.g., Chen et al., 2020; Abou Najm et al., 2021; Pachepsky and
Karahan, 2022).
Altogether, the physics underlying infiltration processes are highly complex. To be able to select
and apply the most appropriate model(s), it is important to understand how variables such as flow
direction and dimensionality, driving forces, non-uniformities in drivers and media, and boundary
conditions all interact. To guide the model selection process, we emphasized, in the first section
of our review, the underlying physics of infiltration processes that encompass dimensions and
directions, forces, convex vs. concave curves, homogeneity vs. heterogeneity and non-uniform
flow drivers, as well as a brief discussion of common boundary conditions. In the following
sections, we provided a narrative of the history and evolution of major infiltration models, divided
into 1) empirical models and 2) conceptual models divided as macro-scale depictions of flow in

rigid versus deformable soils. Across the years, modeling infiltration shifted from an extensive use
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of analytical approaches to numerical computations, which aligned with the development of

mathematics and resolving techniques throughout history.
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2.4. Evolution of the basic flow models for rigid soils

We summarized basic and fundamental physical flow models used as the foundations for modeling
infiltration in rigid (non-swelling) soils (Error! Reference source not found.2.1). Below, we
present the main fundamental equations that were used as steppingstones in most of the infiltration

models reviewed in this paper.

The Navier-Stokes equation was the first fundamental concept, developed by Navier (1823) and
Stokes (1850), that described laminar motion of incompressible fluids flowing through

homogeneous and smooth surfaces in both horizontal and vertical directions:
61_7) - - _ - 22
p (E + (v. V)v) =—-VP+pg+uv<v [2.1]

where v (LT) is velocity, % (LT2) is the change of velocity with respect to time ¢t (T), VP (ML

2T-2) is the pressure gradient, p (ML) is fluid density , u (MLT1) is the dynamic viscosity of the

fluid, and g (LT™) is the acceleration of gravity, and V stand for the nabla operator where V =

9~ 80— 98—
6xex+6yey+6zez

Based on Navier’s work, Poiseuille (1844) derived a physical law, known as Hagen—Poiseuille
equation, that describes the pressure drop, AP (ML™T2), in an incompressible and Newtonian fluid

with laminar volumetric flow, Q (L3T™), flowing through a cylindrical pipe of length [ (L) and

radius r (L):
__ mApPrt
Q= ol [2.2]

While the concept of infiltration was discussed and described in the literature before Darcy’s work,

Darcy (1856) formulated the first empirical quantitative description of flow through a saturated
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porous medium, known as Darcy's law, based on water infiltration experiments through sand beds,

valid for both horizontal and vertical flow:
q =—-K,Vh [2.3]

where g (LT?) is the flux, K, (LT?) is the saturated hydraulic conductivity, VA (LL™) is the
hydraulic gradient describing the difference in total hydraulic head h (L) between any two points

within the porous medium.

A few decades after Darcy, Buckingham (1907) built on the earlier work of Lyman Briggs, his
senior colleague at the U.S. Bureau of Soil, who introduced capillary flow due to capillary gradient.
Buckingham’s work resulted from deviations of the equilibrium between gravity and capillarity in
unsaturated soils (Briggs, 1897). More about this development can be found in Germann (2021).
Buckingham, who apparently did not notice the work of Darcy (Beven, 2018), extended Briggs’
concepts and drew an analogy with Ohm’s law and Fourier’s law to define unsaturated water flow
as a function of a gradient of attraction and a constant of proportionality, namely “capillary

conductivity”, based on two main assumptions:

1. The driving force for water flow in isothermal, rigid, unsaturated soil containing no solute
membranes and zero air pressure potential is the gradient between two points of the
combination of matric i (L) and gravitational z (L) potentials, i.e., h =9 + z

2. The hydraulic conductivity of unsaturated soil is a function of water content 6 (L3L) or

matric potential ¥ (L).

Based on Buckingham’s approach, vertical and 3D infiltration processes are generally considered
to be in response to a combination of gravity and capillarity, and horizontal infiltration considered

to be driven exclusively by capillarity. To this end, Buckingham’s assumptions have tremendously
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advanced the theory of water flow and become the fundamental “depictions of the underlying

physics”.
q=—KW)(Vy+1)=—-K@O)(Vy +1) vertical flow [2.4]
q =—-K@)(Vy) = —K(6)(V) horizontal flow [2.5]

where Vi (LL™?) is the matric hydraulic gradient, and K (1) and K(8) (LT™) are the unsaturated
hydraulic conductivities as respective functions of ¥ (L) and water content 8 (L3L%). Equation 2.4
and/or 2.5 can be viewed as a generalization of Darcy’s Law and can be referred to as

the Buckingham-Darcy law.

In 1911, the flow theory witnessed the conceptualization of a “wetting front potential” by Green
and Ampt who quantified the capillary force resulting from the matric potential of unsaturated
soils. Green and Ampt (1911) assumed a constant wetting front that goes downward at constant
water content and, thus, constant matric potential ¥ (L), as well as constant hydraulic conductivity
K (L T, since water always moves within a saturated soil. The Green-Ampt model works best
when a relatively sharp wetting front exists throughout the infiltration process. Such a distinct
wetting front was adopted later by several infiltration models, such as those developed by Mein
and Larson (1973), Li et al. (1976), Beven (1984), Selker et al. (1999a), Swartzendruber (2000),
Selker and Assouline (2017), Stewart (2019). Consequently, the Green-Ampt model has proven to
be one of the governing equations in understanding and predicting infiltration.

The next advancement in theory was to combine these steady-state flow theories to non-steady
conditions, in which soil water content can change over time and space. Two different scientists
(Richardson, 1922; Richards, 1931) independently developed similar solutions to this problem

through a second order convection-diffusion equation, conventionally known as Richards’

16



equation (Equation 2.6 or 2.7). However, the resulting equation should rightly be called the
Richardson-Richards’ equation. Unfortunately, Richardson’s work was barely noticed in the
soil physics or hydrology literature, most likely because it was presented as part of a book on

weather prediction (Raats and Knight, 2018).

As Richards (1931) attempted to extend Darcy-Buckingham work, he defined “the essential
difference between flow through a porous medium which is saturated and flow through a medium
which is unsaturated is that under the latter condition the pressure is determined by capillary forces
and the conductivity depends on the moisture content of the medium” (Richards 1931, page 323).
However, Richards constrained his derivation to low pressure gradients, and highlighted the need
for different model approximations for high pressure gradients: “For low pressure gradients it has
been found by numerous investigators that this law (Darcy) is in exact agreement with experiment,
and it is entirely analogous to the well-known law of Poiseuille for the flow of liquids through
capillary tubes. However, both laws fail to hold for high pressure gradients. The limit within which
they are true and the modifications which a second approximation requires can be determined only
by exhaustive experiments on a wide range of materials.” (Richards 1931). The validity problem
of Richards’ assumption is related to the validity of Darcy’s law. Very large hydraulic gradients
will induce rapid flows where Darcy’s law is no longer valid. These fluxes appear under certain
conditions where the Reynolds number varies from 1 to 10. Therefore, different scenarios where
Darcy-BRR fails to apply include i) the appearance of turbulence for high-speed flows (e.g.,
cascade flows in macropores), ii) the problem of air entrapment and the need to account for air

pressure gradients, iii) the need for connectedness of both the water and air phases.
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Theoretically, Richards’ nonlinear partial differential equation for water flow can be derived by
simply combining Darcy’s equation and conservation of mass along with Buckingham’s paradigm

under isothermal conditions in a homogeneous and rigid porous medium.

. =V[D(6)V6] + VK () [2.6]

Richards’ equation is also written in the following head-based form:

Cap)ZL = VIKW)Vy] + VK@) [2.7]

The soil infiltration characteristics are hydraulic conductivity K(8) or K(y) (LT?), hydraulic

diffusivity D(6) = K (1) 25 (L?T*), and water holding capacity C (1) = j—i (LY).

The concept of water movement as a diffusion phenomenon, implicit in Buckingham’s approach,
and later in that of Richards as well as Green and Ampt’s model, was explicitly proposed by Childs
(1936a, 1936b) who studied the hypothesis of constant diffusivity. Later, Childs and Collis-
Georges (1950) introduced the concept of concentration-dependent diffusivity characterized by
the strong dependence of diffusivity on water content. Embracing this concept, Philip (1957a)
developed, based on a Taylor Series expansion of Equation 2.6, the first specific quasi-analytical
solution of the non-linear Richards’ equation, in the form of a power series in t“2 describing
infiltration in a homogeneous, isotropic, and rigid porous medium. However, Philip’s time
expansion series converges only for finite t; thus, the solution becomes unreliable at infinite times.
To this end, Philip (1957b) approximated his equation by the two first terms, describing one-
dimensional, unsaturated infiltration for relatively short times. At this point, he defined the first
term as “sorptivity” or “a term embracing both absorption and desorption”. In his words, it is “a

measure of the capillary uptake or removal of water”. Later, in 1969, Philip showed that sorptivity
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can be determined from horizontal infiltration where water flow is mostly controlled by capillary
absorption (Philip, 1969a). The second term in Philip’s two-term equation reflects gravity effects
and can be assumed equal to the saturated hydraulic conductivity multiplied with a constant
between 1/3 and 2/3 (Davidoff and Selim, 1986; Swartzentruber and Young, 1974; Ghorbani et

al., 2009).

Following on Philip’s work, Parlange obtained, in a different series of papers, a quasi-analytical
solution for water infiltration, by first developing a one-dimensional absorption equation
(Parlange, 1971a), which was then extended to infiltration to include gravity effects (Parlange,
1971b), and further extended in subsequent papers to problems in two and three dimensions

(Parlange 1971c, 1972a, 1972b).

The series of papers published by Philip and Parlange more than fifty years ago remains today the
basis of our understanding of infiltration theory. However, a serious limitation of applying their
quasi-analytical solutions emerges from the representativity of the initial and boundary conditions

(described in detail in Section 2.8).

Later, the analysis of the highly non-linear flow problem has been simplified and made tractable

by applying the matric flux potential using Kirchhoff transformation. Raats (1971) defined the
- ; 271y hy- Yo maT — (2 neavaa- P
matric flux potential, ¢ (L°T™), by: ¢ = fw_K(lp)dt/J = fe_D(B)dB, subscript i denotes the initial

state. Using this definition, Redinger et al. (1984) and Campbell (1985) were the first to apply the
Kirchhoff transform (K transform) of the matric potential i (L) to linearize the second-order
spatial term in Richards' equation (Equation 2.7). Their method introduced a simple but efficient
method of solution for homogeneous unsaturated soils. However, K transform depends on the soil

hydraulic properties and will therefore vary spatially with any spatial change in the hydraulic
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properties. Therefore, to characterize scale-heterogeneous soils, Ross (1990) used an inverse
hyperbolic sine transform of i (L) in preference to the K transform. Later, Ross and Bristow
(1990) capitalized on the numerical advantages of using the K transform to solve Richards'
equation for water flow in scale-heterogeneous soils when the appropriate correction to spatial

changes in soil properties is made.

Clearly, Richards’ equation quickly became the mainstream approach for modeling flow in
unsaturated soils. Two factors contributed to the success and rapid adoption of Richards’ equation

that are discussed in detail below.

First, researchers quickly developed simplified analytical approximations over the next few
decades following Richards paper, and later, thanks to advancements in numerical computation,
developed robust numerical models, particularly the HYDRUS software packages, which simulate
water, heat and solute movement in 1-D, 2-D or 3-D porous media and provide numerical solutions
to Richards’ equation (Simunek et al., 1998, 1999, 2005, 2006). HYDRUS uses linear finite
elements to numerically solve Richardson-Richards’ equation for saturated or unsaturated water
flow under uniform or nonequilibrium conditions, as well as Fickian-based advection—dispersion
equations for solute transport. In 2008, Simunek and his coworkers described the entire history of
the development of the various HYDRUS programs with related models and tools (Simunek et al.,
2008a). Later, Simunek et al. (2016) reviewed recent developments and applications of the

HYDRUS program implemented after 2008.

Second, the ubiquity and ease-of-use of Richards-based model frameworks, including HYDRUS,
led Richards’ equation to dominate the theory of unsaturated flow, thus transitioning research in
infiltration and unsaturated flow almost exclusively from a theoretical search for a better

infiltration theory into an expanded field of highly applied and practical research. Therefore, many
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researchers have been applying Richards’ equation to understand processes or develop solutions
addressing environmental, agricultural, and ecological issues like irrigation efficiency, pollutant
and nutrient transport, heat transfer, water recharge, and stormwater management (Lassabatere et
al., 2010; Kandelous and Simunek, 2010; Goutaland et al., 2013; Slimene et al., 2017; Stewart et

al., 2017a, b; Autovino, 2018; Coppola et al., 2019; Fields et al., 2020).

Despite its widespread adoption, Richards’ equation fails to adequately describe infiltration in
different flow situations and scales (e.g., Hunt et al., 2013; Beven, 2018; Germann, 2021).
Fundamentally, the Richards’ equation was developed using equilibrium-based measurements,
such that equilibrium between soil pressure head and water content is instantaneous, opposite to
non-equilibrium conditions that occur during rapid flow (Simunek et al.,2003). Based on the
theoretical dominance of capillary forces in unsaturated flow, Richards proposed an elegant
hierarchy of active-inactive pores in which larger pores empty while smaller pores conduct water
in partially saturated soils. He stated that if “there is a steady flow of liquid through a porous
medium which is only partially saturated, then the larger pore spaces contain air and the effective
cross-sectional area of the water conducting region is reduced” (Richards 1931). This hierarchy
completely deactivates those larger pores “If these air spaces could in some way be filled with
solid, the condition of the flow would be unchanged” (Richards 1931). On the other hand,
Germann’s last published work was critical of Richards experiment “which relied on the
application of air pressure to ensure that larger pores were empty at each potential and flow rate,
was simply the wrong experiment for flows under more natural conditions.” (Germann 2021).
Germann’s stated that “while capillary flow relies on the strongest force extended on water in an
unsaturated soil, the weaker force of viscosity can dominate during infiltration as a result of

formation of film flows at and near the soil surface.” (Germann 2021). Similar criticism was levied
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by Hunt et al. (2013) and Beven (2018). Additionally, while HYDRUS is widely used to simulate
water movement in variably saturated media, the software presents challenges for researchers to
obtain accurate results in clay rich soils and soils with perched water table or restrictive layers.
HYDRUS does not natively handle the dynamics aspects of soil swelling and shrinking processes
or soil with restrictive layers. However, it could provide relatively reliable results under these
specific conditions if the model was calibrated with specific soil data pertaining to these
conditions. In the case of restrictive layers, Hydrus can simulate these effects if the hydraulic
properties of each layer, such as Ks or soil water characteristic curves of each layer, were
accurately defined. The same case applies for shrink/swell soils; as their hydraulic properties are
different, accurate parameterization is needed at this stage. So, more specific input is needed under

these conditions, presenting challenges for researchers.

The inadequacies of Darcy-BRR framework were also becoming apparent as interests increased
in depicting preferential flow processes through a wide range of theoretical advancements
(Simunek et al., 2003; Jarvis, 2007; Simunek et al., 2008b). Studies were increasingly noting
pollutant and nutrient transport processes that were happening at faster rates or over greater
distances than seemed possible based on the depictions provided by BRR-based models (Zehe and
Fluhler, 2001; Reichenberger et al., 2002; Zheng and Gorelick, 2003; Beven, 2010). Other work
at hillslope and watershed scales also indicated that BRR-based models did not accurately capture
soil wetting and streamflow responses to precipitation, even when treated with parameter values
deemed as “effective” for the larger scales (van Schaik et al., 2008; James et al. 2010; Nimmo et

al., 2021).

These issues were first raised by Beven and Germann (1982), who demonstrated the importance

of macropores and preferential water flow in soils, as well as identified the need for future
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comprehensive characterization of flow that goes beyond Richards’ equation. Beven and
Germann’s pioneering work (1982) led to a mainstream recognition and acknowledgement to the
limitations of current physical theory. Thirty years later, many of the same discrepancies persisted,

as noted by the revised work in Beven and Germann (2013).

The first theoretical attempt at addressing the discrepancies of Darcy-BRR framework was held
by Beven and Germann (1981), who described flow in high-permeability domains by the kinematic
wave approach. To this end, Beven and Germann (1981) developed a one-dimensional model of
bulk flow in a combined micropore/macropore system by approximating the micropore (subscript
m) flow, q,, (LT?), for various arrangements of macropores (subscript f) at different water

contents, 6, (L3L™):
— b,
qm = a16¢ [2.8]
And the flow in macropores, g (L T, by:
q5 = Kra, 67" [2.9]

where: Ky (L T1) is the hydraulic conductivity of the macropores, a; (L T%), a,, and b,

(dimensionless) are fitting parameters.

Recognizing the importance of preferential and non-equilibrium flow that is not captured by
Darcy-BRR framework, Gerke and van Genuchten (1993) transformed Richards’ equation into a
dual permeability model that describes two single-permeability media, one associated with
macropores (fracture, inter-porosity domain) of high permeability, and the other associated with
micropores (matrix, intra-porosity domain) of low permeability, with exchange possible through a

permeable interface. This approach assumed constant fluid densities, no hysteresis in the hydraulic
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properties, no effects of swelling, shrinking, temperature, air pressure, and solute concentration on
water flow. Based on Richards’ equations, Gerke and van Genuchten (1993) model uses the flow

equations for the fast-flow region (subscript f) and the matrix (subscript m), respectively as

follows:
—aefa(;p 2 = 9K, () (Vi +1)] - 5p) - % [2.10]
And

) = VKo () (W + D] = (W) = [2.11]

Ty
1—Wf

where s(¥) (T) is the sink—source term, wy (L3L"®) is the ratio of the volume occupied by the

fast-flow region and relative to the total volume, and T,, (T™) is a space- and time-dependent

exchange term describing the transfer of water between the two pore systems.

Other further approaches for modeling preferential and non-equilibrium flow in the vadose zone
have used the kinematic approach (Jarvis, 1994; Jarvis and Larsson, 1998; Larsbo and Jarvis,
2003), Darcy-BRR (Lewandowska et al., 2004), or Green and Ampt (Weiler, 2005; Stewart, 2018)
by describing water movement in the soil matrix in combination with a depiction of water flow

through macropores.
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Figure 2.1: Evolution of the basic flow models for rigid (i.e., non-swelling) soils. It is worth noting that

non-uniform preferential flows were recognized long before the equilibrium concepts of Buckingham and

Richardson-Richards (Schumacher, 1864; Lawes et al., 1882; Kubiena, 1938; Brewer, 1960). However,
the non-uniform flow was not modeled until early 1980s.
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2.5. Evolution of basic flow characterization for deformable soils

Many soils have clay minerals or other particles (e.g., organic substrates) that change volume when
wetting and drying, which causes the soil matrix to deform and typically leads to excessive error
when infiltration models developed for rigid soils are applied. Therefore, substantial research
efforts have been devoted to characterizing water movement through deformable soils with time-
variable pore structures. In the context of water infiltration into soils, deformable soils are known
as shrink/swell soils which expand when they absorb water and shrink when they dry out. These
specific soils could be distinguished in the field by their wide deep cracks, their rough soil surface,

and typically feel sticky and plastic when wet.

Here, we list the basic conceptual models developed to characterize water flow into deformable

soils (Figure 2.2).

Using Darcy’s law, Biot (1955) first described the flow of fluids in deformable anisotropic soils
by studying the problem of soil consolidation through the mixture theory in the absence of gravity

effects:
k
Viiquid ~ Vsotia = ~ g VP [2.12]

where: vy;q,,i4 and vse;4 are the vertical velocity components of the liquid and solid phases,

respectively, and k (L2) is the solid permeability.

Then, mass conservation of the solid (Equation 2.13) and liquid (Equation 2.14) phases, yielded

(Bowen, 1980):

= V(1 = O)vya] = 0 [2.13]

20
i V(6viiquia) = 0 [2.14]
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Later, researchers’ attention was skewed towards characterizing soils that shrink and swell in
volume when drying and wetting, namely shrink-swell soils. To understand the behavior of shrink-
swell soils, the soil shrinkage curve (SSC) was developed describing the change in soil volume as
function of the change in water content from a fully saturated state to a completely dry state. The
soil shrinkage curve is generally sigmoidal in shape and is represented by numerous models
(McGarry and Malafant, 1987; Tariq and Durnford, 1993; Braudeau et al., 1999; Crescimanno and
Provenzano, 1999; Chertkov 2000, 2003; Peng and Horn, 2005; Cornelis et al., 20064, b; Lu and

Dong, 2017; Chen and Lu, 2018; Gupt et al., 2021).

Different modeling analogs of Richardson-Richards’ equation were developed to study and solve
the problem of infiltration into shrink-swell soils. For instance, Philip (1969b) modified
Richardson-Richards’ equation for a rigid soil and developed the standard Fokker—Planck equation

(FPE - Equation 2.15) describing flow in unsaturated swelling media:

50 = VDOVl + VI ~ 1)K (®)] [2.15]

where y,,, (dimensionless) is the wet specific gravity of the swelling soil.

Smiles and Raats (2005) reformulated the standard (FPE) by including the dimensionless constant,
here called ay,,.;;, defined as a water content-dependent value and as an average over a defined

pressure range, to deal with curvilinearity in the shrinkage curve:

a8

Py V[D(H)VH] + V[(l - aswellyw)K(g)] [2.16]

Furthermore, a special form of the (FPE) was investigated by Su (2009), who considered the
inclusion of dimensionless parameter fS,..;, the order of fractional derivative, which enables a

clear explanation of the anomalous infiltration into swelling porous media:
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aﬁswelle
d tﬁ swell

= V[D(G)V@] + V[(l - aswellyw)K(g)] [2-17]

Another governing equation for water movement in swelling soils was provided by Giraldez and

Sposito (1985) who used a generalized version of the Richardson-Richards equation:

%% = v[D(0)VE] + VH [2.18]

where: p, (ML) is the soil bulk density and p (ML) is the fluid density. H (LT™?) is a gravity-

envelope-pressure parameter given by:
H=K(©0)(1-ppwV) [2.19]

where: py, ,» (ML®) is the wet bulk density (subscript w), and 77 (L3M™) is the slope of the shrinkage

curve.

Furthermore, Feddes et al. (1988) extended Richardson-Richards’ equation to characterize water
flow in swelling/cracked soils by adding two sink-source terms, s, (T1) quantifying the volume of
water extracted from soil by roots, and s¢ (TY) quantifying the horizontal infiltration from soil

cracks (subscript f) into the soil matrix:

S = VKW + D] - s, + 5 [2.20]

Shifting from Richardson-Richards’ equation, Davidson (1984), and later Weiler (2005), built on
the classic Green-Ampt model to characterize infiltration into macroporous soils. Neither
approach, however, describes the dynamic shrinkage and swelling processes. In response, Stewart
(2018) combines the Green-Ampt model with a multidomain framework previously developed by
Stewart, Abou Najm, et al. (2016), allowing for variations in properties of the different porosity

domains, and therefore a better characterization of the dynamic properties of shrink-swell soils.
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Another approach towards modeling water movement through shrink-swell soils was developed
by Bennethum and Cushman (1996) who derived a new constitutive theory for multiphase,
multicomponent, three-scale, swelling systems with interfaces. This effort resulted in a generalized
form of Darcy's law where flow is governed by gravity and the Gibbs free energy, temperature,

and concentration gradients:
q =Kt [_¢LpLV (A~L _ ﬁa) + (ﬁo.L n ﬁPL) V(ptpl) + pLplgh — pLp ELVTO +

s ¢LpLﬁLjVCLj] [2.21]
Where: L=IA refers to the fluid phase in the particle at the macroscale, B and C refer to the liquid
and air phase at the mesoscale respectively, k (L3TM™) is second order positive semi-definite
tensor, ¢ (L3L™®) is the volume fraction, p (ML) is the fluid density, E (L2T-2T%Y) is the entropy,

A (L?T?) is the specific Helmholtz free energy, VT (T°) is the temperature gradient, i (L*MT?)

is the chemical potential, and VC (ML™) is the concentration gradient.
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Figure 2.2: Evolution of the basic flow models for deformable (i.e., swelling) soils
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2.6. Pore-scale models

The infiltration process in soils through which air is replaced by water is typically investigated
using Richards’ equation at the continuum scale, which requires the determination of soil hydraulic
properties, such as water retention and unsaturated hydraulic conductivity curves. During
infiltration within the complex structure of soils, one observes phenomena such as irregular
wetting front and hydraulic non-equilibrium that are controlled by pore-scale characteristics of
soils. Therefore, to better understand infiltration at the continuum scale, one should first investigate
it at the pore scale - the scale of processes taking place within porous media. Different visualization
tools were used to investigate the pore scale such as X-ray microcomputed tomography, confocal
microscopy, and optical microscopy (Krummel et al., 2013; Geistlinger and Ataei-Dadavi, 2015;
Liu and Song, 2015; Song et al., 2020).

Several pore-scale approaches emerged to address fluid flow and transport in the complex
geometry and topology of porous media, as well as to solve physics within the given domain at the
pore scale (Wilkinson, 1984; Martys and Hagedorn, 2002; Valvatne and Blunt, 2004; Liu et al.,
2006; Prodanovic and Bryant, 2006; Blunt et al., 2013). The most widely used approaches for
pore-scale modeling are Lattice Boltzmann Methods (BME), smoothed particle hydrodynamics
approach, computational fluid dynamics-based techniques, and pore-network models (Blunt,
2017).

Here, we present a summary of the emergence of pore-scale models and their co-evolution to
broaden our review aspects, as well as our understanding of the modelling and application of flow
into porous media. Mapping the pore space of porous media into a network of connected pores
was first developed by Fatt (19564, b, ¢) who stressed the inadequacy of parallel tube models to

describe the complex structure of soils and rocks. Fatt (1956a) proposed a regular 2D network of
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tubes with various pore size distributions, which evolved to a ball-and-stick network proposed by
Chandler et al. (1982) and Koplik (1982), and then to a biconical pore network proposed by Toledo
et al. (1994). Recognizing that real porous media are three-dimensional, Rose (1957) developed
the first computer-based network characterized by 3D lattices which were further used to study
hysteresis (Nicholson, 1968), dispersion (Torelli and Scheidegger, 1971) and waterfloods (Simon
and Kelsey, 1971, 1972).

Since 1980s up to now, research in pore-scale modeling evolved from the computation of simple
two-phase flow processes and relative permeability (Larson et al., 1981; Heiba et al. 1984; Koplik
and Lasseter, 1985; Blunt and King, 1991; Blunt et al., 1992; Mogensen and Stenby, 1998) to a
huge range of pore-scale events e.g. wettability, three-phase flow, hysteresis, mass transfer
between phases, and to a more accurate abstraction of porous media (Wilkinson and Willemsen,
1983; Blunt and Scher; 1995; Blunt 2001; Blunt et al. 2002; Joekar-Niasar et al., 2008, 2009; Dong
and Blunt, 2009; Raoof and Hassanizadeh, 2010; Bultreys et al., 2015).

For instance, Pomchaitaward et al. (2003) applied a lattice-Boltzmann method to study capillary
infiltration in porous spheres and cubes. They further validated their approach by comparing the
results of their lattice-Boltzmann simulations with those obtained from a continuum model based
on the kinetic of capillary infiltration. Later, Tzavaras et al. (2017) used pore-network modeling
to simulate infiltration at the pore scale. In their study, the structure of pores and their topology
were adapted from a loess soil sample. Using the same pore size distribution, they generated two
types of pore networks: structured and random. The former was based on the measured topology,
while the latter was based on random pore connection. Their pore networks, however, were only
composed of 16x16x32 nodes. The authors compared their pore-scale simulation from pore-

network modeling with the continuum-scale simulations obtained by solving the Richards’

32



equation. More specifically, the horizontally averaged dynamics of water content and water
potential at the two scales were compared. Although reasonable agreements were found, the
authors stated that assuming fluid phases were immiscible and incompressible led to unrealistic

air trapping in the studied pore networks.
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2.7. Percolation theory

Concepts from the percolation theory were widely applied in conjunction with network modelling
to study flow and transport in complex porous media (Hunt, 2014; Sahimi, 2011; Hunt and Sahimi,
2017). Percolation theory addresses the effect of geometrical and topological properties of the pore
space, particularly pore size distribution and connectivity at both small and large scales. An
important feature within percolation theory is the presence of a percolation threshold (critical
fraction) below which the network is not connected and, therefore, there is no macroscopic flow
or transport. The basic concept of percolation threshold has also been broadly referred to in soil

physics using other terms such as residual water saturation or critical air-filled porosity.

Early percolation models were based on networks (or lattices) composed of bonds and sites. Bonds
act like links (or pore throats) connecting sites (or pore bodies). The early advancement in
percolation theory for vertical downward infiltration was described by Glass and Yarrington
(1996) as “gravity fingering in porous media” emphasizing that water mainly percolates due to
gravity. More specifically, Glass and Yarrington (1996) proposed a modified invasion percolation
approach for the immiscible displacement of a nonwetting fluid (e.g., air) by a wetting one (e.g.,
water). They further found that their modified invasion percolation model yielded substantially
different structures in wetting front compared to the standard invasion percolation. Within their
framework, gravity, and capillary fingering, as well as capillary facilitation, contributed to the
determination of wetting front and its structure. In their own words, they stated that, “results
suggest capillary forces to stabilize downward infiltration events either in very narrow or very
wide pore-size distribution media. While this stabilization is intuitive for wide pore-size
distributions, gravity fingering has generally been considered to dominate as the pore-size

distribution narrows.”
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Later, Glass et al. (2000) expanded these efforts and developed a macroscale growth “structural”
model to model invasion percolation at the near pore scale. Under non-negligible viscous forces
conditions, Glass et al. (2000) redefined (1) the total pore filling pressure to incorporate viscous
losses within the invading phase (e.g., water) from one hand, and (2) the viscous effect to reduce
randomness caused by capillary forces at the front. By comparing their simulations with CO»-
water experiments where viscous forces were negligible, Glass et al. (2000, 2001) found a fair
agreement between simulations and experimental data. However, for trichloroethylene-water
experiments, discrepancies between simulations and measured data were considerable. It is worth

mentioning that the viscosity of trichloroethylene is nearly 40 times greater than that of CO..

Another approach towards modeling infiltration was developed by Hunt (1997) who presented
random percolation theory and accordingly applied statistics of clusters showing that cumulative
infiltration was analogous to electrical polarization. Using such an analogy, Hunt (1997) derived
a general expression for cumulative infiltration including the two-term Philip (1957b) model as a

special case (see his Eq. 40).

More recently, Hunt et al. (2017) developed a theoretic model for vertical infiltration using
concepts from random percolation theory. They proposed a two-term relationship for transient and
steady-state infiltration. Hunt et al. (2017) assumed that the transient term describes solute

transport under saturating conditions and the steady-state term represents advection fluid.

L
I(t) = é—‘;t + 5 tPb [2.22]

1/
tXO

where D), = 1.861 is the backbone fractal dimension in three dimensions (Hunt et al., 2014), xo is
the typical length scale (e.g., typical pore diameter), and t,,, is the time for fluid to traverse the

distance xo. By setting D;,, = 1.861, one finds the exponent in the transient term equal to 0.54 (=
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1/1.861) which is close to 0.5 in the Philip (1957b) derivation. Using experimental data from
Sharma et al. (1980), Hunt et al. (2017) scaled infiltration data and demonstrated that a much better
agreement with actual data was obtained when infiltration data were scaled using the percolation
theory exponent (e.g., 0.54). They concluded that the exponent 0.54 might be a better

approximation than 0.5.
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2.8. Bundle of capillary tubes approach

Most of the fundamental flow concepts (described in sections 2.2 and 2.3) modeled water flow
into porous media while characterizing the pore space with bundles of capillary tubes of either
similar or varying radii. By simplifying the pore space topology, such models do not capture the
fundamental randomness of porous media characterized by a wide distribution of interconnected
channels and pore sizes. However, the different models based on bundles of capillary tubes can
still provide improved representation of complex pore structures while their formulation remains

an open theoretical and experimental challenge.

One of the early infiltration models based on the bundle of capillary tubes approach was developed
by Chu (1993). In his study, first soil water retention data were used to determine pore size
distribution. Then, the Hagen-Poiseuille equation was applied to calculate hydraulic conductivity
of each individual tube. Chu (1993) considered a scale factor to match theoretical and experimental
saturated hydraulic conductivities. He generalized the Green-Ampt model to describe water flow
in all tubes determined from water retention data, and then applied the van Genuchten model to
derive a special case. Chu (1993) showed that his model captured spatial variation in the wetting
front - an improvement over the traditional Green-Ampt model which assumes a constant depth
front. In another study, Chu (1994) used the same approach but replaced the van Genuchten model
with the Brooks-Corey model to represent water retention data. Using a Yolo light clay soil sample,
he compared his theoretical results with those by the Philip model and found reasonable agreement

between the two models.

Recently, a more advanced approach based on the bundle of capillary tubes was proposed to predict
pore size distribution using non-Newtonian fluids offering new possibilities for improving porous

media characterization (Abou Najm and Atallah, 2016; Atallah and Abou Najm, 2019; Basset et
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al., 2019; Hauswirth et al., 2019). Experimental evidence was presented validating the ability of a
non-Newtonian fluid at different concentrations to infer the pore structure of simple and synthetic
porous media using the ANA model (Atallah and Abou Najm, 2019; Hauswirth et al., 2019) and

that of dual-porosity media using the dual-permeability ANA-2 model (Basset et al., 2019).
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2.9. Summary of the infiltration models

Building on the fundamental physical flow models for rigid and deformable/swelling soils
(sections 2.2 and 2.3), several concepts were derived across the years to estimate infiltration for a
specific porous media under specific boundary and initial conditions. Empirical models were also
developed describing infiltration with fitted data derived from either field or laboratory
experiments. Here, we present a comprehensive summary of the evolution of 138 infiltration
models. Our summary is by no means an exhaustive list of all the attempts of infiltration modeling
in literature.

We illustrated the historical evolution of infiltration models as listed in Table 2.1, in an ascending
historical order based on their year of publication. Table 2.1 summarizes those models based on
their category, origin, and assumptions, as well as type and behavior of infiltration. For additional
information and formulation, Table 2.1 was further expanded into Tables 2.5 and 2.6 in the

Appendix to describe the model parameters, equations, and concepts.
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Table 2.1:

Summary of 138 infiltration models
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- Subsurface Transient and Gravity
hydrophobic, - depend on 6 b, c, 1972a)
(Cavity)
Flat surface
1D, Local and Elj(ri?grsigael
Smith (1972) Semi-Empirical Arbitrary Arbitrary Field-scale, Steady-State solutions of
Surface Richards (1931)
Rigid, Scale- 2D and 3D, Dis
Heterogeneous Field-scale X -
; . ; constant, K S Philip (1967,
- Anisotropic, . Surface and : [Constant ! Capillarity
Philip (1972) Conceptual Non- Single Subsurface Steady-State rainfall No exd%?]e;r;](:isa" and Gravity 19621357151);3%,
hydrophobic, (Point and line rate] 0?1 and
Flat surface sources) yony i
1) D
approaches a
delta
function,
very sharp
Rigid, peak in K
Homogeneous, Early, Transient then K varies _ Philip (1957a, b,
Pa-:lzlr?n;a(ellg(;Z) Conceptual Isotropic, Non- Single 1D, Is_lcj);:fa:csecale, and Steady- No very slowly a%gpg:gcity 1969a) — Parlange
9 hydrophobic, State near vy (1971a, b)
Flat surface saturation
(2) dk/de
and D are
proportional
(3)Dis
constant
Rigid, X
Homogeneous, Early, Transient D and K —_— Philip (1969a) -
Parlange (1972c) Conceptual Isotropic, Non- Single 1D, IS_Srcleczcale, and Steady- [(r::irr];gi?t No strongly aigplellgcity Parlange (1971a,
hydrophobic, State depend on 6 y b)
rate]
Flat surface
X Rapidly
Rigid, X varying D, .
Mein and Larson Homogeneous, 1D, Local scale Early and %ﬁfé}f After very sharp ng(irs(;itfet : Green and Ampt
Conceptual Isotropic, Non- Single ' ' y P g ponding Yes peak in K to PSR (1911) [Darcy’s
(1973) - Surface Steady-State [Constant Capillarity
hydrophobic, - [Constant a constant K - law]
rainfall and Gravity
Flat surface head] near
rate] .
saturation
Swelling,
Homogeneous, I -
Smiles (1974) Conceptual Isotropic, Non- Single 1D, IS_Srcfa;ICzcale, Transient State No Arbitrary acr:]gpg:gcity P?g'apr (1,9 61961 4 ]b )
hydrophobic, ty cy’slaw
Flat surface
Rigid, _— Parlange (1971a) -
Turner and . 1D, Local scale, . Capillarity
Parlange (1974) Conceptual Homogeneous, Single Surface Early State No Arbitrary and Gravity Talsma and

Isotropic, Non-

Parlange (1972)
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hydrophobic,
Flat surface

X Rapidly
Rigid, X varying D, .
Homogeneous, Befo_re After very sharp Hydrostatic Green and Ampt
Swartzendruber . . 1D, Local scale, Early and ponding - . Pressure, -
Conceptual Isotropic, Non- Single ponding Yes peak in K to P (1911) - Mein and
(1974) h - Surface Steady-State [Constant Capillarity
ydrophobic, rainfall [Constant a constant K and Gravity Larson (1973)
Flat surface rate] head] satﬂi:tri o
Rapidly .
i - Hydrostatic
Homlt?)lg;]%géous X \\//er{/”s]ﬁa?r; Pressure, Green and Ampt
Morel-Seytoux . ! . 1D, Local scale, Early and . Capillarity, | (1911) - Mein and
and Khanji (1974) Conceptual Isotropic, N_on Single Surface Steady-State [Constant Yes peak in K to Gravity, Larson (1973)
hydrophobic, head] a constant K : R
and Air [Darcy’s law]
Flat surface near resistance
saturation
Rigid, Bei‘(ore X ng(eirs(;itfem Mein and Larson
Homogeneous, Early, Transient . After ! (1973) - Morel-
Morel-Seytoux . . 1D, Local scale, ponding - . Capillarity,
Conceptual Isotropic, Non- Single and Steady- . ponding No Arbitrary . Seytoux and
(1976) - Surface [Arbitrary - Gravity, "
hydrophobic, State - [Arbitrary ? Khanji (1974)
rainfall and Air :
Flat surface rate] head] resistance [Darcian sense]
Homiléggéous N Rapidly Hydrostatic
. . ! . 1D, Local scale, Early and varying D, Pressure, Green and Ampt
Lietal. (1976) Conceptual Isotropic, N_on Single Surface Steady-State [Constant Yes nearly Capillarity (1911)
hydrophobic, head] constant K and Gravity
Flat surface
D and K are
Rigid, represented Green and Ampt
Homogeneous, by _— (1911) - Richards
Brutsaert (1977) Conceptual Isotropic, Non- Single 1D, Is_l(;;:fa:ilczcale, StI(Ea zjly.gr:gte Yes Averjanov- aﬁgpg:gc% (1931) - Philip
hydrophobic, y Irmay (1957a, 1969a) -
Flat surface formula Parlange (1971a)
(1964)
Collis-Georae 1D, Local and | Early, Transient Experimental
(1977) 9 Empirical Arbitrary Arbitrary Field-scale, and Steady- InfiIF:ration data
Surface State
x Rapidly
Hom?gelgéous Before A;(ter \\lliry' gﬁa?’ Hydrostatic Green and Ampt
Hachum and Conceptual Isotro gic Noni Sinale 1D, Local scale, Early and ponding ondin Yes earlzin K Ft)o Pressure, (1911) - Mein and
Alfaro (1977) P pic, TN Y Surface Steady-State [Variable ponding P Capillarity Larson (1973)
hydrophobic, infall [Variable a constant K d Gravi X -
Flat surface ralrl al head] near and Gravity | [Darcy’s equation]
rate] saturation
Riid X N (D Green and Ampt
Homo %néous Early. Transient Before After approachesa | Hydrostatic (1911) - Philip
Smith and c g ! . 1D, Local scale, Y, ponding - delta Pressure, (1957h, 1969a) -
onceptual Isotropic, Non- Single and Steady- . ponding No - o )
Parlange (1978) - Surface [Arbitrary - function, Capillarity | Parlange (1971b)
hydrophobic, State infall [Arbitrary h - |
Flat surface rainfa head] very sharp and Gravity Talsma and
rate] peak in K Parlange (1972)




St

then K varies
very slowly
near
saturation
(2) dk/d6
and D
increase
rapidly and
in similar
fashion, K
varies
rapidly near
saturation

Batu (1978)

Conceptual

Rigid,
Homogeneous,
Isotropic, Non-

hydrophobic,
Flat surface

Single

2D, Local scale,

Surface (Single
and periodic
strip sources)

Steady-State

No

Dis
constant, K
represented

by an
exponential

function of
(Gardner,
1958)

Capillarity
and Gravity

Philip (1968
1969a, 1971)

Kutilek (1980)

Conceptual

Rigid,
Homogeneous,
Isotropic, Non-

hydrophobic,
Flat surface

Single

1D, Local scale,
Surface

Early, Transient
and Steady-
State

X
After
saturation
(ho = 0)

X
Before
ponding
[Constant
rainfall
rate]

No

D
approaches a
delta
function

Capillarity
and Gravity

Philip (1957a)

Parlange (1980)

Conceptual

Rigid,
Homogeneous,
Isotropic, Non-

hydrophobic,
Flat surface

Single

1D, Local scale,
Surface

Early, Transient
and Steady-
State

(ho £0)

X

(ho > 0)

[Constant
head]

No

(D
approaches a
delta
function,
very sharp
peak in K
then K varies
very slowly
near
saturation
(2) dK/d6
and D
increase
rapidly and
in similar
fashion

Hydrostatic
Pressure,
Capillarity
and Gravity

[Darcy’s law]

Parlange et al.
(1982)

Conceptual

Rigid,
Homogeneous,
Isotropic, Non-

hydrophobic,
Flat surface

Single

1D, Local scale,
Surface

Early and
Steady-State

No

D
approaches a
delta
function,
very sharp
peak in K

then K varies

Capillarity
and Gravity

Philip (1957a,
1969a) - Parlange
(1980)
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very slowly

near
saturation
Dis
Rigid, constant, K )
Scotter et al Homog_eneous, . 3D, Local scale X reptrgszrr}ted ng?ers(;itfem .
' Conceptual Isotropic, Non- Single ' ! Steady-State [Constant No . PSR Wooding (1968)
(1982) - Surface exponential Capillarity
hydrophobic, head] function of ¢ | and Gravity
Flat surface
(Gardner,
1958)
K is constant
within the
Rigid, transmission -
Homogeneous, 2D, Local, Early, Transient X zone, then ng %rs(;itfenc E(?I? Zer:j(ﬁgigg n
Fok et al. (1982) Conceptual Isotropic, Non- Single Surface and Steady- [Constant No within the Ca iIIarit’ (1966)
hydrophobic, (Furrow) State head] wetting zone an dpGraviy Darey’s 1.
Flat surface K decreases vy [Darcy’s law]
toward the
wetting front
Rigid, .
Heterogeneous, X M v;?l?r'%%
Two-layer Before After very sharp’ Hydrostatic
Brakensiek and Conceptual (surface crust + Dual 1D, Local scale, Early and ponding ondin Yes Kin K t Pressure, Green and Ampt
Rawls (1983) P subsoil), Surface Steady-State [Constant P 9 peakn X 10 Capillarity (1911)
Isotropic, Non- rainfall [C;]) nstant aconstant K and Gravity
hydrophobic rate] ead] near
ydrop '
Flat surface saturation
Rigid,
Homogeneous, 3D, Local scale, X Hydrostatic
Rey?fégz)e tal. Conceptual Isotropic, Non- Single Subsurface Steady-State [Constant No s;g?;t:lgtl( Pressure [Darcy’s law]
hydrophobic, (Well) head] and Gravity
Flat surface
Swelling/
Cracked,
Heterogeneous, 1D, Local and Early, Transient -
Novak and Soltesz Empirical Anisotropic, Multi Field-scale, and Steady- _E)_(perl_m ental
(1984) infiltration data
Non- Surface State
hydrophobic,
Flat surface
K is constant
within the
Rigid, transmission Hydrostatic
Fok and Chiang Homogeneous, 2D, Local scale, | Early, Transient X zone, then Pressure Fok and Hansen
Conceptual Isotropic, Non- Single Surface and Steady- [Constant No within the PSR (1966) - Fok et al.
(1984) h - - Capillarity
ydrophobic, (Furrow) State head] wetting zone and Gravity (1982)

Flat surface

K decreases
toward the
wetting front




LY

D is

Ridid constant, K
Homoggenéous 2D, Local scale, represented
- . ! . Subsurface : by an Capillarity Philip (19574,
Philip (1984a) Conceptual Izot(;c:gu;,olglic;n Single (Cylindrical Steady-State X No exponential | and Gravity 1968, 1969a)
I¥Iat SFl)JI'faCE’ cavities) function of ¥
(Gardner,
1958)
Dis
- constant, K
Rigid, 3D, Local scale represented
Homogeneous, éubsurface ’ pb an Capillarit Philip (1968,
Philip (1984b) Conceptual Isotropic, Non- Single - Steady-State X No yan P Y 1969a) - Philip
- (Spherical exponential | and Gravity
hydrophobic, - . (1984a)
Flat surface cavities) function of ¥
(Gardner,
1958)
Rapidly
Rigid, Scale- X X varying D,
Heterogeneous, Before After saturated K Hydrostatic Green and Ampt
Anisotropic, . 1D, Field-scale, Early and ponding - decreases as Pressure, (1911) - Mein and
Beven (1984) Conceptual Non- Single Surface Steady-State [Constant [pc:%miltg%t Yes an Capillarity Larson (1973)
hydrophobic, rainfall head] exponential | and Gravity [Darcy’s law]
Sloping surface rate] function of
depth
Rigid,
Heterogeneous, 1D. Local scale [Cori(stant Beven and
Germann (1985) Conceptual Isotropic, Non- Multi ' Surface ' Steady-State rainfall No Kinematic K Gravity Germann (1981,
oot ] 100
Rigid,
. Homogeneous, Early, Transient _ .
Warrick etal. Conceptual Isotropic, Non- Single 1D, Local scale, and Steady- X No Avrbitrary Caplllan_ty Rlch_a_rds (1931) -
(1985) hydrophobic Surface State and Gravity Philip (1957a)
Flat surface
Dis
Rigid, rC: r:'?::r:ielc(j Hydrostatic
Revnolds et al Homogeneous, 3D, Local scale, X pb an gressure Scotter et al.
y ' Conceptual Isotropic, Non- Single Subsurface Steady-State [Constant No yan PSR (1982) - Reynolds
(1985) - exponential Capillarity
hydrophobic, (well) head] . - etal. (1983)
Flat surface function of ¢ | and Gravity
(Gardner,
1958)
Rigid, dK/d6 and .
Parlange et al Homogeneous, 1D, Local scale Barly, Transient X (h X>0) D increase ng(eirs(;itfetlc
4 ' Conceptual Isotropic, Non- Single ' ' and Steady- 0 No rapidly and P Parlange (1980)
(1985) hvdrophobic Surface State (hy <0) [Constant in similar Capillarity
Igllat sFL’Jrface’ head] fashion and Gravity
Rigid, X X Rapidly .
. 1D, Local scale, Early and - Hydrostatic Green and Ampt
Chu (1985) Conceptual Heterogeneous, Triple Surface Steady-State Befqre Afte_:r Yes varying D, Pressure, (1911) -
Three-layer ponding ponding very sharp
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(surface crust + [Arbitrary [Arbitrary peak in K to Capillarity Brakensiek and
till layer + rainfall head] aconstantK | and Gravity Rawls (1983)
subsoil), rate] near
Isotropic, Non- saturation
hydrophobic,
Flat surface
Dis
Rigid 2D and 3D, constant, K
Homogeneous, Local scale, represented Capillarity Philip (19574,
Waechter and g - Subsurface by an
L Conceptual Isotropic, Non- Single L Steady-State X No . (weak) and 1968, 1969a,
Philip (1985) - (Cylindrical exponential -
hydrophobic, 4 spherical . Gravity 1984a, b)
Flat surface and spherica function of ¢
cavities) (Gardner,
1958)
Dis
Rigid constant, K Van de Hu_Is:t
Philip (1985) Conceptual ::8{2;) giin?\(I)gr?i Single EODCZ?SC?;%’ Steady-State An No rep@sgﬁted Capillarity ((11%459)7)21: iggép
P P : drg’ b bie Y Subsurface y Y exponential | and Gravity | 1969a, 1984a, b) -
I¥Iat s%rfacey (Cavities) function of ¥ Waechter and
(Gardner, Philip (1985)
1958)
i Dis
Hom%;:;gc;géous constant, K
Isotropic and SDS’L:‘bOSﬁIf;gsle’ rep;')esg?]ted Capillarit Philip (1957a,
Philip (1986a) Conceptual Anisotropic, Single : Steady-State X No yan piifarity 1968, 1969a,
(Spheroidal exponential | and Gravity
Non- " function of 1984a, b, 1985)
hydrophobic, cavities) u?Gctlodn of ¢
ardner,
Flat surface 1958)
Dis
- 2D and 3D, constant, K
Rigid, Local scale, represented Van de Hu_Istt
Homogeneous, Subsurface by an Capillarity (1949) - Philip
Philip (1986b) Conceptual Isotropic, Non- Single - Steady-State No - - (19574, 1968,
b (Discs, exponential | and Gravity
hydrophobic, lind function of 1969a, 1984a, b,
Flat surface CYTINaers, unction of 1985, 1986a)
spheres) (Gardner, '
1958)
Rigid,
. . Homogeneous, I
Kutilek and Krejca . ! . 1D, Local scale, Early and . Capillarity -
1987 Conceptual Isotropic, Non Single Surface Transient State No Arbitrary and Gravity Philip (1957a)
hydrophobic
Flat surface
Rigid . .
' Rapidly Hydrostatic
Swartzendruber Homogeneous, . 1D, Local scale, Early and X varying D, Pressure, Darcy (1856) -
Conceptual Isotropic, Non- Single [Constant Yes S Green and Ampt
(1987a) - Surface Steady-State nearly Capillarity
hyldroph?blc, head] constant K and Gravity (1911)
Flat surface
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Rigid,

Homogeneous Early, Transient X Hydrostatic
Swartzendruber Concentual Isotro gic Noni Single 1D, Local scale, an)(/j’ Steady- X (ho > 0) No Arbitrar Pressure, Richards (1931) -
(1987b) P pic, TN Y Surface Y (ho < 0) [Constant Y| capillarity | Philip (1957a)
hydrophobic, State head] and Gravi
Flat surface Y
D and K
X depend on a
Rigid X single free -
' . Before Hydrostatic
Broadbridge and | Homog_eneous, inal 1D, Local scale, Earl)(/j, Trar:jsmnt ponding Af(;(_er parameter ¢ Pressure, [I?({irc;r/]-
White (1988) Conceptual Isotropic, an- Single Surface and Steady- [Constant ponding No and readily Capillarity Buckingham
hydrophobic, State - [Constant measured - approach]
rainfall : and Gravity
Flat surface head] soil
rate] .
hydraulic
properties
K
Rigid, represented
Heterogeneous, by an A
” _ . 1D, Local scale, Early and - Capillarity .
Yeh (1989) Conceptual Isotropic, an Multi Surface Steady-State X No expo_nentlal and Gravity [Buckingham]
hydrophobic, function of
Flat surface (Gardner,
1958)
K
Rigid, rep;’)esented Hydrostatic
Reynolds and Homogeneous, . 3D, Local scale X yan Pressure [Da_rcy '
! Conceptual Isotropic, Non- Single ' ' Steady-State [Constant No exponential A Buckingham
Elrick (1990) - Surface . Capillarity - -
hydrophobic, head] function of ¢ and Gravity relationships]
Flat surface (Gardner,
1958)
D
approaches a
delta
Rigid function,
Homo Ezenéous Early, Transient X dK/do and Hydrostatic
Haverkamp et al. Conceptual Isotro gic Noni Sinale 1D, Local scale, an)(/j’ Steady- X (hg > 0) No D increase Pressure, Parlange et al.
(1990) P pic, TN Y Surface Y (hy <0) [Constant rapidly and Capillarity (1985)
hydrophobic, State S .
head] in similar and Gravity
Flat surface -
fashion, K
varies
rapidly near
saturation
Riaid K Philip (1957b) -
H gia, represented Parlange (1971b) -
eterogeneous, X X as function . Talsma and
Two-layer Early, Transient Befo_re After of 6 using Hydrostatic Parlange (1972) -
. (surface crust + 1D, Local scale, ponding - Pressure, .
Smith (1990) Conceptual . Dual and Steady- - ponding No Brooks and P Smith and
subsoil), Surface State [Variable [Variable Corey (1964) Capillarity Parlange (1978)
Isotropic, Non- rainfall Y and Gravity g’
- head] and van [Darcy’s law],
hydrophobic, rate] . s
Flat surface Genuchten [Rlchgrds
(1980) equation]
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Rapidly

- X .
Rigid, X varying D, .
Homogeneous, [ scal v and Betjore After very sharp Hydrostatic _—
Schmid (1990) Conceptual Isotropic, Non- Single 1D, Local scale, Early an ponaing ponding Yes peak in K to Pre_ssurg, Mein and Larson
. Surface Steady-State [Variable - Capillarity (1973)
hydrophobic, - [Variable a constant K -
rainfall and Gravity
Flat surface head] near
rate] .
saturation
Dis
Rigid, constant, K
Homogeneous, represented o
Ankeny etal. Conceptual Isotropic, Non- Single 3D, Local scale, Steady-State X No by an . Caplllarl_ty Wooding (1968)
(1991) hydrophobic Surface exponential | and Gravity
' function of
Flat surface (Gardner,
1958)
Rigid .
' Hydrostatic .
Swartzendruber Homogeneous, ) 1D, Local scale, Early and X ) Pressure, Richards (1931) -
and Hogarth Conceptual Isotropic, Non- Single [Constant No Arbitrary S Swartzendruber
) Surface Steady-State Capillarity
(1991) hydrophobic, head] - (1987b)
and Gravity
Flat surface
Rigid, Rapidly Hydrostatic
Homogeneous, 1D, Local scale Early and X varying D Pressure Green and Ampt
Philip (1992) Conceptual Isotropic, Non- Single ' ' [Falling Yes ' PSR
p Surface Steady-State nearly Capillarity (1911)
hydrophobic, head] constant K and Gravi
Flat surface v
Dis
Rigid, f:;ritsa:r:telé
Homogeneous, I .
White et al. (1992) Conceptual Isotropic, Non- Single 3D, Is_ocfal scale, Steady Flow X No by an ial Cgp(lsllarl_ty Wood’lng (1968)
hydrophobic, urface fexpgnentlfaw and Gravity | [Darcy’s equation]
unction o
Flat surface (Gardner,
1958)
D
represented
as function
- of 6 using
Rigid .
' : X Bruce and Hydrostatic
Homogeneous, Early, Transient .
d ! . 1D, Local, ) X (hy > 0) Klute (1956), Pressure, Richards (1931)
Barry et al. (1993) Conceptual Isotropic, Non Single Surface and Steady (h < 0) [Constant No K depends Capillarity [Darcy’s law]
hydrophobic, State head trondl and Gravi
Flat surface ead] strongly on Y
the soil
moisture
characteristic
curve
Rigid, Rapidly .
Homogeneous, 2D, Local scale, X varying D, Hydrostatic Green and Ampt
Fonteh and . . Early and Pressure, (1911) - Hansen
Conceptual Isotropic, Non- Single Surface [Constant Yes very sharp -
Podmore (1993) hvdrophobic (Furrow) Steady-State head] eakin K to Capillarity (1955) - Fok and
yarop ' P and Gravity Chiang (1984)

Flat surface

a constant K




TS

near

saturation
X K
Rigid, X Before X represented Hydrostatic Parlange et al.
Homogeneous, Early, Transient During ponding/ After P . Y (1982)
. . . 1D, Local scale, - - - as function Pressure,
Smith et al. (1993) Conceptual Isotropic, Non- Single and Steady- rainfall post hiatus ponding No - S [Darcy flow]
- Surface - - - of 6 using Capillarity . s
hydrophobic, State hiatus [Arbitrary [Arbitrary - [Richards
- Brooks and | and Gravity .
Flat surface rainfall head] equation]
Corey (1964)
rate]
X Rapidly
Rigid, X varying D, .
Before Hydrostatic
- Homog_eneous, . 1D, Local scale, Early and ponding Aﬂ?r very_sharp Pressure, Green and Ampt
Philip (1993) Conceptual Isotropic, Non- Single - ponding Yes peak in K to S
. Surface Steady-State [Arbitrary - Capillarity (1911)
hydrophobic, - [Arbitrary a constant K -
rainfall and Gravity
Flat surface head] near
rate] .
saturation
Rigid, Rapidly .
Homogeneous, 1D Local scale Early and X varying D, ngcirsc;itzlc Green and Ampt
Stone et al. (1994) Conceptual Isotropic, Non- Single ' ' Y [Constant Yes constant K I (1911) - Philip
) Surface Steady-State Capillarity
hydrophobic, head] near and Gravity (1957a)
Flat surface saturation
Rigid -
' Philip (1968
Homogeneous, 2D, Local scale, . !
Mandal and Conceptual Isotropic, Non- Single Subsurface Steady-State X No Avrbitrary Caplllarl_ty 1984a, b, 1985) -
Waechter (1994) . . and Gravity Waechter and
hydrophobic, (Cylinders) L
Philip (1985)
Flat surface
Dis
Rigid X reresenie
Fallow et al. Homogeneous, . 1D, Local scale, | E1Y, Transient X (ho > 0) by an . Philip (1957a -
Conceptual Isotropic, Non- Single and Steady- [Constant No - Capillarity
(1994) - Surface (ho £0) - exponential 1969a)
hydrophobic, State and Falling function of
Flat surface head] 4
(Gardner,
1958)
Dis
Ridid X X constant, K
Homoggenéous 1D, 2D and 3D, Before After represented Buckingham
Basha (1994) Conceptual Isotropic, Non- Single Local scale, Early and ponqlng ponding No by an ) Caplllan_ty (1907) - Richards
. Surface and Steady-State [Arbitrary - exponential | and Gravity (1931) -
hydrophobic, bsurf infall [Arbitrary . b
Flat surface subsurface rainfa head] function of ¥ Greenberg (1971)
rate] (Gardner,
1958)
Rigid, Rapidly -
. Homogeneous, X varying D, Hydrostatic Green and Ampt
Salvucci and Conceptual Isotropic, Non- Single 1D, Local scale, Early and [Constant Yes constant K Pressure, (1911) - Phili
Entekhabi (1994) P pic, N 9 Surface Steady-State Capillarity P
hydrophobic, head] near - (1957a)
. and Gravity
Flat surface saturation
. Rigid, Early, Transient K —_— Parlange et al.
Corr(aldglgz)e tal. Conceptual Homogeneous, Single 1D, IS_Srcfa:ilczcale, and Steady- X No represented acr:lgp(lall!g:/litty (1982, 1985) -
Isotropic, Non- State as function Y | smithetal. (1993)
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hydrophobic, [Arbitrary of 6 using [Richards’
Flat surface rainfall Brooks and equation]
rate] Corey (1964)
Rigid D increases
Homogeneous, _sharply_ with Parlange (1971a) -
Smettem et al. c | A Sinal 3D, Local scale, VS increasing 6, Capillari d
(1994) onceptual Isotropic, N_on- ingle Surface Early State X No K varies apillarity Turner an
hydrophobic, . Parlange (1974
dl
Flat surface rzg;urgt?::r
dK/d6 and
. D increase
Rigid, - . Parlange et al.
Haverkamo et al Homogeneous, 1D and 3D, Early, Transient X (h X> 0) r?ﬁgl%i?:rd Hggg;itfem (1982) - Smetten
(199 ‘8 ' Conceptual Isotropic, Non- Single Local scale, and Steady- (h < 0) [anstant No fashion Ca iIIarit’ etal. (1994) -
hydrophobic, Surface State 0= . piifarity Haverkamp et al.
head] K varies and Gravity
Flat surface rapidly near (1990)
saturation
dK/d6 and
Rigid D increase Richards (1931) -
Hormo %néous . rapidly and | Hydrostatic | Philip (1957a) -
Barry et al. (1995) Concentual Isotro gic Noni Sinale 1D, Local scale, Early and [Constant No in similar Pressure, Parlange et al.
ry ' P h drcF)) h’obic Y Surface Steady-State head] fashion, Capillarity (1982, 1985) -
I¥Iat s%rfacey K varies and Gravity | Haverkamp et al.
rapidly near (1990)
saturation
1D, Local and Transient and X Experimental
Elrick et al. (1995) | Semi-Empirical Arbitrary Single Field-scale, [Falling Infiltration data —
Surface Steady-State head] Richards (1931)
Deformable, Liquid
Homogeneous, N Rapidly Pressure or
Sommer and Anisotropic, . 1D, Local scale, Early and varying D, Hydrostatic Biot (1955)
Mortensen (1996) Conceptual Non- Single Surface Steady-State [Cﬁ:;;?nt Yes nearly Pressure, [Darcy’s law]
hydrophobic, constant K and
Flat surface Capillarity
Rigid, . .
. Homogeneous, X Rapldly Hydrostatic Green and Ampt
Srivastava et al. . . 1D, Local scale, Early and varying D, Pressure, -
Conceptual Isotropic, Non- Single [Constant Yes o (1911) - Mein and
(1996) . Surface Steady-State nearly Capillarity
hydrophobic, head] constant K and Gravity Larson (1973)
Flat surface
Deformable, Liquid
Homogeneous, N Rapidly Pressure or
Preziosi et al. Anisotropic, . 1D, Local scale, Early and varying D, Hydrostatic Darcy (1856) -
(1996) Conceptual Non- Single Surface Steady-State [Cr?:;é?nt Yes nearly Pressure, Bowen (1980)
hydrophobic, constant K and
Flat surface Capillarity
Rigid, X X - Parlange et al.
. Homogeneous, Early, Transient During X After K Hydrostatic (1985) - Smith et
Corradini et al. Conceptual Isotropic, Non- Single 1D, Local scale, and Steady- rainfall Before ondin No represented Pressure, al. (1993) -
(1997) P pic, N 9 Surface Y . ponding/ ponaing as function Capillarity N
hydrophobic, State hiatus ost hiatus [Arbitrary of  usin and Gravi Corradini et al.
Flat surface P head] Y v (1994)
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rbitrary rooks an arcy’s law
Arbi Brooks and [Darcy’s law]
rainfall Corey (1964) [Richards’
rate] equation]
D
approaches a
delta
function, Hydrostatic Parlange et al.
Parlange et al. . . 1D, Local scale, Early and very sharp Pressure, (1982, 1985)
(1997) Conceptual Arbitrary Arbitrary Surface Steady-State Any No peak in K Capillarity [Richards’
then K varies | and Gravity equation]
very slowly
near
saturation
K
Rigid, represented - .
Homog%neous Early, Transient X pby an Hydrostatic | Richards (1931) -
Wu and Pan g ! . 3D, Local scale, ! X (hg > 0) . Pressure, Warrick et al.
Conceptual Isotropic, Non- Single and Steady- No exponential S
(1997) hydrophobic Surface State (ho £0) [Constant function of Capillarity | (1985) - Reynolds
Flat surface head] (Gardner, and Gravity | and Elrick (1990)
1958)
Hydrostatic
Rigid . Pressure
: Rapidly RS
Homogeneous, X - Capillarity,
Wang et al. (1997) Conceptual Isotropic, Non- Single 1D, Local scale, Early and [Constant Yes varying D, Gravity, Green and Ampt
. Surface Steady-State nearly : (1911)
hydrophobic, head] constant K and Air
Flat surface entrapment
effects
Rigid,
Heterogeneous,
Three-layer . .
. . (surface seal + 1D, Local scale, X Rapldly Hydrostatic Green and Ampt
Enciso-Medina et | il il P Early and varying D, Pressure, s
al. (1998) Conceptua u ayer Triple Surface Steady-State [Constant Yes nearly Capillarity (1911) [Darcy’s
subsoil), (Furrow) head] d Gravi law]
Isotropic, Non- constant K and Gravity
hydrophobic,
Flat surface
Rigid,
He_tl_e\lz(z)gile;;;us, D and K are
. X nonlinear Hydrostatic -
- (surface crust + 1D, Local scale Barly, Transient X (hg > 0) functions of gressure Philip (19572, b,
Philip (1998) Conceptual subsoil), Dual ' ' and Steady- 0 No . RS 1967, 1969a)
: ! Surface (hy <0) [Constant 6 inthe crust | Capillarity s
Anisotropic, State . - [Darcy’s law]
Non- head] and in the and Gravity
hydrophobic, soil
Flat surface
Rigid, X X X K Hydrostatic
Heterogenous, 1D. Local scale Early, Transient During Before After represented Iglr assure Smith et al. (1993)
Smith et al. (1999) Conceptual Two-layer Dual ' Surface ' and Steady- rainfall ondina/ ponding No as function Ca iIIarit’ - Corradini et al.
(surface crust + State hiatus F())st hia?us [Arbitrary of 6 using an dpGravil){/ (1994, 1997)
subsoil), P head] Brooks and
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Izotcrjopit;], %on- [Arbi;r:?:'y Corey (1964) [Darcy’s law]
ydrophobic, rainfa — Upper [Richards’
Flat surface rate] layer has equation]
always the
lowest K
Rapidly
varying D,
Rigid, Scale- saturated K
Heterogeneous, function of Hydrostatic
Selker et al. Anisotropic, - 1D, Field-scale, Early and X depth Pressure, Green and Ampt
Conceptual Single [Constant Yes - o (1911) - Beven
(1999a) Non- Surface Steady-State following Capillarity
h - head] . - (1984)
ydrophobic, linear, power | and Gravity
Flat surface law and
exponential
relationship
K -
- Philip (1957a) -
Hom?ggelr(ljéous Early, Transient X repkr;;szrrlted Hydrostatic Reynolds and
. ! . 3D, Local scale, ! _ X (ho > 0) . Pressure, Elrick (1990) - Wu
Wu et al. (1999) Conceptual Ishot(rjcrxgnioﬁ?cn Single Surface andsst;izzdy (ho < 0) [Constant No fﬁﬁggginélfal Capillarity and Pan (1997)
yarop ' head k4 and Gravity Richards’
Flat surface (Gardner
' equation]
1958)
Swelling/ Green and Ampt
Cracked, . X Hydrostatic P
Early, Transient (1911) - Feddes et
Novak et al. Heterogeneous, . 1D, Local scale, X (hy > 0) : Pressure, s
Conceptual ; Multi and Steady- No Arbitrary Sl al. (1988) [Darcy’s
(2000) Isotropic, Non- Surface (ho <0) [Constant Capillarity . g
- State - law] [Richards
hydrophobic, head] and Gravity :
equation]
Flat surface
K
Rigid, X represented
Heterogeneous, X Before X as function Smith et al. (1993,
Two-layer - - - of 6 using Hydrostatic | 1999) - Corradini
Corradini et al. (surface crust + 1D, Local scale, Barly, Transient Dyrmg pondl_ng/ Aft(_er Brooks and Pressure, et al. (1994, 1997)
Conceptual . Dual and Steady- rainfall post hiatus ponding No o it
(2000) subsoil), Surface - - - Corey (1964) | Capillarity [Darcy’s law]
| - State hiatus [Arbitrary [Arbitrary . . . s
sotropic, Non- - — Either and Gravity [Richards
h - rainfall head] .
ydrophobic, rate] layer may be equation]
Flat surface less
permeable
Rigid . .
! X Rapidly Hydrostatic )
Swartzendruber Concentual ::gtrp:giecn?\(l)gﬁ: Single 1D, Local scale, Early and (ho > 0) Yes varying D, Pressure, GDr:c;(rf]ya(nldSi\S% t
(2000) P h drg Hobic Y Surface Steady-State [Variable nearly Capillarity (1911) P
I¥I at SFl).ll‘faC e’ head] constant K and Gravity
Rigid, Scale- X N I(():(L:)af‘stct;}z
Heterogeneous - Before : ' Hydrostatic
Govindaraju et al. Semi Ivtical (at the field Sinal 1D.‘ Il_c?cal Iand Earl>(/j, ;- rarasnent ponding Afé?r (1) Yes rap_ldly Pressure, Green and Ampt
(2001) emi-analytica scale) ingle Field-scale, and Steady- [Arbitrary ponding 2) No varying D, Capillarity (1911)
Anisotro’ ic Surface State rainfall [Arbitrary constant K and Gravity
Non—p ' rate] head] near

saturation,




SS

hydrophobic, (2) At the
Flat surface field-scale,
saturated
K varies
spatially and
represented
by a
correlated
lognormal
random field
Rigid, Rapidly Hydrostatic
Homogeneous, 1D, Local scale Early and X varying D Pressure Green and Ampt
Serrano (2001) Conceptual Isotropic, Non- Single ' ' [Constant Yes ' PSR
hydrophabic, Surface Steady-State head] nearly Caplllan_ty (1911)
Flat surface constant K | and Gravity
()
Saturated
K varies
spatially and
Rigid, Scale- X X represented
Heterogeneous, Early. Transi Dowfntslope Before A]Z(t d?S e}t:og- d Hydrostatic
Corradini et al. . . Anisotropic, . 1D, Field-scale, arly, Transient arter ponding er Istribute Pressure, Govindaraju et al.
(2002) Semi-analytical Non- Single Surface and Steady- ponding [Arbitrary pondlng No r_andom_ Capillarity (2001)
hydrophobic State (no run-on) rainfall [Arbitrary variable with and Gravity
Sloping surfac’e @ rate] head] PDF
(2) Effective
Saturated
K
represented
empirically
Rapidly
H Rigid, X varying D, Hydrostatic Green and Ampt
. OMOgeneous, . I scale Early and (Constant- very_sharp Pressure (1911) - Phili
Elrick et al. (2002) Conceptual Isotropic, Non- Single 1D, Loca ' Y - Yes peak in K to A ip
hydrophabic, Surface Steady State and Falling- a constant K Caplllan_ty (1957b) - Elrick et
Flat surface head) and Gravity al. (1995)
near
saturation
D and K lie
betweent_the Green and Ampt
Rigid, ass;’”;]p fon (1911) - Philip
P Homogeneous, ot sharp _ (1969a) - Talsma
arlange et al. . . 1D, Local scale, Early and wetting front | Capillarity
(2002) Conceptual Isotropic, Non- Single Surface Steady-State X (hy = 0) No and the and Gravity and Parlange
hydrophobic, assumption (1972) - Parlange
Flat surface of D gn d (1980) - Parlange
et al. (1982)
dK/d6
proportional
Warrick et al. Concentual Hom?)l%géous Sinale 1D, Local scale, Early and x (Variable Yes Rapidly Hydrostatic Green and Ampt
(2005) P 9 ' 9 Surface Steady-State head) varying D, Pressure, (1911)

Isotropic, Non-
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hydrophobic, nearly Capillarity
Flat surface constant K and Gravity
Rigid, Rapidly Hydrostatic Green and Ampt
. Heterogeneous, 1D, Local scale Early and X varying D Pressure (1911)
Weiler (2005) Conceptual Isotropic, Non- Dual ' ' [Constant Yes ' A -
- Surface Steady-State nearly Capillarity [Buckingham-
hydrophobic, head] d - |
Flat surface constant K and Gravity Darcy law]
Saturated
Rigid, Scale- X X s {a(ti\;ﬁ”e:nd
Heterogeneous, . Downslope Before P Y Hydrostatic - -
. . . - . Early, Transient . After represented Govindaraju et al.
Govindaraju et al. Semi-analvtical Anisotropic, Sinale 1D, Field-scale, and Steady- after ponding ondin No as a 100- Pressure, (2001) - Corradini
(2006) Y Non- Y Surface Y ponding [Variable ponding as a 109 Capillarity
. State - [Variable distributed - et al. (2002)
hydrophobic, (no run-on) rainfall and Gravity
Sloping surface rate] head] random
variable with
PDF
Saturated
Rigid, Scale- X N sp;(ti\;ﬁ;e:nd
Heterogeneous, . Before Hydrostatic | Govindaraju et al.
Morbidelli et al. . . Anisotropic, . 1D, Field-scale, Barly, Transient ponding Aftc_er represented Pressure, (2001, 2006) -
Semi-analytical Single and Steady- - ponding No as a log- o P
(2006) Non- Surface State [Variable [Variable distributed Capillarity Corradini et al.
hydrophobic, rainfall and Gravity (2002)
Sloping surface rate] head] r_andom_
variable with
PDF
. K L
Rigid, Philip (1969) -
represented
Lassabatere et al. Homogeneous, . 3D, Local scale, Transient and as function Capillarity Smetten et al.
Conceptual Isotropic, Non- Single X No - - (1994) -
(2006) - Surface Steady-State of 6 using and Gravity
hydrophobic, Brooks and Haverkamp et al.
Flat surface (1994)
Corey (1964)
Rigid, infinitely X ) v;;?:;"g
deep, Befo_re After very sharp Hydrostatic Green and Ampt
Chen and Young Conceptual Homogeneous, Sinale 1D, Local scale, Early and ponding ondin Yes eak in K to Pressure, (1991)
(2006) P Isotropic, Non- Y Surface Steady-State [Arbitrary [Zrbitrag gconstant K Capillarity [Darcy’s law]
hydrophobic, rainfall ry and Gravity yslaw
- head] near
Sloping surface rate] .
saturation
Turner and
Rigid, - Parlange (1974) -
Warrick and Homogeneous, 2D, Local scale, | Early, Transient X Hyri;cézt'it'c Smetten et al.
Lazarovitch Conceptual Isotropic, Non- Single Surface (Strip and Steady- [Constant No Arbitrary (?a iIIarit’ (1994) -
(2007) hydrophobic, source) State head] an dpGravit{/ Haverkamp et al.
Flat surface (1994) [Richards’
equation]
Rigid, Hyvdrostatic Haverkamp et al.
. Homogeneous, 2D, Local scale, | Early, Transient X Y (1994) - Warrick
Warrick et al. g . . pressure, .
(2007) Conceptual Isotropic, Non- Single Surface and Steady- [Constant No Arbitrary Capillarit and Lazarovitch
hydrophobic, (Furrow) State head] an dpGraviy (2007) [Richards’
Flat surface v

equation]




LS

X

X

Early, Transient Before After Hydrostatic
Asso(gl(;gt;)et al. Conceptual Arbitrary Arbitrary Arbitrary and Steady- [57;?;2?6 ponding No Arbitrary ggeislslg:ie’ ?nl_l,lrt:tse;;lt. ((228(?52))
State - [Variable pillarity
rainfall head] and Gravity
rate]
Rigid, x
Heterogeneous, Saturated K
Germann et al. Conceptual Isotropic, Non- Multi 1D, Local scale, Steady-State [Co_nstant Yes is time- Gravity [Stokes flow]
(2007) - Surface rainfall -
hydrophobic, rate] variant
Flat surface
X X Rapidly
Rigid, X varying D, .
Homogeneous, Befo_re Befo_re After very sharp Hydrostatic [Darcy -
Essig et al. (2009) Conceptual Isotropic, Non- Single 1D, Local scale, Early and ponding ponding ponding Yes peak in K to Pressure, Buckingham law]
' hvdro Hobic Surface Steady-State and after [Constant [Constant 2 constant K Capillarity [Darcy’s law]
yarop ' saturation rainfall S and Gravity arcy’s law
Sloping surface (he = 0) rate] head] near
o saturation
D and K lie
between the
Riaid assumption Philip (1975a, b) -
Homoggenéous Early, Transient X of sharp Hydrostatic Talsma and
Valiantzas (2010) Conceptual Isotropic, Non- Single 1D, Is_ocfal scale, and Steady- h X< 0 (C}:IO > 0) No wettn;g ;ront CP re_slslur_e, Pe;;lange’ (}972)
hydrophobic urface State (hy <0) [Constant and the apillarity [ arcy’s aw]
Flat surface’ head] assumption and Gravity [Richards’
of D and equation]
dK /de
proportional
Swelling, ;\?j”fig:r?{ Philip (1969b) -
Heterogeneous, 1D Local scale Early, Transient as function Capillarit Smiles and Raats
Su (2010) Conceptual Isotropic, Non- Multi ' | and Steady- X No prifanty -\ 2005) — su (2009)
- Surface of 6 and Gravity . R
hydrophobic, State (Fleming et [Richards
Flat surface al 19894) equation]
. K
HeterRolgéﬁ’eous X represented
g ' X Before X as function - Smith et al. (1993)
Two-layer Early, Transient During ponding/ After of 6 using Hydrostatic - Corradini et al
Corr(azdolgll;e tal. Conceptual (sursflzj(t:)goci:;mt * Dual 1D, IS‘SrCfZICanIe’ and Steady- rainfall post hiatus ponding No Brooks and CP;eiSISIg:iet’ (1997, 2000)
Isotropic l\ion- State hiatus [Arbitrary [Arbitrary Corey (1964) an dpGraviy [Richards’
hydrgph’obic rainfall head] — Upper v equation]
Flat surface rate] Iag/:rrn:seéglo;e
(1) Rapidly
Rigid, varying D, . Richards (1931) -
Homogeneous, X nearly Hydrostatic Green and Ampt
Swamee et al. c . . 1D, Local scale, Early and X (hg > 0) (1) Yes Pressure,
onceptual Isotropic, Non- Single constant K Sl (1911) - Taslma
(2012) hydrophobic Surface Steady-State (ho <0) [Constant (2) No @) dK /do Capillarity and Parlange
' head] and Gravity
Flat surface and D are (1972)

proportional
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(1) At the
local scale,
saturated K

continuously

decreasing
Rigid, Scale- X with d_epth
Heterogeneous Before X according to Hydrostatic
. . . . 1D, Local and Early, Transient . After a power law
Govindaraju et al. Anisotropic, . . ponding - (1) Yes Pressure, Green and Ampt
Conceptual Single Field-scale, and Steady- - ponding (2) At the o
(2012) Non- [Arbitrary - (2) No : Capillarity (1911)
. Surface State . [Arbitrary field-scale, -
hydrophobic, rainfall and Gravity
head] saturated
Flat surface rate] K
represented
spatially by a
correlated
lognormal
random field
Rigid, Rapidly Hydrostatic
. Homog_eneous, . 1D, Local scale Early and X varying D Pressure Green and Ampt
Ali et al. (2013) Conceptual Isotropic, Non- Single ! ! [Constant Yes ' P
. Surface Steady-State nearly Capillarity (1911)
hydrophobic, head] d -
Flat surface constant K and Gravity
X Rapidly
Rigid, X varying D, -
- Homogeneous, Befqre After very sharp Hydrostatic Green and Ampt
Almedeij and Esen . . 1D, Local scale, Early and ponding - - Pressure, -
Conceptual Isotropic, Non- Single ponding Yes peak in K to Sl (1911) - Mein and
(2014) - Surface Steady-State [Constant Capillarity
hydrophobic, - [Constant a constant K - Larson (1973)
rainfall and Gravity
Flat surface head] near
rate] .
saturation
Riaid Richards (1931) -
Homo E?em’aous 2D, Local scale, | Early, Transient X Hydrostatic Haverkamp et al.
Bautista et al. g ' . ' ' Y, . . pressure, (1994) - Warrick
Conceptual Isotropic, Non- Single Surface and Steady- [Variable No Arbitrary S .
(2014) - Capillarity and Lazarovitch
hydrophobic, (Furrow) State head] d - ick
Flat surface and Gravity (2007) - Warricl
et al. (2007)
K
represented
as function Gerke and van
Rioid of 6 using Genuchten (1993)
Heterogen’eous 1D and 3D Early, Transient van -Haverkamp et al.
Lassabetere et al. I - ' I I scal ' d’ d Genuchten - Capillarity (1994)
(2014) Conceptual Isotropic, an- Dual Local scale, and Steady- No Mualem and Gravity [Buckingham -
hydrophobic, Surface State |
Flat surface model Daf cy law]
(Mualem, [Richards’
1976; van equation]
Genuchten,

1980)
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Rapidly

Rigid, varying D, Hydrostatic
Homogeneous, X very sharp Y Green and Ampt
v . . 1D, Local scale, Early and A . Pressure, -
atankhah (2015) Conceptual Isotropic, Non- Single [Arbitrary Yes peak in K to o (1911) - Almedeij
- Surface Steady-State Capillarity
hydrophobic, head] a constant K and Gravi and Esen (2014)
Flat surface near y
saturation
Richards (1931) -
Riaid Haverkamp et al.
gid, . Hydrostatic (1994) - Warrick
. Homogeneous, 2D, Local scale, | Early, Transient X .
Bautista et al. . . - . pressure, and Lazarovitch
Conceptual Isotropic, Non- Single Surface and Steady- [Variable No Arbitrary o -
(2016) h - Capillarity (2007) - Warrick
ydrophobic, (Furrow) State head] d Gravi [ (2007
Flat surface and Gravity etal. (2007) -
Bautista et al.
(2014)
Rigid, . .
Homogeneous X Rapidly Hydrostatic Green and Ampt
Nie et al. (2017a) Conceptual Isotropic, Non- Single 1D, Locfal scale, Eal;ily and [Constant Yes vawln? D, Pre;;lsiurg, (1911), Vallant%as
hydrophobic Surface Steady-State head] nearly Capi arl_ty (2010) [1_)arcy s
Flat surfacey constant K | and Gravity equation]
Rigid, Rapidly Hydrostatic
Selker and Homogeneous, 1D, Local scale X varying D Pressure Green and Ampt
. Conceptual Isotropic, Non- Single ! ! Early State [Constant Yes ' RS
Assouline (2017) hvdrophobic Surface head] nearly Capillarity (1911)
yarop ' constant K and Gravity
Flat surface
Riaid K Philip (1957a) -
Homo genéous X represented Hydrostatic Philip (1969a) -
Stewart and Abou Concentual Isotro gic Noni Sinale 3D, Local scale, Transient and X (hy > 0) No as function Pressure, Reynolds and
Najm (2018) P h drg h’obic 9 Surface Steady-State (ho <0) [Constant of ¥ using Capillarity | Elrick (1990) - Wu
I¥Iat SFl)JI’faCE’ head] Brooks and | and Gravity and Pan (1997) -
Corey (1964) Wau et al. (1999)
X Rapidly
Shrink-swell, X varying D, .
Heterogeneous, Befo_re After very sharp Hydrostatic Green and Ampt
Stewart (2018) Conceptual Isotropic, Non- Dual 1D, Local scale, Early and ponding ponding Yes peak in K to Pre?”@’ (1911) - Sel_ker
hvdro Hobic Surface Steady-State [Constant [Constant a constant K Capillarity and Assouline
yarop ' rainfall and Gravity (2017)
Flat surface head] near
rate] .
saturation
Rigid Richards (1931) -
Hormo genéous Hydrostatic | Philip (1957a) -
Rahmati et al. Concentual Isotro gic Noni Sinale 1D, Local scale, Early and X No Arbitrar Pressure, Parlange et al.
(2019) P h drg Hobic Y Surface Transient State y Capillarity (1982) -
|¥Iat SFl)JI’faCE’ and Gravity Haverkamp et al.
(1994)
. X . Green and Ampt
Rigid, Before X Rapldly Hydrostatic (1911) - Beven
Heterogeneovs, 1D, Local scale Early and ondin After varying D, Pressure and Germann
Stewart (2019) Conceptual Isotropic, Non- Dual ' ' Y P g ponding Yes very sharp S
hvdrophobic Surface Steady-State [Constant [Constant eak in K to Capillarity | (1982) - Gerke and
yarop ' rainfall P and Gravity Van Genuchten
Flat surface head] a constant K

rate]

(1993) - Selker
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near and Assouline
saturation (2017)
[Darcy’s law]
1)K
represented
using
Rigid, N Torricelli’s
Homogeneous, Early, Transient law
Baiamonte (2020) Conceptual Isotropic, Non- Single 1D, IS_S;:fa:ilczcale, and Steady- [Crié)ir:;;a;rt No 2)K Gravity Richards (1931)
hydrophobic, State rate] represented
Flat surface as function
of ¥ using
Brooks and
Corey (1964)
K
Dngcr;r:_ble. represented
Heterogeneous Early, Transient X as function Hydrostatic
Su et al. (2020) Conceptual Anisotropic, Single 1D, IS_Srcfzzlczcale, and Steady- (h X< 0) [((}ZlgnZtgrzt No of Bv:r?lng g;;fﬁg:iy Richards (1931)
Non- State 0= -
. head] Genuchten and Gravity
hydrophobic, model
Flat surface (1980)
Rigid,
Poulovassilis and Homogeneous, Early, Transient —_— . )
Argyrokastritis Conceptual Isotropic, Non- Single 1D, IS_S;:fa:ilczcale, and Steady- X No Arbitrary acr:lgp(lalll’zcitty ELciTiar((jig(;gzlt);)
(2020) hydrophobic, State y P '
Flat surface
Abou Najm et al. Semi- . . . . . . ]
(2021)° Conceptual Arbitrary Arbitrary Arbitrary Arbitrary Any No Arbitrary Arbitrary
. K
Hom%lgelgéous represented Have(rllfaaemgJ _et o
Di Prima et al. Conceptual Isot?opic ' Single 3D, Local scale, Transient and X No as function Capillarity Lassabatere et al
a 1 ! . . .
(2021) Hydrophobic, Surface Steady-State g:oi f;g]ngd and Gravity (2006) - Abou
Flat surface Najm et al. 2021)
Corey (1964)

2All models illustrate a concave cumulative infiltration curve 1(t), except for Abou Najm et al. (2021) and Di Prima et al. (2021) which allow both the representation of either concave or convex I(t) curves.




From a historic timeline demonstrating the evolution of knowledge from earlier theories into the most recent conceptual
models based on citations (Figure 2.3), we identified areas that witnessed the most developments vs. areas that have been
understudied. Studies based on Darcy’s law, the Richardson-Richards-Buckingham paradigm and the Green-Ampt models,
are very common, while models based on Stokes’ work and other earlier theories are areas for possible investigation and

advancements.

One additional finding from our inclusive survey is that almost all infiltration models for early- and transient-time behavior,
except for Abou Najm et al. (2021) and Di Prima et al. (2021), were designed to reflect typical infiltration results from
infiltration experiments revealing a concave cumulative infiltration curve. The concave curve demonstrates higher infiltration
capacity at early stages that reaches a constant slope at steady state. This concave shape mimics what we call “perfect”
infiltration conditions with no water-repellency, preferential flow, or any other factors present. However, different soils and
field conditions can alter this behavior leading to cumulative infiltration curves that exhibit convex, mixed, or non-standard
shapes. More recently, Pachepsky and Karahan (2022) analyzed the global infiltration database called SWIG developed by
Rahmati et al. (2018). By analyzing 5023 infiltration curves, they found 12 types of cumulative infiltration curve shapes.
Nearly one third of the SWIG database showed non-classic shape. They applied a classification tree approach to divide those
data with non-classic shapes. Their results showed that measurement method, clay content, and organic matter were among
the most influential predictors of the shape type. In fact, non-classic shapes were previously reported and associated to soil
structure and hydrophobicity (Angulo-Jaramillo et al., 2019). Given different land use and field conditions, different
structural interactions come into play such as soil water-repellency, hydrophobicity, and preferential flow paths. As an
attempt to model infiltration behavior covering the full range of shapes, Abou Najm et al. (2021) introduced a soil water-
repellency parameter, ay,, (T2) that can be used with any infiltration model. ay,z accounts for water repellency using an
exponential scaling factor that mimics the attenuation of infiltration rates observed at start of infiltration (Figure 2.4). The
ayr family of models originated by Abou Najm et al. (2021) presented a macroscopic approach addressing water repellency
(Di Prima et al., 2021; Yilmaz et al., 2022); other more microscopic and process-based approaches can be found in Shillito

et al. (2020) and Hammecker et al. (2022).
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a 1845 1875 1890 1905

1935

1965 1995 2010
Today
Stokes (1850)
Darcy (1856)
Buckingham (1907)
Richards (1931)
Bevenand (1981)
Beven and Germann (1982,
Gerke and van {1993)
Green and Ampt (1911)
Hansen (1955)

Philip (1957a}
Philip {1957b}
Fok and Hansen ( )
Philip (1967)
Philip )
Parlange (197:
Parlange (1971h)
Talsma and Parlange (1972)
Parlange (197:
Mein and Larson (1973)
Turner and Parlange (1974)
Swar {1974)
Y and Khaniji (19
Morel-Seytoux (1976)
Li et al (1976)
Brutsaert (1977)
Hachum and Alfaro (1977)
Smith and Parlange {1978)
Kutilek (1980)
Parlange (1980)
Parlange et al. (1982)
and Rawls (1983)

1983)

)

)

Maorel-§
)

Beven (;
Germann (. )
Warrick etal. {; )
Parlange et al. ( )
Chu (1985)
Kutilek and Krejca (1987)
(1987a)
al (1987b)
and White (1988)
Yeh (1989)
etal. (1990)
Smith (1990)
Schmid (1990)
Swartzendruber and Hogarth (1991)

)

Philip (1992) =
Barry et al. {1993)
Smith et al. (1993)
Philip (1993}
Stone et al. (1994)
Fallow et al. (1994) s—

Basha (1994)
Salvucciand i(1994)
Corradini et al. (1994)
tal. (1994)

Barry et al. (1995) e
Srivastava et al. (1996) =—————
Corradini et al. (1997) —————————————
Parlange et al. (1997 m——
Wang et al. (1997)
Enciso-Medina et al. (1998)
Philip (1998)

Smith et al. (1999)

Selker et al. {19993) =
Corradiniet al. (. )

)
Swartzendruber (2000) =——————
juetal. (2001)
Serrano (2001) E——
Corradini et al. (2002)
Elrick et al. {2002) e
Parlange et al. (2002)
Warrick et al. (2005) =—————
Weiler (2005)
juetal, (: ]
ietal. (2006)
Chen and Young (2006) se—
etal. (2007)

Valiantzas (2010)
Corradini et al. (2011) =
Swamee et al. (2012) =——
Govindaraju et al, (2012) =

Ali et al. (2013 m—
Almedeij and Esen (2014)
Lassabatere et al, (2014) ==
Vatankhah (2015 =

Nie et al. (2017) ===

Selker and Assouline (2017) =

Rahmati et al. (2019) =

Stewart (2019) =

Baiamonte (2020) =

Poulovassilis and Argyrokastritis (2020) =
Abou Najm et al. (2021)*

Philip (1968)
ing (1968)

Philip )
Parlange (1971¢)
Philip (1971)
Parlange (197,
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Figure 2.3: Schematic overview of (a) the historical evolution of infiltration theory from basic flow models to 1D and 3D infiltration
models, and (b) the evolution of knowledge from earlier theories into the most recent infiltration models. Red symbols refer to

infiltration models characterizing heterogenous pore domains.
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Figure 2.4: All infiltration models are based on the basic physical flow models and mimic the concave shape infiltration curve, except
for Abou Najm et al. (2021), Di Prima et al. (2021), and Yilmaz et al. (2021) who captured the multi-shaped cumulative infiltration

curve behavior in water-repellent soils
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Figure 2.5, which illustrates arc diagrams tracing the evolution of model advancements using the citations within the
manuscripts in Table 2.1, further showed how conceptual models are interrelated and how newer models built on the
foundations of previous models, particularly Darcy, Buckingham, Richardson-Richards and Green & Ampt (GA). However,
we noticed that starting around 1990 the citations of these classic works began to decrease. Instead, new models started to
build on one another, citing only earlier works that are one or two steps away, but not many of those models compiled the
entire chain of references to the original or fundamental source. This is evidenced by the fact that the blue arc/links should
have been denser on the left side; instead, Figure 2.5 demonstrates the relatively small number of citations that the original

flow papers received (for example, Darcy or Buckingham), with the interesting exception of the GA model.

Therefore, literature has tended to treat earlier classic models like Darcy and Richardson-Richards as accepted laws rather
than fundamental studies to be cited. Another way to interpret this result is that the origins of many infiltration models became
obscured and overlooked as model variations proliferated. To this end, Figure 2.5 clearly provides alarming evidence, not
only for the observation that papers Darcy and Richardson-Richards are no longer cited regularly (of course we believe they
should), but for what this can imply, which is a general belief, that flow theory in porous media is resolved and related
macroscopic laws are utterly determined, and that the challenges are more on the application and mathematical interpretation

of current theories.
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Figure 2.5: Arc diagrams constituted by nodes that represent the conceptual infiltration models displayed as nodes along a single axis in an

ascending historical order, and links that show connections between those models. Each node was assigned a size weight based on how many links

(N) connect the represented model with the other nodes along each diagram. The diagram connects the represented models to their target sources

cited in the corresponding papers.
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To demonstrate this issue further, we built Table 2.2 that gathers some data from a literature search
carried out in Google Scholar and Scopus. The first two columns in Table 2.2 represent the actual
number of citations to the papers that we considered (Column 1), whereas the last two columns
refer to the number of mentions of those references in papers (with or without citations). Table 2.2
shows how the literature refers to Darcy and Richards’ work using key terms such as law, model,
equation, or theory and in many instances not citing them. For example, Darcy (1856) was cited
8,067 times, but the terms Darcy law or Darcy model or Darcy equation were mentioned a total of
21,381 times in the literature. We noticed that the keyword “law” is used more commonly to
represent Darcy, while the keyword “equation” generally represents Richards. On the other hand,
soil water characteristic models, which are required to model infiltration processes under the
Darcy-BRR paradigm, gained wide adoption. For example, Table 2.2 shows the citation impact of
the van Genuchten model, which had 32,113 citations or nearly four times as many citations than
either Darcy (1856) and Richards (1931). This result suggests that the van Genuchten (1980) model

was published recently enough in the literature to continue being cited as a primary source.

Therefore, our analysis raises the question of the reliability and validity of citations as quality
indicators in infiltration research. We conclude that assessment of infiltration theory in literature
based on citations does not often reflect its impact and relevance for the new concepts being

addressed.
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Table 2.2: Citation analysis involving Darcy, Richards, and van Genuchten theories (the asterisk * is

used as a trick for a better Scopus search — can search for the alternative spellings of the same word)

Number of
Number of Records Records b
Cited theory (references by Google Scholar . . y
. Theory mentioned in text Scopus (on
list) [Scopus] (on September 26
September 26, 2023) 2023) :
"Darcy* law" OR "Darcy* model*" OR 21381
"Darcy* equation" '
a) "Darcy* law" 16.131
Darcy (1856 8,067 [ND
v ( ) [ND] b) "Darcy* model*" 3603
c) "Darcy* equation" 3.209
"Richard* model*" OR "Richard*
equation*" £
o "R' h * |*"
Richards (1931) 7,936 [4,484] 8) "Richard* mode 2,295
b) "Richard* equation*" 6.584
"van Genuchten model*" OR "van
van Genuchten (1980) 32,113 [19,904] Genuchten equation™ OR "van 2,068

Genuchten parameter*"
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2.10. Model parameterization

2.10.1. Evolution of the infiltration parameters

2.10.1.1. Hydraulic conductivity K

Saturated hydraulic conductivity, K, (LT™), was originally defined by Darcy (1856) as a measure
of the water infiltration through the soil porous medium, and later described as function of
permeability k (L?), density, p (ML?), and kinematic viscosity, n (ML*T™), of a fluid through an

empirical equation developed by Kozeny (1927):

K. =k(22) [2.23]

Unsaturated hydraulic conductivity, K (LT™), was introduced by Buckingham (1907), symbolized
by K(8) (LT?) as a function of the water content 8 (L3L3), and by K (/) as function of the matric
potential 1 (L). Accordingly, Wind (1955) proposed an empirical equation relating K (y) (LT™?)

to the matric potential ¢ (L) as follows:

K@) = by~ [2.24]

where: b* (L?T?) and a* (dimensionless) are empirical parameters.

Although there exist numerous models in the literature, we only summarize several empirical
and/or theoretical equations developed to illustrate the relationship between the unsaturated (K (6)
or K(i)) and the saturated (K;) hydraulic conductivities, as summarized in Error! Reference

source not found..3.
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Table 2.3: Empirical equations for the unsaturated hydraulic conductivities K (8) and K (1)

Equation | Reference
Unsaturated hydraulic conductivity K(8) or K(S,)
K(0) = K,S," 6 < 6,
K(9) = K. 0=0, Brooks and Corey (1964)
K(0) = K,e©=0s) Davidson et al. (1969)
6 n
K(6) = K (6_) Campbell (1974)
S
S, 1 2
K(6) = K,S,°® [ j " a5 / dSe] Mualem (1976)
o W)y W
Seds, (tds,]’ .
K(6) = K.S.? [ =2y f wze] Burdine (1953)
0 0
) Mualem’s model applied on van Genuchten
K(®) = K,S,*° [1 —(1- Sel/mssc)mSSC] (1980) model for water retention curve
(WRC)
K(6) = K,eP 8% Libardi et al. (1980)
0.5 Mssc Mmssc 2
K(9) = K, <S—e) M van Genuchten et al. (1991)
Seo 1_(1_$eol/mssc) ss¢
K(8) = K,e~sn(0s=0)"sn Setiawan and Nakano (1993)
Y .
K(8) = K5, {Lerfc [erfei(2s,) + L[} Kosugi (1999)
] A9
Lg_y410-9,|>P9
K(®) = K, [*+5—— 0, <0<¢
£ g
¢ c
i Ag Ghanbarian et al. (2016)
B 3-Dyg
ag -1+ 9x - 96 6—6 2
K(0) = K, ( < )
ﬁ_g -0 ex - 90
¢ [
0, <6<6,
Unsaturated hydraulic conductivity K(y)
K@) = K,S.*>° Averjanov (1950)
K@) = K,e®¥ Gardner (1958)
K(lp) = Kse“(w_lpstr) lp <0 .
Rijtema (1965
K@) = K, P >0 | RUtema (1969
e [ In W/B-vi* V¥ (1 In (/B :
K@) = K, {5 erfc [T]} {5 erfc [HT } Das and Kluitenberg (1995)
6=6r. ¢ _ 6o=6r
Se = om0, %0 = 6,7,
6,, 6,,6,, 6. and 9, are arbitrary, residual, saturated, critical and the crossover water content at which fractal
scaling from critical path analysis switches to universal percolation scaling from percolation theory, respectively.
W (L) is the suction at the air-entry point.
All other model parameters are fitted parameters.
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Using the exponential equation developed by Gardner (1958) in Error! Reference source not
found..3, Raats (1971) defined the saturated hydraulic conductivity K, (LT?), in terms of the

matric flux potential, ¢ (L?T™Y), as:

K, =9 [2.25]

T 1-e®¥i

Considering that the matrix flux potential is defined by:
¢ = [, K(h)dh [2.26]

A well-known equation for estimating K, (LT!) was derived from Equation 2.25 for soils initially
at “field capacity” or drier (Raats 1971; Scotter et al., 1982; Reynolds et al., 1985; Yeh, 1989;

Ankeny et al., 1991; Wu and Pan, 1997; Stewart and Abou Najm, 2018):

Although the hydraulic conductivity improved our understanding of infiltration problem,
researchers realized that solving this problem was still so far from complete. Thus, they recognized
the need of an additional soil property that can improve the estimation of water infiltration. This
major characteristic is the soil sorptivity, symbolized by S (LT?), that describes the water

absorption by capillarity.

2.10.1.2. Sorptivity §
Philip (1957b) introduced the sorptivity S, (LT%), as the first term in his two-term equation of
cumulative, one-dimensional, unsaturated infiltration / (L) with negative or zero head surface

boundary condition (hy < 0 and 8, < 6;):

I = Spt%5 + At [2.28]
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After he introduced the term sorptivity in 1957, Philip undertook a series of successive events to
entrench soil sorptivity into literature. In 1969, he first developed an analytical equation describing
sorptivity, S, (LT%®), for an unsaturated soil with a constant diffusivity D (L?T™!) independent of
6 (L3L2):

Se = 2(8, — 6)) (3)0'5 [2.29]

Then, in 1973, he introduced the concept of flux concentration function F(6) to describe the water
absorption by capillary. He defined this concept as the ratio of water flux at any location in the
profile i(t) — K;, to the infiltration rate at surface, iy(t) — K;, where K; (LT?) is the initial
hydraulic conductivity. In 1974, Philip and Knight further used this concept to estimate the

sorptivity S (LT9%):

2 _ o (00 [6-6,1D(6)
S§ =2y g 2 do [2.30]

where 6; and 8, (L3L?) are the initial (t = 0) and specific (t > 0) water contents, respectively.
Many estimates for sorptivity S, (LT°) have relied on the use of the flux concentration function
F(0) as shown in Table 2.4.

Table 2.4: Main approximations of the flux concentration function F (@) and sorptivity S& (L>T)
(Angulo-Jaramillo et al., 2016)

F(0) 53 (L2TY) Reference
0 —6; 6o
6, — 6, 2(6, —6,) fe ‘ D(6)do Philip and Knight (1974)
200 - 6,) o

0, + 6 — 20, 5 (6o + 6 —26,)D(6)do Parlange (1975)

(—2) 200, - 00 [ (0 - 0°*D(@)a0 Brutsaert (1976)
o i 0;

[l Gz} | o] = e
ex — |tnverjJc
p 6, — 0; 6,  [imvers (9 — 0, )]2 Crank (1979)
exp tnverjc 90 — 9{
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Another approximation for sorptivity, S, (LT®°), was derived by equating the Green-Ampt
equation (considering a surface pressure of zero i.e., hy = 0) to Philip's two-term infiltration
equation (Collis-George, 1977):

S8 = 2r (8, — 0K, [2.31]
Where 1, ¢ (L) is the wetting front potential.

Later, Philip (1985) introduced the macroscopic capillary length, A, (L), typically equivalent to

the wetting front potential, 1, ¢ (L) as:

1
Ko—K;

Ac =

Jy° D(6)d6 [2.32]

Based on Philip’s definition of A.,White and Sully (1987) reformulated the sorptivity, S, (LT9),

by substituting Equation 2.29 into 2.32, with F = 0 for8 = 6; and F = 1 for 0 = 6,,:

AC(KO_Ki)(eo_ei)
b

S2 = [2.33]
where: b is a dimensionless constant. White and Sully (1987) showed that b = 0.5 exactly for
soils exhibiting a step-function infiltration front (Philip and Knight, 1974) and b = /4 if soil
diffusivity D(8) is constant (Philip, 1969a). For general field soils, White and Sully (1987)

suggested b = 0.55, since the actual infiltration fronts does not tend to be as sharp as a step

function.

Using the matric flux potential term, ¢ (L2T™), Reynolds and Elrick (1990) redefined the sorptivity

So (LT09) as:
52 = 2% [2.34]

b

Now for the case of ponded head infiltration (h, > 0 and 8, = 6), the sorptivity, here defined as

Sy (LT09), was related to S, (LT %) (White and Sully, 1987, Haverkamp et al., 1990) by:
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SZ =82+ 2hyK,(6; — 6;) [2.35]

The Reynolds and Elrick (1990) expression in Equation 2.34 can also be applied to Equation 2.35
to define the sorptivity Sy (LT?%) as:

Sk = (6s = 0)(; + hoKy) [2.36]
Recently, Lassabatere et al. (2021) proposed a specific scaling procedure to simplify the
computation of sorptivity. In addition, the same authors proposed a specific mixed formulation to
ease the numerical computation of sorptivity, when the final state corresponds to water ponding
and for very low initial water contents (Lassabatere et al., 2023). These authors demonstrated that
the saturated part of sorptivity, 2hyK,(6; — ;) must not be forgotten and its omission may lead

to erroneous modeling of water infiltration.

2.10.2. Methods and challenges behind K and S estimation in literature

There are many techniques to measure infiltration in the laboratory and in the field. Starting with
characterization of the K(0) or K (y) functions, the commonly used methods are the instantaneous
profile (Watson., 1966) and the plane of zero flux (Arya et al., 1975) methods. These methods are
further divided between direct approaches, in which both 8 (L3L") and ¥ (L) are measured within
the soil profile, and indirect approaches, in which one variable is measured while estimating the
other variable is determined from a separate water retention curve 6(y). In principle, these
methods are simple; however, complications often arise in practice leading to complex and time-
consuming measurements. To simplify the field determination of K(60) and K (y) and therefore
the extensive labor requirements, these two functions can be determined using the empirical
equations illustrated in Error! Reference source not found..3 once the water retention curve 6 ()

is determined (Libardi et al., 1980; Zachmann et al., 1981; Dane and Hruska, 1983). However, this
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simplification can show a disagreement between the 6(y) curves as determined in-situ and on
undisturbed core samples —a common disadvantage among all described methods. In addition,
applying the widely used equations of K(6) and K (i) (Table 2.3) involves the determination of
the saturated hydraulic conductivity K, (LT™), which gives rise to more efforts and challenges
knowing the soil heterogeneity (Fodor et al., 2011), the spatial and seasonal variability of K (LT

1) (Farkas et al., 2006; Giilser et al. 2016), as well as its scale dependency (Lai and Ren, 2007).

To determine the saturated hydraulic conductivity K, (LT™) as well as soil sorptivity S, or S (LT
95) (noted hereafter as So/m), different experimental tools were designed to measure one- or multi-
dimensional flow that can include early, transient, and steady-state flow stages depending on the
approach being applied. Starting with single and double ring-infiltrometers, these tools were built
to determine the saturated hydraulic conductivity either under constant- (Schiff, 1953; Parr and
Bertrand, 1960; Olson, 1960; Touma et al., 2007; Xu et al., 2012; Di Prima et al., 2016; Ronngvist,
2018) or falling-head conditions (Elrick et al., 1995; Angulo-Jaramillo et al., 2003, Bagarello et
al., 2004). In a series of papers, Bouwer (1960, 1963, 1986) introduced a simple field measurement
cylinder which can be used to determine the two parameters, saturated hydraulic conductivity, K
(LT), and wetting front potential, 1, 7 (L), required to apply the Green-Ampt approach. Bouwer’s
cylinder infiltrometer is discussed in detail in Selker’s vadose zone book (Selker et al., 1999).
Moving to the disc infiltrometer developed by Perroux and White (1988), referred to also as a
tension infiltrometer (Watson and Luxmoore, 1986), this tool involved supplying water to the soil
surface under controlled suction (Smettem and Clothier 1989; Zhang 1997; Latorre et al., 2015).
These techniques are all non-destructive and allow rapid flow measurements if steady flow can be
quickly achieved depending on the ring size, soil texture, and soil structure. However, while

driving discs, rings and cylinders into the soil, some disturbance, such as compaction, fracturing
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or smearing, almost inevitably occurs (Bouma and Dekker 1981). In addition to soil disturbance,
the large spatial variability of K (LT™) and Sy, (LT®) can affect the precision and accuracy of
the measured parameters (Sharma et al., 1980; Logsdon and Jaynes, 1996). To overcome the
challenges of soil heterogeneity and spatial variability of K, (LT™), the rainfall simulator can be
used as an alternative experimental tool (Bradford et al., 1987; Lassu et al. 2015; Di Prima et al.,
2018). However, infiltrometers are still the most widely used devices for measuring field
infiltration rates due to their simple application in the field (Rahmati et al., 2018). However, more
complex parameter estimation models need to be developed to consider soil behavior such as
swelling (Gérard-Marchant et al., 1997). Indeed, failure to take deviant behavior into account can
lead to an underestimation, or even unrealistic values, of both sorptivity and hydraulic

conductivity.

Different infiltration models are employed to determine K, (LT™) and So/u (LT99), from the multi-
dimensional infiltration measured using ring, cylinder, and disc infiltrometers. Among these
models, numerous conceptual equations relate the one-dimensional cumulative infiltration I, (L)
to both parameters, K, (LT?) and either S, (LT%) (Philip, 1957b, 1969a; Talsma and Parlange,
1972; Barry et al., 1993) or Sy (LT (Smith and Parlange, 1978; Parlange 1980; Barry et al.,
1993; Swartzendruber, 2000; Valiantzas, 2010). These relationships reveal the relevance and
applicability of estimating these two properties by fitting analytical equations numerically to
infiltration data. In this context, the two-term equation derived by Philip (1957b) has been
extensively used to determine K, (LT™) and S, (LT%) due to its explicit numerical application
(Equation 2.28). In one application, S, (LT%) is estimated by plotting I, (L), measured into a
uniform unsaturated soil profile, against t%5 (T%°) during the very early stage of infiltration. The

slope of the linear relationship (I;p vs. t®>) allows the determination of S, (LT?°). 4 (LT™?), on
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the other hand, can be estimated by plotting I;, (L) against t (T) for larger times of infiltration.
The slope of the linear relationship (I;, vs. t) allows the determination of A (LT™1), which is further
used to estimate the saturated hydraulic conductivity K (LT™). Specifically, A = mK, with 1/3 <
m < 2/3 (Youngs, 1968; Philip, 1969a; Talsma, 1969, Talsma and Parlange, 1972). A value of
m = 0.363 may be appropriate for soils with a relatively low initial water content (Philip, 1987),
while a value of m = 2/3 is often used (Whisler and Bouwer, 1970, Fodor et al., 2011). In some
studies, m = 1 and hence A = K, (Davidoff and Selim, 1986, Swartzendruber and Young, 1974,
Ghorbani et al., 2009). It is crucial noting that Philip’s equation is no longer valid for very large
times reaching the steady state and should be restricted to the modeling of the transient state

(Philip, 1957b).

A second set of models, based on three-parameter equations, are also fitted to infiltration data
measured at any given time. In addition to K (LT?) and S, JH (LT%), each of these equations
depend on a dimensionless constant symbolized by S, (Brutsaert, 1977), A, (T
(Swartzendruber, 1987b; Swartzendruber and Hogarth, 1991), § (Parlange et al., 1982, 1985, 2002;
Haverkamp et al., 1990) or g (Haverkamp et al., 1994) that also needs to be estimated failing to

be able to be calculated simply analytically. Brutsaert (1977) recommended the value §, = 2/3

for practical applications. Swartzendruber (1987b) showed that A, (T°) can be equal to

4K
351.1.

1 05

Parlange et al. (1982, 1985) defined & = Gk de.

(K; — K)d@ where K; (LT?) is the

initial soil hydraulic conductivity; § can take values from 0 to 1, with an approximate used value
of 0.8 or 0.85. Haverkamp et al. (1994) further replaced & by a new dimensionless constant, 3,

which varies from 0.3 (sand) to 1.7 (silt), with an average value of 0.6 according to Lassabatere et
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al. (2009) who fitted the analytical model to analytically generated data to quantify the best values

of constants g and y.

A third set of 1D infiltration equations, based on the approach of Green and Ampt (1911), also
leads to the estimation of K (LT™)and Sy (LT°) under constant- (Li et al., 1976; Salvucci and
Entekhabi, 1994; Stone et al., 1994; Swamee et al., 2012; Almedeij and Esen, 2014; Vatankhah,
2015; Selker and Assouline, 2017) or falling-head ponding conditions (Philip 1992; Elrick et al.,
2002). By fitting the equations to one-dimensional infiltration data, we can estimate the

parameters, K, (LT) and wetting front potential, Yy (L). Then, the parameter Sy (LT0%) can be

deduced from Equation 2.36, with h, (L), 8, and 6; (L3L %) measured directly from the field.

In addition, the quasilinear analysis of steady state infiltration, Q;,f (L3TY), using the 3D
infiltration equations (Wooding, 1968; Scotter et al., 1982; Reynolds et al., 1983, 1985; Reynolds
and Elrick, 1990; Ankeny et al., 1991) allows the determination of parameters K, (LT™) and ¢
(L?T), and thus leads to the estimation of S, (LT?®) from Equation 2.34 or Sy (LT?°) from
Equation 2.35 or 2.36. Haverkamp et al. (1994) proposed an implicit formulation for the 1D
infiltration model (Equation 2.37a) and Smettem et al. (1994) extended it to define the 3D
cumulative infiltration, I5, (L), from a surface disk infiltrometer, adding the term y (average value

y = 0.75) to represent 3D geometrical effects as (Equation 2.37b):

28 AK
20K% | 1 2AK 1 exp( 52 (I(t)—Kit)>+B—1
s L= s UO—KY —— ln( Z [2.374]
— ¥So’t
Iz3p = I1p + (8e—6) [2.37D]
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Where AK = (K; — K;), r(L) stands for the disc radius. Equation (2.37a) defines an implicit
formulation that does not ease the computation of the cumulative infiltration. Consequently,
Haverkamp et al. (1994) have proposed two simplified expansions that are valid at transient and

steady state, respectively (Haverkamp et al., 1994; Lassabatere et al., 2006):

2-B So?
Isp = Sot% + (5L (K = Kp) + K + 520 ) [38]
_ ¥So® 1 1) _So*
p = (K: + r(es—ei)) ttoamn (ﬁ) Ks—K; 131

Note that more precise approximate expansions may be defined for the transient state according to

the number of terms considered (Lassabatere et al., 2009, Appendix 2.11).

Based on Haverkamp et al. approach (1994), BEST methods were designed to estimate the whole
set of unsaturated hydraulic parameters, offering a complete hydraulic characterization of soils.
The BEST-Slope method was pioneered by Lassabatere et al. (2006) and was followed by BEST-
Intercept (Yilmaz et al., 2010) and BEST-Steady methods (Bagarello et al., 2014). The three
methods consider the same hydraulic function for defining water retention and hydraulic
conductivity functions, with the use of van Genuchten (1980) model along with the Burdine
condition and Brook and Corey (1964) model for describing the hydraulic conductivity. The three
methods consider the same pedo-transfer functions to relate soil texture (i.e., particle size
distribution) to hydraulic shape parameters, but differ in the use of experimental infiltration data
to estimate the scale hydraulic parameters. The infiltration data is obtained by a Beerkan
infiltration run which consists of water infiltrating through a single ring under ponded conditions

(Braud et al., 2005; Aiello etal., 2014; Di Prima et al., 2016, 2018; 2020; Lassabatere et al., 2019a)
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BEST-Slope and BEST-Intercept use the last/steady part of the cumulative infiltration to fit the

¥So*
r(605—6;)

asymptotic model (Equation 2.39) to estimate either the slope a = K + or the intercept

1 1) _So® . . . -
b= 205 In (ﬁ) P relating the hydraulic conductivity and the sorptivity. The two methods

reduce the number of unknowns from two (K, S,) to one (S,), which strengthens the robustness
of the inversion. Then, the two methods fit the two-term equation (Equation 2.38) to the first part
of the cumulative infiltration (transient part) to derive the value of sorptivity S, (LT%). The part
of the curves assigned to the transient state is defined by a specific iterative procedure that defines
a validity time as a function of the estimated values of (K, S,). BEST-Steady only considers the
steady-state part and fits the asymptotic model (Equation 2.39) to the steady part of the cumulative
infiltration data. The estimation of the intercept and of the slope leads to a system with two
equations and two unknowns, leading to simultaneous estimations of the couple (K, Sy). Lastly,
the scale parameter is estimated from the knowledge of sorptivity and saturated hydraulic

conductivity (Lassabatere et al., 2006, Eq. 8).

Bagarello et al. (2013, 2014, 2017) used these explicit expansions to propose two simplified
versions of the BEST methods, Transient (TSBI) and Steady (SSBI), to determine K, (LT™) of an
initially rather nonconductive soil (K; = 0). The TSBI method (Bagarello et al., 2013, 2014) is
based on the explicit transient relationship (Equation 2.38) which, divided by t°5, results in a

linear relationship between I, /t%5 and t%> with slope b, (LT™Y), defined by:

__¥Se® | 228
b, = r(gs_ei)+ 5 Ks [2.40]
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The slope b; (LTY) can be estimated by a linear regression analysis of the (I3p/t%°, t%>) data
collected during the transient phase of the infiltration run. The intercept of the regression line

(I3p/t%>, t°5) indicates the sorptivity S, (LT2®). Then, solving for K, (LT™) gives:

b
Ks = ﬂ_:z;ﬁ [2.414]
ra 3
_ by 2.41b
Ks = Yrw 2-8 [2.41D]
ra* 3

where ¥, is a dimensionless constant (White and Sully, 1987) related to the shape of the wetting

(or drainage) front and a*(L™) corresponds to the ratio between the matrix flux potential and the

saturated hydraulic conductivity, a* = % (Bagarello et al., 2017). Note that the two methods SSBI

and TSBI make use of the relation between sorptivity and hydraulic conductivity SZ = y,, (65 —

0;) ¢ (Bagarelloetal., 2017).

The SSBI method, on the other hand, is based on the explicit steady-state expansion (Equation
2.39). The slope, b, (LT™), of the linear relationship between I3, (L) and ¢ (T) collected during

the steady-state phase of the infiltration run is defined as:

S 2
by = K+~ (gs"_ 5 [2.42]

Solving for K gives:

s =y, [2.433]
b,
K = Pw | [2.43Db]

BEST methods have been used for many applications and in many contexts and encountered
several difficulties with real soils for some types of situations (water repellency, preferential flows,
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and self-sealing soils). Di Prima (2021) recently pioneered a new BEST method dedicated to
water-repellent soil. Yilmaz et al. (2023) proposed an improvement of the same method by
developing a three-term expansion to describe the transient state. Regarding preferential flows,
Lassabatere et al. (2019b) developed BEST-2K for the hydraulic characterization of dual-
permeability soils. This version allows the characterization of the soil as the combination of matrix
and fast-flow regions, with the complete characterization of the unsaturated hydraulic parameters

of the two regions

Alternatively, further approaches were developed based on model variations that solve for K and
include different parameters including Stewart and Abou Najm (2018b), lovino et al. (2021) and

Kargas et al. (2022).
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2.11. Conclusion

A substantial challenge researcher encounters when analyzing infiltration data is choosing which
model to use, and then which procedures to follow for extracting hydraulic properties. The
proliferation of infiltration models has on one hand led to better understanding and quantification
of these processes, but on the other hand may be creating confusion regarding the origins,
assumptions, and limitations of different approaches. While many reviews have covered different
aspects of infiltration processes and modeling, until now there has not been a comprehensive and
objective examination of infiltration models in the literature. This gap motivated us to develop a
comprehensive literature review that summarizes and organizes the many distinct conceptual and
empirical infiltration models that have been developed over the past two centuries. Our literature
search has identified 138 unique infiltration models. We categorized them based on characteristics
such as conceptual versus empirical equations, application to rigid versus deformable swelling
soils, one-dimensional versus multi-dimensional infiltration, unsaturated to completely saturated
porous media, and so on. Most of the developed infiltration models clustered theoretically around
major milestones that were achieved by six or seven major contributions. Our citation analysis
determined that Darcy’s law, the Richardson-Richards-Buckingham paradigm and the Green-
Ampt models were very common sources for subsequent advancements, while models building on
Stokes work and other earlier theories represent potential areas for further investigation and

advancement.

We end our critical review by embracing how the evolution of infiltration models has led to
incremental advancements along with limited improvements in characterizing the inherent
variability of soil systems, preferential flows, water repellency and surface processes. With that

being said, we should always aspire to develop practical and adaptive models to characterize the
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infiltration behavior by treating all theories with the critical lens of a curious scientist, and step
outside the comfort zone secured with some of our basic assumptions, theories, and boundary

conditions.
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2.12. Appendix

Table 2.5: Summary of model parameters

Symbol [ Unit | Description
Characteristics
A L? Area
A L2T2 Specific Helmholtz free energy
bg LT Conductance of a rivulet (Germann et al., 2007)
C ML?® Concentration
d L Depth
D L2Tt Diffusivity
D, Dimensionless Backhone fractal dimension in three dimensions (Hunt et al., 2014, 2017)
e L3 Void ratio
E L2270t Entropy
E ML'T? Energy
g LT? Acceleration of gravity
h L Total head
i LT? Infiltration rate
1 L Cumulative infiltration
K LT Averaged hydraulic conductivity
ke Dimensionless Relative water conductivity accounting for air-confining condition (Wang et al., 1997)
k L? Permeability
K LT? Hydraulic conductivity
l L Thickness
L L Length
P MLLT? Pressure
q LT? Flux
q0 LT Precipitation/rainfall rate
Qq L3Tt Volumetric Precipitation/rainfall rate
Q L3t Volumetric flow rate
Qiny LTt Volumetric infiltration rate
r L Radius
s Dimensionless Slope
s T! Sink-source term
So LT Sorptivity of the soil alone (with h, = 0)
Sy LT Sorptivity including the effect of the constant ponded head h,
Se L3 Saturation degree
t T Time
t. T Critical time between transient and steady-state infiltration
T, T Sorptive time
Ts T Duration of rainfall
T T° Temperature
v LT? Velocity
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L3 Volume
Dimensionless Slope of the shrinkage curve
L Width

Dimensionless

Ratio of the volume occupied by each fast-flow region to total pore volume (called 3 in Stewart 2019)

L Perimeter

L Adjusted wetted perimeter (Warrick et al., 2007; Bautista et al., 2014, 2016; Liu et al., 2020)
L Vertical distance in the z-direction (+ downward)

L2T? Volumetric infiltration rate per unit length

MT!T? Stress

MTIT? Dynamic viscosity of the fluid

Dimensionless Wet specific gravity

ML?®

Soil bulk density

e =lal>(8le |ole |t mP R R0 |x|n ([ZSE |5 |s|<

L*M1T? Chemical potential
Dimensionless Geometrical aspect ratio
L3L® Volume fraction
L3L® Volumetric water content
M M1 Gravimetric water content
Dimensionless Anisotropy
Dimensionless Pore size distribution index
L3 Porosity
T Transfer of water between two pore systems
L Matric head
Yser L Air entry value
Yur L Wetting front potential
Yo Degrees Slope angle of the infiltration surface
€ Dimensionless Surface roughness coefficient
A L Macroscopic capillary length (called A, in Wu and Pan, 1997; Wu et al., 1999; Abou Najm and Stewart, 2019)
K LT Mt Second order positive semi-definite tensor (Bennethum and Cushman, 1996)
Ay L? Rate of water repellency attenuation (Abou Najm et al., 2021)
Y Dimensionless Ratio of volume occupied by border cracks to total crack volume (Stewart 2018)
Model Constants
a Dimensionless Wu and Pan (1997); Wu et al. (1999); Stewart and Abou Najm (2018)
a, L? originally called a (Beven and German, 1981; Germann, 1985)
a, Dimensionless originally called a’ (Beven and German, 1981; Germann, 1985)
as Dimensionless Lambe and Whitman (1979); Su et al. (2020)
a, Dimensionless originally called a (Govindaraju et al., 2012)
a* Dimensionless originally called a (Basha, 1994)
a' Dimensionless originally called a (Wind, 1995)
Aop Dimensionless originally called a (Setiawan and Nakano, 1993)
A LT? Mezencev (1948); Philip (19574, b)
Ay Dimensionless Swartzendruber (1987b); Swartzendruber and Hogarth (1991)
Ay T! originally called A (Holtan, 1961; Overton, 1964; Huggins and Monke; 1966)
A Dimensionless originally called A (Smith, 1972)
A Dimensionless originally called A (Warrick et al., 1985)
A" Dimensionless originally called A (Lambe and Whitman, 1979; Su et al., 2020)
b Dimensionless White et al. (1992); Fallow et al. (1994); Wu and Pan (1997); Wu et al. (1999); Stewart and Abou Najm

(2018)
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Dimensionless

originally called b (Broadbridge and White, 1988)

b, Dimensionless originally called b (Beven and German, 1981; Germann, 1985)
b, Dimensionless originally called b (Swartzendruber, 1974)
b* Dimensionless originally called b (Basha, 1994)
b’ T! originally b (Wind, 1995)
bgn Dimensionless originally called b (Setiawan and Nakano, 1993)
B Dimensionless Chu (1985)
B’ Dimensionless originally B (Warrick et al., 1985)
B" Dimensionless originally called B (Lambe and Whitman, 1979; Su et al., 2020)
c L Wau et al., (1999)
[ Dimensionless originally called ¢ (Poulovassilis and Argyrokastritis, 2020)
[ Dimensionless Corradini et al. (1997, 2011)
[ Dimensionless Corradini et al. (1997, 2011)
c3 Dimensionless Corradini et al. (1997, 2011)
Cy Dimensionless originally called ¢ (Swartzendruber, 1974)
C Dimensionless Reynolds et al. (1983,1985)
[ Dimensionless originally C(Warrick et al., 1985)
C, LT Kutilek and Krejca (1987)
C, LT? Kutilek and Krejca (1987)
Cs LT Kutilek and Krejca (1987)
d, Dimensionless Corradini et al. (2011)
Dy Dimensionless originally called D (Ghanbarian et al., 2016)
fr L Beven (1984)
fi Dimensionless Morel-Seytoux and Khanji (1976)
F, Dimensionless Ali et al. (2013)
F, Dimensionless Ali et al. (2013)
F, Dimensionless Ali et al. (2013)
G Dimensionless Reynolds and Elrick (1990)
kq Dimensionless originally called k (Overton, 1964)
k' LT originally called k (Kostiakov, 1932; Mezencev, 1948)
Ky Dimensionless Horton (1941)
Mg Dimensionless originally called m (van Genuchten et al., 1980; Su et al., 2020)
m' Dimensionless Lambe and Whitman (1979); Su et al. (2020)
n Dimensionless Brooks and Corey (1964); Lassabetere et al. (2006); Essig et al. (2009)
n, Dimensionless originally called n (Swartzendruber, 1974)
Ngee Dimensionless originally called n (van Genuchten et al., 1980; Su et al., 2020)
n Dimensionless originally n (Kostiakov, 1932; Mezencev, 1948)
n* Dimensionless originally called n (Selker et al., 1999a)
p Dimensionless Philip et al. (1993); Corradini et al., (1994, 1997)
P Dimensionless Holtan, (1961); Huggins and Monke; (1966)
to T Smith (1972)
ts T Srivastava et al. (1996); Chen and Young (2007)
a L? Gardner (1958); Philip (1968, 1972); Warrick et al. (1985); Ankeny et al. (1991)
a, Dimensionless originally called a (Smith et al., 1999, Corradini et al., 2000; 2011)
as Dimensionless Lambe and Whitman (1979); Su et al. (2020)
Agell Dimensionless originally called a (Smiles and Raats, 2005; Su, 2009; 2010)
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Dimensionless

a originally called a (Das and Kluitenberg, 1995; Kosugi, 1999)
* Dimensionless originally called a (Smith, 1972)
a' Dimensionless originally called & (Srivastava et al. 1996)
Bo Dimensionless Brutsaert (1977); Selker and Assouline (2017); called A and « in Stewart (2018, 2019) respectively
B Dimensionless Haverkamp et al. (1994); Lassabetere et al. (2006, 2014); Rahmati et al. (2019)
B T! originally called 8 (Novak and Soltesz, 1984)
B> Dimensionless originally called g (Philip, 1972)
Bs Dimensionless originally called 8 (Morel-Seytoux and Khanji, 1974; 1976)
B Dimensionless originally called 8 (Su, 2010)
B* Dimensionless originally called 8 (Selker et al., 1999a)
B’ Dimensionless originally 8 (Srivastava et al. 1996)
Bswet Dimensionless originally called 8 (Smiles and Raats, 2005; Su, 2009; 2010)
B Dimensionless originally called g (Libardi et al., 1980)
By Dimensionless originally called g (Ghanbarian et al., 2016)
Br Dimensionless originally called 8 (Das and Kluitenberg, 1995; Kosugi, 1999)
) Dimensionless Parlange et al. (1982, 1985, 2002); Haverkamp et al. (1990); Smith et al. (1993); Corradini et al. (1994)
6’ Dimensionless originally called § (Srivastava et al. 1996)
y Dimensionless Haverkamp et al. (1994); Lassabetere et al. (2006, 2014); Warrick and Lazarovitch (2007); Warrick et al.
2007
Vi Dimensionless grigin)ally called y (Das and Kluitenberg, 1995; Kosugi, 1999)
Ag Dimensionless originally called A (Ghanbarian et al., 2016)
B Dimensionless originally called B (Smith et al., 1993; Corradini et al., 1994, 1997; Smith et al., 1999; Corradini et al., 2000;

2011)

Dimensionless

originally called o (Das and Kluitenberg, 1995; Kosugi, 1999)
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Table 2.6: Detailed Summary of infiltration models (Subscripts: m, f and h denote the matrix, the fast-flow, and the interface between these

two regions; p, w and d denote the ponding, wetting, and draining stage; i, s, r and oo denote the initial, saturated, relative, and final phase,

respectively; 0 denote the soil surface (z=0)).

Model

Year

Equation(s)

Applied Concepts

Green and Ampt

1911

:L_(lﬂwf*'hu)(gs_g

i)ln (1+

Ks Ks

(85=6:) (Ywr+ho)

)

Green and Ampt equation is derived from the following expression of the
infiltration rate, 1 (L T™), with respect to time:
wwf +2zy + ho — d[zw(gs - 91’)]

i =K,
$ Zyy dt

Kostiakov

1932

1

I = k't"

Kostiakov proposed the empirical equation from field-measured data, which
predicts physically a zero-infiltration capacity for prolonged rainfall events.
k'>0and0<n'<1

Horton

1941

= g+ (i — io)e Kt

Horton derived the empirical equation from field-measured data, assuming that
the reduction in the infiltration capacity is directly proportional to the rate of
infiltration and is applicable only when the effective rainfall intensity is greater
than i,.

i =Ksand Ky > 0

Mezencev

1948

[ =kt + At

Mezencev modified the Kostiakov’s model (1932) by including a linear term with
a coefficient A (L T) that is equal to the saturated hydraulic conductivity, K.
(LT™), at infinite times.

k'>0and0<n'<1

Hansen

1955

_ (2km\%% g5
Xw = s (2
AS
[h{l - ln(h - ZW)} - Zw]

= % [h{1 = In(h + 2,,)} + 2, ]

Horizontal
Upward

Downward

Hansen related the soil-water movement and one-dimensional infiltration in the
horizontal, upward, and downward directions and noted that the nature of flow
from a free water surface through unsaturated soil exhibited three distinct zones,
namely, the transmission zone, the wetting zone, and the wetting front.

Philip

1957a

= ZAn(B) 2 4 Kyt
i=1

A time series squtlon for x(6,¢t) is developed in powers of t1/2 as:

x(6,t) = (p(9)t2 + x(O)t + 11:(6)t3 +w(d)t? +

The first term, X, (8), reflects the influence of the caplllary forces on the flow
process, and the following terms, X, (60) and X5(6)..., reflect the gravity effect on
infiltration.

The cumulative infiltration equation, I (L), was obtained by integrating the time
series solution for z(@, t), resulting in:

2
1 =A4,(0)tY% + (A,(0) + KDt + A3(0)t3 + A, (0)t? +

(Implicit) One broad equation describes early and transient infiltration behaviors.
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Philip

1957b

~
I

Sot%> + At

I = Ko+
TS ake-A)

. So”
Where: te = m

o<t<t,
t>t,

The Philip’s time series solution for x(6, t) is approximated by the two first terms
for small times. The parameter A is an estimate of (4, + K; +

the truncation error ¢€) such that A = mK; where 1/3 < m < 2/3 (Youngs,
1968; Philip, 1969a; Talsma, 1969, Talsma and Parlange, 1972). m = 0.363 may
be appropriate for soils with a relatively low initial moisture content (Philip,
1987), while a value of m = 2/3 is often used (Whisler and Bouwer, 1970, Fodor
et al., 2011). In some studies (Davidoff and Selim, 1986, Swartzentruber and
Young (1974), Ghorbani et al., 2009), m = 1 and hence A = K. Then, for large
times (t > t.), I = Ktwhich is nothing but the linear term in the equation valid
for short times (0 < t < t,).

(Explicit) Two specific equations were developed for each infiltration behavior,
the first describing the early-state (0 < t < t.), while the second describing
steady-state behavior (¢t > t.).

Holtan

1961

i =i+ Ay(so—DF
Where s, = @ — 6;

Holtan expressed the infiltration capacity as a function of the residual potential
storage in the upper soil layers. The advantage of Holtan's approach is that it can
compute the infiltration rate for both periods of rain intensity lower than
infiltration capacity and periods of no rain.

Overton

1964

I = kysy— jf}tan[,/Alim(tc —0)]
1

Where: t, = J;_itan‘l (\/fzklso) and s, = @ — 6,
1too 00

Using the Holtan model with P = 2, Overton derived an infiltration equation
which computes the infiltration rate at any time during a storm, even when rainfall
does not exceed the infiltration capacity or when there is a temporary interruption
in rainfall.

k, is based on vegetation, varying between 0.3 for weeds to 1 for bluegrass.

Huggins and
Monke

1966

Huggins and Monke introduced porosity @ (L® L®) in the Holtan model.

As s, (L) takes the dimension of length, it cannot be equal to a non-dimensional
quantity, i.e., (@ — 6;) as originally hypothesized, rather it is equal to (@ — 6;)
times the depth of soil stratum above the impeding layer.

Fok and Hansen

1966

N B
ho4S n( h(Z)AS)_h(MS

Fok and Hansen derived an equation for one-dimensional downward infiltration
from furrow irrigation based on Hansen (1955) who described soil-water
movement through homogeneous unsaturated soils exhibiting three distinct zones,
the transmission zone, the wetting zone, and the wetting front. Within the
transmission zone (T), the hydraulic conductivity, K (L T?), is essentially
constant. The moisture content, and thus the hydraulic conductivity within the
wetting zone, decreases toward the wetting front; however, the energy consumed
within this zone is approximately constant. The wetting front is, in effect, a
capillary fringe; the moisture content of the foremost part is approximately the
same.
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Philip developed the following one-dimensional infiltration equation for an
unsaturated heterogeneous medium: ‘Z—f = % (K(G,x) :—x {y(eo, x)}) -

a
S {K(6,%)}.
To solve this equation, Philip (1967) applied a quasi-analytical method previously

i — 0.5 3/2 24 ... . X - .
Philip 1967 | 1= Sot™ + At + Agt™% + Agt™ + established in Philip (1957a) for small and moderate times:
x(,t) = dL (I + ()t + -+
The expression for cumulative infiltration I(L) into this subclass of scale-
heterogeneous media is formally like that for infiltration into homogeneous media
(19574, b).
For buried point source,
. a’Qi’
[ =—
Wh 8m Philip treated 3D steady infiltration from buried point sources and spherical
_ er?. sz o cavities of continuous supply Q, (L° T). Hydraulic conductivity K (L T?)
it = EQZ_R [1 trte direction of z | depends exponentially on moisture (capillary) potential ¥ (L) & K(¥) = K e®¥;
- i* = %eZ—R [1 + %] direction of r | For soils initially at “field capacity” or drier, e%¥i « 1, and thus ¢ = %
Philip 1968 | » _ 05ar Z = 0.5azand T = VRZ+ 272 The fundamental point source solution is first explored and then is used as the
' basis of an analysis of steady infiltration from spherical cavities. Philip (1968)
For spherical cavity analyzed steady infiltration from spherical cavities using the dimensionless
Quny = 4mrQV" infiltration VV* for small R (1), capillarity dominant (R — 0) (2), and for gravity
Vi=(1 - R)? o) dominant (R — ) (3).
vt =1 (2
V' =R 3)
Wooding approximated a steady-state infiltration of water from a circular ring of
. 2 radius r (L) assuming no surface ponding and the ratio K (y) /@ () is equal to the
Wooding 1968 | Quny =mriag +4re constant parameter a (Philip, 1968).
- ST . A.  Philip expressed the dynamics of cumulative 1D surface absorption
1D Absorption and Infiltration (1): L
For absorgtion 1) @ (1.1) and surface infiltration rate i (L T?) (1.2), as well as two- and
A Ay o L1A three- dimensional subsurface infiltration (2.2) with non-linear exact
L= 500t 11A) series solutions. In two-dimensions, there is no steady-state (i.e., t -
i = JE(Q PEYSY (11B) ), unless diffusivity D (L? T*) takes particular values, e.g., for
m s T constant D or approaching delta function.
i =22KC(6, — 0,)t 7/ (1.1.0)
. 552 sz B.  Philip also expressed the dynamics of 1D surface absorption (1.1) and
Philip 1069a | Where: D" = o and € = s surface infiltration rate i (L T) (1.2), as well as two- and three-
For Infiltration (1.2): dimensional subsurface absorption (2.1) and infiltration (2.2) in terms
(1.2.A) of dimensionless functions for constant diffusivity D (L2 T) with
i =250t V2 4 (A, + K)) + 2A5tY2 + . t< oo hydr_aulic conduc_tivity K (L T) depending exponentially on moisture
iz ZK 2 oo (capillary) potential & K () = K;e®¥; For soils initially at “field
: (1.2.B and C) capacity” or drier, e « 1, and thus ¢ = %
i=(K;— K)i* + K, 3 _ _
it = 1(# 14 ) small T (B) C.  Philip also expressed the dynamics of 1D cumulative surface

2 \VnT

absorption (1.1) and surface infiltration i (L T*) (1.2), as well as two-
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. 1 _
i*= se T
4/rT2
. 1 (1 1
= —(_——ln (1+—))
2m \i* i*
it = L
2nT ,
Ks—K;)%t
Where: T = K=K ‘2)
TS

0
2D and 3D Absorption and Infiltration (2):
For 2D and 3D absorption (2.1):
i = @s—o0pi*
T

. n* — __TSo
Where: D* = 20607

2

For cylindrical cavity:

= L g T, T
PEET 4\/;+8
2
T 2

Where:T=t;ﬁ;tggom=(%;9")) and y = 0.57722

For spherical cavity:

w1
=7 +1

S mt _ r(es—ea)z
Where: T = prom and tgeom = (—30

For cylindrical cavity:
T=2[(Z-1) e +1]

i
[R—
 ain (T)
. nt 2r(05-0,)\2
Where: T = and tgeom = (#)
tgenm So

For spherical cavity:
r=gl(-2) -3(-5) 4]
o E+ (4_#)1/3

L 3T

nt r(05-6;)\%
Where T = TI— and tgeom = (#)

geom So

For 2D and 3D infiltration (2.2):

i=lgp-1/2 L A2 34572
z—zsog (9)+T+2r2t +

. D

l3p = SiSng

i = k(05— 6)i"
For cylindrical cavity:
o _ 1

~ 4RK,(2R)
For spherical cavity:

large T (B)

small (C)
large T (C)

(2.1.B)

small T

large T

large T

2.1.0)

small T

large T

small T

large T

@2.A)
t <o

t - oo

(2.2.B)

and three- dimensional subsurface absorption i (L T?) (2.1) in terms of
dimensionless function i* for diffusivity D (L2 T*) approaching delta
function.

K, is the modified Bessel function of the second kind of order 0.
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ir=1/2 [\/nT*e‘T* +%+ V2R + erf(\/T)] t<oo
i* = 1,1 t > oo
: 4R(K Ky) kr k2t 7So?
— s—Ri). — - * __ 0
Where k = 6oy R = T"=_andD" = Ot
95
) =f z,,d6
6 An accurate, analytic representation of one-dimensional horizontal infiltration
Parlange 1971a V2t fe"s D(8)d6 was developed by Parlange et al. where absorption is dominant and gravity effect
Zy = —F/— is omitted.
J;>6p(6)de
L
95
I'= f z,,d0 The theory by (Parlange 1971a) was extended to develop an accurate, analytic
o, . : - A ; - h
i representation of one-dimensional infiltration, valid for all times, where gravity
65-46 D(6)d g h L
Parlange 1971b 7y =Kt —t) + [ . KI:Q(_)Kd(S) t <t | plays arole. Diffusivity D (L? T*) and hydraulic conductivity K (L T*) vary
_ (65 _D(®)ds £t rapidly near saturation.
Zw =" Jo korreo e
2D Absorption:
s
- r /4Dt [,*D(6)do
/f:_s 6D(6)do An analytic solution for absorption (i.e., movement without gravity) in two and
i . . . N . . . - " e 2T
3D Absorption: Ehree dimensions is obtained, valid for all times, for arbitrary diffusivity D (L* T
Parlange 1971c 0 ).
1— r_ 9@ f D(6)de For simplicity, the two- and three-dimensional problems are treated for the case of
1 e a cylinder and a sphere, respectively.
Where: T = = and g(t) is given by Eq.20
2D Infiltration:
aQy9*
9=
2m
For squface line source: o Philip established the solution of the quasilinear steady infiltration equation for
9" =2e?Ky(T) direction of x | any distribution of surface and buried sources of continuous supply Q, (L3 T~
9* = Xe? [Klm —e? f°° ez KD dZ] direction of z 1. Hydraulic conductivity K (L T*) depends exponentially on moisture (capillary)
AT T yA T H — ay. e it “ COEYS . ay;
Philip 1971 For buried line source: potential = K (i) = K;e*¥; For soils initially at “field capacity” or drier, e*¥i «

« 1 z
9" =1e% [KO(T) + ;Kl(T)]
9* = —e?Ky(T)
Where: X = 0.5ax; Z = 0.5azand T = VX% + Z2

3D Infiltration:

direction of x

direction of z

1, and thus ¢ = %

a

K, and K; are the modified Bessel function of the second kind of order 0 and 1.
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. atQyl”

T 8m .
For surface point source:
« _ ZA4T) g1

r==7"e direction of z
. _ R*4ZT(T-2) z_7
= RT3

For buried point source:
=L Z—R[ z i] irecti
i'=ce 1+2+53 direction of z
i*= izez’R [1 + 3] direction of r

2T T,

Where: R = 0.5ar, Z = 0.5azand T = VR? + Z2

direction of r

Spherical cavity:

The solution for the steady state infiltration from a cavity is obtained analytically
in two and three dimensions by a singular perturbation technique i.e., a solution
valid near the cavity is matched to a solution valid far from it. Details of the

Parlange 1972a | Qiny = 4mroV” method are given for a spherical cavity. The form of the solution depends upon
Where: V* =1+ ar/2 the product ar < 1 where a (L?) is a soil property that characterizes the relative
importance of gravity and capillarity, and r (L) characterizes the size of the
cavity. When ar — 0, gravity effects become negligible in three dimensions.
Spherical cavity:
Qiny = 4mrV” An analytical technique is presented to study unsteady infiltration from
e 1 A -t multidimensional cavities for moderate times. The solution reduces to known
Parlange 1972b | Where: V" = JDe + r2p fr/rl v K dy expressions for very short (Parlange, 1971c) and very long times (Parlnage,
g(t) and ry (t) are given by Eq. (10) and (22) in Parlange’s paper, 1972b). Only the simplest geometry, i.e., a spherical cavity, is considered.
respectively.
Richards’ equation for unsaturated soil moisture flow is solved by extensive
Smith 1072 | § = iy + A (t— )~ numerical simulation of infiltration for various patterns of rainfall to develop a
— lwo —to

single dimensionless formula that describes the infiltration decay curves for all
soils, initial conditions, and rainfall rates.
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2D Infiltration:
aQy9"
Y)=—-
21
For surface line source:

9" = (1+ B) 2 e A2, [(1 + B,)T]

9" = (1+ B)Xe 7 (1K [(1+ B,)T] - (1 +
Br)e B2 [ e=AHBIZ K, [(1 4 B,)T]dZ)

For buried line source:

9° =1 (14 )7 {KO[(l +B)T]+ 2K, [(1 + ﬁz)T]} direction of x
97 =2 (14 B) TeWHFIZK[(1 + B)T]

direction of x

direction of z

direction of z

Philip developed a quasi-linearized steady infiltration equation for heterogeneous
soils under buried and surface sources of continuous supply Q, (L T). Hydraulic
conductivity K (L T™) depends exponentially on both moisture (capillary)
potential ¥ (L) and depth z (L) & K(¥) = K el®®+F27],

ili H H H A1 Wi -1
Philip 1972 | \where: x = 0.5ax: Z = 05az and T = VXZ + 22 é?z |shthe Icilmens;ogless coefficient of dependence of conductivity K (L T™) on
3D Infiltration: epthz (L), ; 2
. a?Qoi” . . i
L= —8,,0 K, and K; are the modified Bessel function of the second kind of order 0 and 1.
For buried point source:
it = L (BT [—(1+ﬁ2)(Z+T) +Z direction of z
2T T T
it = Z%e(“ﬁz)(z‘” [1 + B+ %] direction of r
For surface point source:
ir= % [1+ (1 +B,)T]eAF2E-D direction of z
i = < [R? + (1 + B)ZT (T — Z)]e+FDED direction of r
Where: R = 0.5ar; Z = 0.5azand T = VvR? + Z?
e i =K
L= KS
2nT = In (“ff*) +% (1) | Taslmaand Parlange used the linearized infiltration equations (Philip, 1969a) to
Talsma and 1972 w0 develop 1D infiltration equation assuming the diffusivity D (L? T) is (1) a delta
Parlange 2nT = l"( i ) By @ function, (2) proportional to the variation rate of the hydraulic conductivity in
2nT =3 {(1 + 2i%)In (1:") - 2} (3) | respect to the volumetric moisture content 9K /96 or (3) a constant.
2
Where: T = & ;
S
dae, s
Do()6o(t) 5* = ili — Ko(D)] t <te (1) | The one-dimensional infiltration was solved analytically. If i > K, (t > t.,), the
parlanae 1972¢ surface becomes saturated with water and ponding occurs, then equation (1)
g z, = [2s20 t > t,, (2) | ceasestoapply. Equation (2) (Parlange, 1971b) shows that the limiting profile is
b -K®) identical to the “profile at infinity” and therefore can be applied at infinite times.
R R G I (1 " 1 ) 0<t<t, Mein an_d Larson publi_shed an _extension of th_e Green and Ampt (1911) model of
Ks Ks (0s=00)vws ponded infiltration, which applied the same piston flow concept to the case of
Mein and L 1973 I, = ity t =1ty | constant flux surface conditions.
ein and Larson i -0; . S : : .
t—t, = KL - ‘7(& — Py + ho)(8s — 6)In (m%) t>t, | Priortothe ponding time (0 < t <'t,), the rainfall intensity is less than the
* Koty (65-6) WSRO potential infiltration rate and the soil surface is unsaturated. Ponding (¢ = t,,)
Where: t, = ——=——— begins when the rainfall intensity exceeds the potential infiltration rate; the soil

ip(ip—Ks)
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surface becomes saturated. As rainfall continues (t > tp), the saturated zone
extends deeper into the soil.

Smiles

1974

I'= S5t +05[(1 = yw, ) Ki = (1 — Yin)Knt

Smiles approximated infiltration into swelling soils into a two-term infiltration
equation in which S, (L T°%) is the analogue of sorptivity in the swelling system
and hydraulic conductivity K (L T?) reflects gravity. As for (1 — y,,), this term
may be interpreted as if it reduced the effect of gravity to (1 — y,,) times its
values in a rigid soil, and thus increases the time before which the effect of
gravity is unimportant when compared with that of the moisture potential
gradient.

Turner and
Parlange

1974

o.7zwsgz]

_ 1/2
[=5tY2+1/3 [Ks o

An analytical solution for the lateral movement at the periphery of a one-
dimensional flow of water is derived, valid for short times when water infiltrates
through a region having an area A (L2) and a perimeter W (L).

Swartzendruber

1974

1 (05=6)Ywr ( 1 )
t =4 O, (4L

2 K" @00y
_ (85—0)YwrKs

qo—Ks

I

_ 1-ng
1-1, =[] [(ti) - 1] (- ty)
14

1-n,

0<t<t,

t=t,

t>t,

@

=1, = 2(q0 = K)(ty — ca) {[(t = ca)/(t, — ca)]”* = 1} + Kot = 1)

@

Swartzendruber presented a theoretical study of one-dimensional infiltration
under constant-flux rainfall g, (L T*) into a uniform soil by treating the soil-
water profile as step function, as assumed in Green and Ampt (1911). The
analysis is like that of Mein and Larson (1973) for t < t,,. For describing the
infiltration characteristics after the ponding time ¢,, (L), two explicit-form
equations, (1) and (2), are proposed for i versus t, both equations being integrable
into explicit forms of I versus t under constant-flux rainfall. Both equations are
somewhat like that of Smith (1972) but contain one less characterizing constant.
Equation (1) may be viewed as an altered Kostiakov (1932) form, modified to
contain the feature of an asymptotically-approached the saturated hydraulic
conductivity, K (L T). In Equation (2), the exponent of (t — c,) is taken as
—1/2 rather than the more general —a* (Smith, 1972).

(1) i = at™ + K, where a = (go — K,)t,*

(2 i =b(t—c) V?+ K,

Morel-Seytoux
and Khanji

1974

1

_ B, b o
=L {1 (s +ho) (65— B)In [1 + G

|

Morel-Seytoux and Khanji modified Green and Ampt equation to account for the
effects of air viscous resistance to water flow where S5 (originally called g,
dimensionless) is a correction factor for viscosity.
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I, = ipt, ( : t=t,
Ky _ (85—6;) (Ywr+hy
E(t—tp)_l—lp—[—l_fi °+1p(1—
i)] In [1+(1—fi)’/(9s-9t)(¢wf+ho) Formulas were derived for prediction of ponding time and cumulative infiltration
Morel-Sevtoux 1976 B3 1HA~fDIp/ (05=00) (s +ho) following ponding under the influence of rainfall. The derivations use a piston
y t >1t, | profile but with corrections for air flow and resistance effects i.e., do not assume
Where: immediate saturation at the surface nor a piston displacement of air by water.
1
= M ePsiv/Ks=1 — 1 constant rainfall rate
P (1=fip
Check Eqg. (55) in Morel-Seytoux’s paper for t, variable rainfall rate
One of the simplest explicit solutions of the implicit Green and Ampt model was
1 * * *
Li et al. 1976 | 1 =3 @ws +ho) (6= 8)(t" +/(¢)? +8t) derived by Li et al. based on the approximation of the logarithmic term in GA
K - - - - -
[ A P E— equation using the first term of the power series expansion.
Where: t o)) t q g p p
Brutsaert presented a closed form solution for each of the functions
X1(0),X,(0),X3(08) and X,(0) in Philip’s time series solution for z(@, t). The
) method of obtaining these solutions assumes that these functions are near-step
Brutsaert 1977 | I =Kt + S0 1 R functions.
T BoK, 14 BoKt0> 0 < By <1, By = 2/3is sufficiently accurate for most soils. However, for soils
So with a very wide distribution of pore sizes, a larger value such as 8, = 1, may
yield a better result. For most practical purposes, B, = 1 is recommended
(Kutilek et al., 1991).
. 05 4 : An empirical equation is proposed by Collis-George which satisfies the
. I = iy(tanhT)" + it ", N - T .
Collis-George 1977 Where: iy = Sy(¢,)%5 and T = t/t conditions that cumulative infiltration is proportional to (time)** at short times
T T Pokte e and reaches a steady state infiltration rate at long times.
I = fot qo(t)dt — K;t 0 <t<t, | Byextending the analysis of Mein and Larson (1973), Hachum and Alfaro
Hach d _ (Dws+ho)Ks(8s—67) Ks(Yus+ho) (05—0)+(Ks—KDII-K;t] developed a physical model for studying one-dimensional infiltration under
a;#m an 1977 I=15+ (Ks—K;) {Ks(lllwf+h9)(95—9,;)+(K5—Ki)[1p—Kitp]} + K (- variable application rainfall rate patterns g, (L T™), subjected to the assumptions
aro t) of an abrupt wetting front, constant saturated hydraulic conductivity in the wetted
t >t | zone, K, (L T), and constant wetting front potential 1,/ (L).

P
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By adopting two extreme assumptions concerning the behavior of unsaturated soil
hydraulic conductivity K (L T™) near saturation, Smith and Parlange derived a

i =K, (L + 1) (1) | two-branched model for infiltration rate i (L T1) for arbitrary rainfall rates.
Smith and 1978 e’,(ésl,/c Assumption (1) was that diffusivity D (L? T*) is a step function (i.e., D(6) varies
Parlange 1=K e (2) | rapidly with water content 8 (L* L%)). For initially ponded conditions, t,, - 0,
Where C = (5 + ho) (05 — 6;) and with rainfall rate g, — o, the familiar Green and Ampt (1911) expression
results. Assumption (2) was that D and dK /d@ are closely proportional. This
model also holds for both rainfall and ponded surface conditions.
. qoali”
L= 2
For single strip source:
Check Eq. (25) and (26) in Batu’s paper, for horizontal and vertical
infiltration, respectively. . . o .
Batu presented analytical solutions for steady 2D infiltration from single and
For periodic strip sources equally spaced by 2D (L): periodic strip sources of width w (L) and constant flux g, (L T™) using Fourier
Batu 1978 | Check Eq. (48) and (49) in Batu’s paper, for horizontal and vertical analysis techniques with no flow outside the strip. The theory assumes that the
infiltration, respectively. hydraulic conductivity K (L T*) is an exponential function of the soil water
potential i (L).
Where:
Fony Fon, Fon_q @and I, from Eq. (20), (21), (22), and (47), in Batu’s paper,
respectively.
X=X =2x=22=21="
i =St 0<t<t,
i=i, t =t, | Anapproximate solution of the infiltration equation for rain of constant intensity
Kutilek 1980 o1 sz 12 qo (L T™) is developed. The solution of infiltration for t > t,, is obtained for
L= ESO [t T 4a2b(b-1) +4 t>tp | “delta function” soil.
Where: b = f—“
Using Darcy’s law and the conservation of mass, Parlange solved the following
. . . . .90 _ 9 [00] 9K
b= 1 _ S? In (1 " Z(KS—Ki)I> ) partial differential equation governing water movement: % =% D P e
Parlange 1980 (Ks—Kp)  2(Ks=Kp? Z(Ks_Ki)ISHZ under ponding conditions (h, > 0), assuming that: (1) D (L2 T?) increases
-y st (o s~ 1) @ rapidly with water content, 8 (L® L), while the conductivity, K (L T), varies
(Ks=KD) * 2(Ks=KD*? much less rapidly near saturation and (2) D and ‘;—'Z( increase rapidly, and in similar
fashion.
6(K5_Ki)1 . . . . . . .
Sy (Ks — K e S 4+686-1 A new infiltration equation is obtained by introducing a new parameter § to
t= 2K —K)2(1 =) 2 P I—In 5 embrace different variations of the diffusivity term D (L2 T) and the hydraulic
$ t 0 conductivity K (L T) under zero ponding (h, = 0). D is considered as a delta
Parlange et al. 1982 e 0510 _ function.
['=Sot™ + 3 @ 6)(1{5 kit smallt & takes values from 0 to 1, with an approximate used value of 0.85. Equations (1)
= —K N N Py i i i
I =(K;—K)t+ 0D In (s) large t | and (2) in Parlange (1980) can be obtained by setting 6 equal to 0 and equal to 1,

respectively.
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Wooding’s equation is rewritten assuming the exponential relationship

Scotter et al. 1982 | i =K, + 4o between K (1) and ¢ as defined by Gardner (1958): K (1) = K.e™”; For soils
r initially at “field capacity” or drier, e®¥i « 1, and thus ¢ = %
V =S, 2,104,
- EXWZW 045, A physical two-dimensional infiltration equation is developed assuming that the
Where: loci of the wetting pattern for two-dimensional furrow infiltration are half-
Fok et al. 1982 X = (zmx)o-s £05- ellipses, and their vertical and horizontal flow components can be described as
v 84S ' one-dimensional infiltration derived in an earlier study (Hansen, 1955; Fok and
i (1 n Z_W) -kt Hansen, 1966).
h h PhaS,
. Kprec (ZwtPwrprec
=2 (T”’) 0<t<t,
Y f,subc_(quo () Brakensiek and Rawls developed a two-layer Green-Ampt model with transient
- Zyp = ossubel 2 90 t =t, | crustconductivity to describe infiltration on crusted soils during uniform rainfall
Brakensiek and P d0__q P . A - - - .
Rawls 1983 Ksubc intensity. Infiltration for soil crust modeling may proceed during two periods, pre-
j=Xe (M) t>t, ponding, and post-ponding. Crusting of thickness [, (L) is assumed to start at the
z w K time of surface ponding.
Where K, = ﬁ, =—%¢and t, = Zw,pQ/qO
Kssubc+ﬁ,c Kssubc
The flow out of a well into the surrounding soil is a three-dimensional infiltration
process that achieves steady state rapidly and is described in terms of pressure-
2mh3K; 2 and gravity-induced fluxes. The steady flow is affected by weak capillarity
Reynolds et al. 1983 inf = +7roKs assuming semi-infinite, field-saturated flow (i.e., ¢,, = 0). The water head inside
the well remains constant. Analytical solutions are described for the estimation of
the parameter C.
An empirical method is presented to determine the rate of infiltration into heavy,
ir=do 0<t<t, | swelling soils, assuming water infiltrates into heavy soils primarily through the
Novak and Soltesz | 1984 ir = Ksr+ (g0 — Ks_f)e‘ﬁi(“tv) t>t, | cracks, infiltration through the soil matrix is relatively small, and the geometry of
cracks is a function of the water content.
T
V= [2xwd +wz, + (E) xwzw] 1pAS,
. Fok and Chiang estimated the total volume of water infiltrated into the soil from
Where: irrigation f f depth d (L), width w (L) and thickness ! (L), using developed
Fok and Chiang 1984 | _ (ZKhx)o,s 105, irrigation furrow of dep ( '), wi _w( ) an ickness ( '), using deve ope.
w = \gas, ; 1-D and 2-D infiltration equations obtained from previous studies (Hansen, 1955;
Zw In (1 +Z_W) _ Kt Fok et al., 1982).
h h PhAS,
i =05a¢pi* . o o .
N i* = —[R(y +In(0.5R))]™* 1) Philip anal_yzed steady 2_D |nf||tr_e1t|on from cy!anrlca_I cavmes' averaged over the
Philip 1984a i =21+ R @) whole cavity surface using the dimensionless infiltration rate i* for very small R
T (1), and for gravity dominant (R - ) (2).
Where: y = 0.57722 and R = 0.5ar
=2
v _rl Philip analyzed steady 3D infiltration from spherical cavities averaged over the
_ () whole cavity surface using the dimensionless infiltration V* for capillarity
Philip 1984b | V*= (1 — R)? @) . 4 9 piliarity
V =1+ R @A) dominant (R — 0) (1), very small R (2), small R (3), and for gravity dominant
V*=0.5R + RY/3 @ | B> @)
Where: R = 0.5ar
. k Beven developed an infiltration model based on the Green-Ampt assumptions on
Beven 1984 | ; = ~Os%01 K"("’W”r—ei) 0<t<¢t | aclassofnon-uniform soils in which saturated hydraulic conductivity decreases
1-ef"1 P

as an exponential function of depth z (K, = K;e™ /" ®s—007),
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t—t, = f%l(i[ln(l +C) = Il +C) +Z;‘;’,:1%—A] t>t,
Where:
. Ip(1-¢/"1p) )
I e
C=wr+ho)(bs—06;); .
2 =n(1, +€) = 2 [n(r, + €) + 3, Ll
Kinematic wave theory ! was applied to the infiltration of water in the non-
capillary macropore system of a porous medium. Water sorbance from the
macropores into the matrix was ignored, limiting the approach to nearly saturated
i=0 t <0 | porous media.
Germann 1985 | ¢ = b,Yu(1-1/a1) 0<t<T,
i=0 t > T, | 'Kinematic wave theory:
dq 0q
ot T
where ¢ (L T is the kinematic wave velocity
L @G0T
i
I'= AT** +B'T+C'T*S 0<T<T, , , ‘ ‘ .
A generalized solution to the moisture flow Richards’ (1931) equation is
Warrick et al. 1985 =" +T—T2 T>T developed for vertical infiltration using the solution of Philip (1957a) by applying
.9 s Y, o1 9| reduced forms of time, depth, water moisture and infiltration.
Iy = AT, + B'Ty+ C'T,*,
akgt | a2
Where: T = 56, T, = (71_1(1_ K)
The original theory, as presented in Reynolds et al. (1983), is extended to account
for the matric effects of the unsaturated soil (the initial suction head, ¥; (L), and
2mh, the capilla_rity of the outer_unsatur_ated gnvelope, o (L2Th). ]

Reynolds et al. 1085 | Qins = < (Ksho + @) + mr2K, By assuming an exponential relationship betvgeen K@) angi(lp as defined by
Gardner (1958): K (i) = K,e®¥, then ¢ = fwiK(ll))dl/} =2[1- e™¥i]. For soils
initially at “field capacity” or drier, e*¥i « 1, and thus ¢ = % (Scotter et
al., 1982).

Parlange et al. extended the work developed under zero surface head condition
. $o? In (1 iy (Ks_Ki)) 4+ Ksho(6s=0) _ (Pz;rla}{]ge (1982)) to positive head boundary condition for arbitrary diffusivity D
26(1-8)(Ks—K)? i—K, (i~Ko) (Ks—Ky) (L2T9.

Parlange et al. 1985 | So’+28(1-8)Ksho(65=61) n (ﬂ) & takes values from 0 to 1, and changes slightly with the type of soil. For heavy

2(1-O)(Ks=Ki)? i=Ks clay soils, § tends to be equal to 1, and for coarse-structured soils, the value of §
decreases below the value of § = 0.8 or 0.85. For the case of § = 0, the equation
takes the Green and Ampt form.
Constant rainfall: .
[=0,l+ 0uu(zy — 1) The layered 'Green—Ampt model propose_d by Brgkenswk_and R_awls (1983) was
dz, _ Ko (ZwtPwrrit extended to include the effect of non-uniform rainfall of intensity g, (L T™) and
it 26y (T) crusting energy E (M L T2), as well as the water ponding on the interface
Chu 1085 Where: : betV\_/eer_w the tilled layer an_d the subsoil in the infiltration process. A_tilled soil
Ke = 7t profile is assumed to consist of three layers - the surface crust, the tilled layer, and
Ken "Ke the subsoil, each characterized by specific thickness { (L), hydraulic conductivity

K. = Ks,c + (Ki,c - Ks,c)e_CE;

C=n (—K:j;(”) B(1-9)E,;

K (L T, wetting front potential Yy, (L), and water storage capacity 8
(dimensionless). A ponded depth or zone of positive water pressure of thickness
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E, = [0.02062 + 0.00379 In(q0)1q0t1/2;

Variable rainfall:
ZwtPwr till

dzw _ _ 20ty

dt e zw-lc
Kc+ Ktin

i = min (qugti,[l,iDL)
Where:
D, from Eq. (14) in Chu’s paper;

In| _KS'C 1-£ £©
Kc = Ks,c + (Ki,c - Ks,c)e (KI’FKS'C) ( 4) Fo )
E(t) = E; +[0.02062 + 0.00379 In(q0)]1q,Ts;
Ponding on the interface:

(lc + ltill - linterpand)/z

i =min | qo,

Linterpona (L) may exist in the tilled layer above the interface with the subsoil.
The Runge-Kutta method was used to conduct the calculations.

Lo lan—1L
Kt K
i = 05api" Waechter and Philip obtained the asymptotic expansion of the mean infiltration
i o | rate i (L T1) for large s (dominated by gravity, with capillary effects weak but
= _1)n nonzero) from buried circular cylindrical and spherical cavities using a scattering
Wae;r?itl?;) and 1985 s nzw( ) K, analog.
. 2
*=Z2[1+ 0.996R™%/3 4+ 0.0223557%3 + 0(s™2)]; for large - ) : .
' n[_ _ s Sl ges I, and K, are the modified Bessel functions of the first and second kinds of order
Where: s = 0.5ar n.
2D Infiltration:
9 = s@I*
Check Eq. (34) in Philip’s paper for 9* . s . . .
9 = 49, for large s Philip analyzed 2D and 3D steady infiltration from cavities of arbitrary size and
Phili 1985 | 3D Infiltration: shape (characteristic length L (L)) using Van de Hulst theorem which connects
p Quny = @SLV" 2D and 3D infiltration, 9 (L2 T™) and Q;,,y (L3 T™) respectively, to dimensionless
Check Eq. (53) in Philip’s paper for V* “downward wetting function” &, at large R (i.e., R = ).
Quns = S’TT“’fo for large s
Where: &, = Y2 qa, and s = 0.5aL
Qins = 8mpa™ ¢, (w,s) _ : . s : .
Where: Solutions are given for quasilinear 3D steady infiltration from spheroidal cavities
Eo(w,5) = 550 an(w)s™ + 0(s7) for small s | Of arbitrary aspect ratio v and radius r (L) into isotropic and anisotropic
Philip 19862 | Check Eq (31)’;6 (3§e) in Philip’s paper for a homogeneous soils where anisotropy is defined by u2. The isotropic case is
. n H 2
_1.2 2/3~2/3 _4/3 simply that of u® = 1.
So(w, s) 23 [1+1.99230638w™"s™"] + O(s™") for large s For prolate spheroids v > 1, for spheres v = 1, and for oblate spheroids v < 1.
s=0.5qurandw =ux*v
Buried disc,
Qiny = 8mpa™&y(s)
Where: Philip studied steady quasilinear infiltration from buried discs and other sources
Go(s) =2 [2171=0 a, (g) s+ ASS] for small s | of radius r (L) by expressing the volumetric infiltration rate Q;,s (L® T*) as
Philip 1986b " . i - _m function of the far-field wetting function &, and the dimensionless discharge
Check E(i. (30) in fhlhlz s pafer ]‘or1 a, W;th $=3 function V™.
— 2 - —_— _
&o(s) = 7S [1 totm T T Ea SS] for large s

A and B are estimated by matching the two above expansions of &,(s)

s = 0.5ar
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Circular cylinder,

Qing = @V*(5)

Check Eq. (60) in Philip’s paper for V*(s)
Sphere,

Quny = 4mreV*(s)

Check Eq. (65) in Philip’s paper for V*(s)

C, is an estimate of sorptivity S, C, is an estimate of (4, + K;), and C; is an

Kutilek and Krejca | 1987 | I = C;t%5 + Cpt + C5t*S estimate of (4 + the truncation error &). The saturated hydraulic conductivity is:
K = (3¢,C)Y* + G,
Using the following expression of the infiltration rate i:
y . I:[}wf +z+ hO d[Z(GS - Gi)]
Swartzendruber 1987a | I = Kt + Wl ( w) v= Ks[ z ] - dt +Ki
(Ks—Kp) (Yws+ho)(05—6;) . . p
By setting K; equal to 0, the equation becomes nothing but Green and Ampt
equation.
Based on Swartzendruber, Philip’s time series solution for z(®, t) is unaffected
by the pressure head condition at the soil surface hy; each function
[X1(6),X,(60),X5(6) ...] is still the solution of its own ordinary differential
Sy iy equation that can be solved by relatively numerical methods.
Swartzendruber 1987b | I = Kst+ Ay (1—e™™) Ay is a fitting parameter depending on the initial water content 9;. A, = ;‘Sﬁ
H
(Stroosnijder, 1976). As A, — 0, it reduces to a form of the Philip’s model
(1957b) with K as the coefficient of the linear term.
I =qot t< o
_ -1 C(0.-0) -1 9.(C-0) gk
I =21.0, [ln {—@(c—ee)} —C'ln {e(c—ee)} + Rt ] t > oo
Where:
) 0, = 2Cp [(1 + p‘l)% _ 1]; Brgadbridg_e and White described cor)stant rate rainfa_ll infiltration g, (L T?) in
Broadbridge and 1988 — R/ uniform soils and other porous materials. The model is based on Darcy-
White p — /m; . Buckingham approach to unsaturated water flow and assumes simple functional
m=4C(C - 1); ) forms for the soil water diffusivity D(6) and hydraulic conductivity K (6).
C = (by—6))/(6s - 6,);
0= (0-0,)/(6;—0;
t*=t/T,
R™ = (qo — Ki) /K
Analytical solution to one-dimensional, steady state infiltration in heterogeneous
1 i i soils is developed, only valid for iy < 0. Yeh integrated Buckingham equation
Yeh 1989 | y=— ln{e ~alay=po) 4 L g-az _ —} B o0 : ) .
a K, K q=—-K@) (a—z + 1) using the exponential model by Gardner (1958) which
describes the unsaturated hydraulic conductivity by K () = K,e*¥.
Reynolds and Elrick derived the steady-state infiltration by summing the steady
flow out of the ring due to hydrostatic pressure of the ponded water in the ring
and capillarity of the unsaturated flow, and the steady flow out of the ring due to
. : O - -
Reynolds and 1990 | Quy = 7 (Ksho + @) + nr2K; gravity. The depth of the water ponding inside the ring remains constant.

Elrick

For ponding depths ranging from 5 to 25 cm, G factor in can be approximated by
the average shape factor, Ge, of an infiltrometer, for different textured soils equal
to: Ge = 0.316(d/r) + 0.184;

Wooding’s solution (1968) may be considered when H= 0 and G = 0.25.
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— SUZ_ZwStrKs(es_ei) In (1 +6 (KS_Ki)) + Ks(ho+¥ser)(05—6:) _
i

The infiltration equation of Parlange et al. (1985) is improved in such a way that

T 26(1-8)(Ks—K))? —K; (i-Kg) (Ks—K; it applies equally well for infiltration and capillary rise. This new equation
Haverkamp et al. 1990 [So _le}strKs(és_ei)])*'z‘s(l_‘s)’(s(ho+wstr)(95_9i) In (ﬁ) : considers the possibility of an infinite diffusivity near saturation.
2(1-6)AK? i—Ks One can set § = 1 for all practical purposes (Barry et al., 1995).
K6 The resulting analytic expressions relate the infiltration rate i (L T) to infiltrated
=T t <tp | cumulative water I (L). This type of expression is uniquely general in describing
I, = f;s(g —9)-29 g9 t=t, the decay of i with [ for either saturation or flux boundary conditions, and in
iy G0=K(6) describing the onset of ponding for flux boundary conditions (i.e., t < t,, t =t,
i =K, (7 + 1) t>1t, (1) | and t > t,). Specific cases are for D (L2 T™) following a step function (1) or D
Smith 1990 |, _ g &8 t>t, (2) (L2 T and dK/d6 (L T are closely proportional (2) (Smith and Parlange,
S el/G-1 P 1978)). This study explored the applicability of this theory when the soil profile is
erre. composed of two layers. The behavior of the layered system exhibits the same
G= (IIZ’W/“ +ho) (6 — 61) @ unifying (/) response to flux boundary conditions as does a homogeneous
G= 237” (2) | profile, which lends unexpected generality to the I-based analytical infiltration
s mode.
I = fotp QO(t)dt + QO,i(t - tp) + Ks(‘]o,p - QO,i)W{[l +
) 05 Qop~0s Based on Mein and Larson (1973), an explicit equation for time-dependent
Schmid 1990 (a0p=Ks) (t—t )] _ 1} cumulative infiltration following ponding was proposed in this paper considering
Ks(wr+ho)(Bs=6:) r time-varying rainfall intensity g, (t) (L T*).
Where: fotp[%(f) — qo;]dt = Ks%
Wooding’s equation is rewritten assuming:
. No water ponding occurs inside the ring
_ o , A . Exponential relationship between K (1) and vy as defined by Gardner
Ankeny etal. | 1991 | Quy = Koe™ [’" * Z] (1958): K() = K,e™
e Theratio K(¥)/@ (1) is equal to the constant parameter a
| = I's¢ Swartzendruber and Hogarth developed a new three-parameter infiltration
Swartzendruber K; equation based on Swartzendruber’s equation (1987b) to describe the effect of
1991 08 soil-surface-ponded water head, h, (L), on the cumulative quantity of water

and Hogarth

I'=nt [1 —emat’ ] +t*

_ AoSo.  _ Sk « _ K&t
—K—,p—s—zandt ==
s 0

Where: n = >
SO

a .
1+p)*s’

infiltrated into the soil with time.




01

[1-6s=OIK, _ I Ywrtho [1-(85—6)11
= — ( )l —s hy # cst - . . oo . . .
(65-6;) (65-6;)  \1-(85-6)) (Y f+ho)(B5—6;) 0 Philip develops the solution for falling-head infiltration, which takes precisely the
Philip 1992 same functional form as that for constant ponded depth; only the values of the
K _ 1 _ constants change.
@t = Gooay ~ Wyt ho)ln (1 + <wwf+hu><ss—9i>) ho = est
. 4bS? White et al. combined the early-time transient and steady flow phases to estimate
=K+ 2 hy <0 _di ; [ :
White et al 1992 (65-0)mr three-dimensional infiltration.
' i =K.+ 4bSh h. >0 | The parameter b is constrained to 0.5 < b < m/4. A typical “average” value for b
$ T (85-00)mr 0 is 0.55 (White and Sully, 1987).
— 1 *] I . . - . .
t= K am (1 + D,*Ks) Barry et al. expressed the cumulative infiltration in terms of the Lambert W-
. t
Wher§.2 _ functionas I = —a"K; [1 +W (—e'l'?)]. As such, the new infiltration solution
Barry etal. 1993 | a'=55 no ponding (ko < 0) | \as derived, which has the general form of the Green and Ampt (1911) law
Or a* = SLZZ under ponding (h, > 0) | Without requiring a sharp wetting front. The saturated soil surface can be either
s ponded or not.
- Fonteh and Podmore developed a simple two-dimensional infiltration model for
V= [wad +wz, + (;) XWZW] 1(6; — 6:) (1) | rectangular furrows for depth d (L), width w (L), and thickness [ (L), based on
_ the Green and Ampt equation and Fok and Chiang (1984) assuming the
=12 z - -6, 2 S kb .
Fonteh and 1993 v [ _(d  Ze)Xwmax + Waw + (2) X maz (F ZC)] 1(0s — 6:) @ cumulative infiltrated volume is divided into two parts: before the wetting fronts
Podmore WherKe.(w hotz0 meets (1) and after they meet (2).
i = % After the fronts meet, it is assumed that the region of two-dimensional flow shifts
i downwards due to vertical downward infiltration I, (L) estimated using Green
and Ampt (1911).
The main purpose of this paper is to propose a simple conceptual model of
rainfall infiltration which continuously describes the
0 <t <ty (1) | infiltration/redistribution/infiltration cycle. Smith et al. considered three
i=qo t <t, | sequential periods of time, with the first (1), assuming an initial rainfall pattern
K (t ¢ )(1 —8&)= (1 ) ) _ (65-60G(8185) (e&z’/(srgi)wiﬂs)71+y) having q, > Kj, lasting to a time t, which at some time t,, < t;, causes ponding.
s P L4 (Ks=K) SIp/6s=806(605) _y The infiltration model (1) is based on the three-parameter analytic model of
t>t, | Parlange et al. (1982), extended to treat soils with very high initial water content
Smith et al. 1993 | Where: I' = [ — Kot G(0. 0.) = S@u89 _ Sk oo 0Ks 6;. Then, during any significant interval within a storm in which g, (L T™) falls
ere it, G(9:,65) 2Ks 2, Y = o below i (L T?) at some time ¢t > t;, (t, = time of hiatus) (2), 8, < 6,. In this case,

=1+ (q0— K)(t—tn)
(65—62)G(6i,0n)Ks

th <t<t, (2

K(t—t,)A-8=(01-1,) -

S(I-Ip)’

(KSil(TL)

Where: F; (1) = e66s=6n), (I = I,) =1 -1, — K,(t —t,)and y =

in(

Fe(D-1+y
FG(I,»—HV) >t @)

5K
Kn—K;i

the redistribution model is based on profile extension with shape similarity
defined by the scale factor B, originally called 8, and a shape factor, p. The

similarity condition would be satisfied by a rectangle (B = 1) which distorts in
time, or the quadrant of an ellipse (B = %) After the rainfall hiatus (posthiatus

period), g, (L T) is assumed to increase at a time ¢ > t,, causing a second
ponding (3). A secondary wetting profile of accumulated water (1 — 1))’ =1 —
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I, — K, (t — t,,) advances alongside the earlier profile computed at 8, = 6,, with
B = 1. Acorrection to G(8,, 6) for B < 1 was also incorporated.

Constant rainfall rate g, (t):

I = (6; —6))[z(t) — 2] t <ty
To calculate z(t), check Eq. (17), (20), and (26) in Philip’s paper
_ _py 0.5
i = 0.5K[1— (65 —6,)] [1 + {1 + %} ] t - t, | Philip established the study of the effect of excess rainfall, ponded without runoff,
Philip 1993 - - . s on the dynamics of infiltration into a deep homogeneous soil using Green and
Variable rainfall rate g, (t): . Lo - -
- Ampt, or delta function, approximation under constant and variable rainfall rates.
I'= (65— 6)[z(t) — 2]
To calculate z(t), differentiate with respect to time t:
t)_(GS—Gi)d dz [1—(6,—6 ]dz
WO="F dt(zdt) O~ 0l g
. _ Stone et al. developed an explicit approximation of the Green-Ampt equation
Stone et al. 1994 | I =y + ho)Ag(t + V2t - 0.2987%7°1%) (one-stage infiltration) by rewriting it in the form of Philip’s equation.
Where: t* = ———¢t
(W +ho)AO
i =0.5a¢pi"
1w I
To harllfz'_m ! Mandal and Waechter obtained the separate contributions to the mean infiltration
P 2 ' rate i (L T') from the top and the bottom halves of the buried circular cylinders of
Mandal and 0 i* = E(o.69953s-2/3) radius r (L).
1994
Bottom half: - . . .
Waechter 0 02 a I, and K, are the modified Bessel functions of the first and second kinds of order
it = ;(1 +0.30066572/3) n
Semicircular trench:
4
it = E(l +0.6995357%/3)
Where: s = 0.5ar
Fallow et al. presented an analytical equation for determining early-time,
transient, and one-dimensional infiltration under both, constant head, and falling-
0.5 e ; - T ; iamifi
Fallow et al. 1994 (CRED]) (05 head conditions, in low-permeability soils, not significantly perturbed by

I =|2(65 — 6)Kshy + 5

gravitational effects.
The parameter b is constrained to 0.5 < b < /4. A typical “average” value for b
is 0.55 (White and Sully, 1987, White et al., 1992).
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2Dl;haII0\(7v2ditch' The Green's function method was used to derive a general analytical model which
24" ’ can handle_multit_jimensional steady in_filtration problems in a ser_ni—infinit_e
Basha 1994 V= b medlur_n wntr_l arbitrary boundary cpndmons and_root_uptake forcing functhn_s and
3D shallow pond: for various S|mpl_e source geometries. Two _speC|aI kinds of boundary condltl_ons
2ma‘s were considered in this work, 2D shallow ditch, and 3D shallow pond of radius r
= (1-b7)(2-b") ©
Where: s = 0.5ar
_ V2 vz 2y05 4 (V21
Salvucci and I'=Ks {(1 3 ) Lt ( 3 ) Gt + e+ ( 3 >X[ln(t 0= Col+ An explicit expression for Green-Ampt cumulative infiltration is presented for
Entekhabi 1994 (%)X [ln (t + f + (xt + t2)°-5) —In (’2—‘)]} any soil type definition and all times using Philip’s time series solution
Where y = (wwf;no)Ae (Philip,1957a).
Corradini et al. extended the conceptual model earlier developed by Smith et al.
(1993) towards further generality treating an arbitrary sequence of rainfall rates.
They included the representation of a sequence of infiltration/redistribution cycles
with situations of infiltration not leading to soil surface saturation (i.e., t < t;)
= I—Kit 1), anq vyetting profile r_eshaping upder redu_ced rainfall rates (i.e., gy < i) (2).
. 1 46y (B9=00G(000)K, sKq Corradln_l et_ al. usgd a sllght_ly modified version of Parlange et al. (1985) model
- T NGBt dt 5K In (1 + qo_Ko) @) | for description of increases in the surface water content (1) and the Smith et al.
Corradini et al. 1994 x_ P _op. ) (1993) redistribution equation for decreases (2).
(CIO KL KO*)I BqOKS(GO* GL)G(GU 00*) (2) - . .. . . .
Where: G(6,,0,) = ifg‘)D(H)de Equation (1) gives the limited case of soil surface saturation (Smith et al., 1993)
P Ko Y6 for 6, = 6, and % = 0. In Equation (2), the evolution of 8, will be estimated by
Runge-Kutta integration of (1).
p is a shape factor (Smith et al., 1993) approaching 1 for g, (L T*) near K (L T
1
).
n/4 < B <1 (Smithetal., 1993).
J03mrs,2t Smettep etal. de\_/eloped an analytical e_xprgss_ion for three-dimensignal ur)steady,
Smettem et al. 1994 | 1 =1, + Yoo o unconfined, gravity-free flow out of a disc infiltrometer from one-dimensional
(65— 6) confined infiltration.
1D Infiltration:
2(Ks—K;)? 2 (Ke—K)U-Kit) 1 [1 Zﬁw 371] (1) Parlange’s equation is redefined such that § is replaced by new
—t=— 2 ——In|-e So +— 1) . .
So 1-B So -8 |B B dimensionless constant {.
| = §.t05 4 2By @ (2) Haverkamp’s equation (1) is simplified into two-term approximate
R expansion, for short infiltration times and K;close to zero.
3D Infiltration:
Haverkamp et al. 1994 I=1Ip+ @ B ranges between 0.3 and 1.7 for sand to silty soils (Lassabatere et al., 2009,
rA6 Rahmati et al., 2019). B = 0.6 is an average value.
I = 5,t%% , very shortt | A 3D cumulative infiltration, I, from a disk source, is related to 1D cumulative
I=Spt%% + [% (Ks—K)+ K+ r(];sn ev)] t shortt | infiltration, I, particularly for water infiltration experiments that make use of

_ ¥So® 1 1) _So°
I= (KS + r(GS—Gi)) t+ 205 in (ﬁ) *FD steady state

disk or ring infiltrometers. An average value of 0.75 can be used for y
(Haverkamp et al., 1994, Lassabatere et al., 2006).
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2(Ks—Ki)

==K 0,0
Where:
F=t+1—y —exp (_ \/Tm - 2“) +-L [exp (_ Zf*) [1 - Barry et al. transformed the implicit infiltration formula presented by Haverkamp
Barry et al. 1995 == 3 1+t 3 et al. (1990) into an explicit infiltration equation, which improved the
a- )/)St’%] + 2y +t)n (1 + t_)} : applicability of the approach in both the short- and long-term limits.
. 2KKD? !
T So?+2Ksho(65-60)
— 2Ks(ho+yser)(Bs—61)
So2+2Ksho(85—6))
One-dimensional infiltration experiments conducted in the laboratory using
undisturbed soil cores have been analyzed using numerical inversion procedures
. Apona of a finite solution of Richards’ equation. For falling-head conditions, the
Elrick et al. 1995 | 1= pA [ho = h(8)] cumulative infiltration is a function of the ponded head h(t), the cross-sectional
area of the infiltrating surface, A (L?), and that of the falling head tube, A,nq
(L2).
Using mixture theory, Sommer and Mortensen treated unidirectional infiltration
of an initially dry deformable porous medium under constant liquid pressure,
I =[1+s(0)]S,t%° assuming the porous medium goes from completely dry to fully saturated (slug-
, OuS,? flow assumption) and neglecting gravity and inertial forces.
') = 20(8) (OO — sl To solve for S, (L T5) and the dimensionless water content, liquid, and solid
Where: velocities, 8 (x), L(x), and s(x) respectively, Sommer and Mortensen set the
X —Xq following boundary conditions:
Sommer and X =505 6=6;aty=0
Mortensen 1996 , E 6’ () . f=6aty=1
réo = —,T[l(x) =s(0) = xl; 1(1) = 1+ 5(0)
s'(p) = (91_(’;)) [sC) —s(0) — ] under pressure liquid s(1) = [1 4 5(0)] 91s —095
S
Olr o' . Where 6, (L3 L) the water content of the porous material immediately ahead of
$'00 = 5554150 —s(0) =1 under hydrostatic pressure | tne infiltration front at time t. A simpler limiting case is obtained if there is no
capillary pressure drop across the infiltration front, then, 6. = 6, and therefore
s(1) =0.
I=a'(0;— Hi)(lpwf+ho)®[ﬁ'+‘5"“(‘°)] Srivastava et al. developed an explicit equation to the modified Green-Ampt
Srivastava et al. 1996 Where: ¢ = Ks(t—t,+ts) equation presented by Mein and Larson (1973) to represent cumulative infiltration
T (8580 Wwrtho) at any time t greater than ponding time.
Preziosi et al. presented a mathematical model for unidirectional infiltration of an
1D Infiltration: incompressible liquid into an initially deformable porous material assuming slug-
)  (9solia v __K o 9o _ flow in the absence of inertial forces. The quantity C(t) depends on how the
Preziosi et al 1996 PsotiaPsotia ( oc T Usoliay 6x) = ik Wsoua = COI+ 57 liquid constituent is pushed into the porous medium. The simplest case is when
' Psolia (psolid - pliquid)g we are completely able to govern the inflow, for instance, we are able to steadily
3D Infiltration: push liquid into the porous medium, which means C(t) = const. A more
Egs. (1), (7) and (9) in Preziosi et al.’s paper interesting situation for determining C(t) arises in Eq. (23) in Preziosi et al.’s
paper.
. 0=t<t; | A relatively simple conceptual model for infiltration during complex rainfall
I = fo (qo — K;) dt t <t, | sequences is presented as a reformulation of an analytically derived model
Corradini et al. 1997 | ; — ffp(q —K)dt = ABG(6,05)BpKs t = ¢ | developed earlier by Smith et al. (1993) and Corradini et al. (1994) in a more
Pl MO ' q0=Ks P | homogeneous version suitable for hydrologic applications. During the first
i=Ks+ (65=60G(81.9:)BpKs t >t, | rainfall period (0 < t < t;), infiltration and redistribution rates are described

I-K;t
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Where: G(6;,6) = [, D(6)

a6, _ (8-80)B(80)

de

o,

1
ﬁ) (I — Kit)— > =

dat [I—I(i(t—tl)][(go l)di(:U)

+B(0y

o )]{% -

_ B(B0)PKo(6o—
I-K;(t—t;)

t>t
t=t

91’)5(91',90)}

prior to and during the rainfall hiatus, respectively. As for parameters, p
approaches 1 near K (L T*) and /4 < B < 1 (Smith et al., 1993; Corradini et

al., 1994). Explicit relations for B and p were given as follows: B = ag Bo= 9‘ + Cy,
Bp = f(qo/Ks), and Bp = c; (during redistribution), where cy, ¢, and c3 are

constants to be determined, (gq,/Kj) is an implicit function through which the
variation of the profile shape with g, /K, expressed in terms of values of p and B

0 (By—8.)5(60) B(By)pio(Ey—d )Gg q; )S Y1 | is invariant with time during redistribution. After a limited period of
dt" = o=0, O,w(g 5 {qo - Ko — W} redistribution, a new rainfall period (post-hiatus, t > t,) produces re-infiltration
-1 =K (t-t)][(Bg—01) 5 +73(90)] -1 =Ky (t—t1) into the soil. If a- < i AP > | e
: ) . If qo < iy, the reinfiltrating water is approximately distributed
ifqo>is through the whole dynamic profile. If g, > iy, re-infiltration creates a new 6(z, t)
profile in a soil with fictitious initial water content 6(0, t,) = 6, and initial
hydraulic conductivity K;(t = t,) = K;.
For a linear soil, R A general approximation for the solution? to the one-dimensional Richards
I= 2\/t/_n + % +0 (ti) short times | equation is presented for arbitrary soil properties and boundary conditions, exact
_ _ t VE —t/a | . for short times, in general, and for all times as D approaches a delta function. The
Parlange et al. 1997 I'=1+t (1 +3 ) erf ( 2) +yt/me ong times approximation becomes increasingly accurate for “linear” and “near-linear” soils.
For a near- linear soil, 29 =0 _ 6 1
t=1-2/3In (1 ﬂ) short times OoDo - df Go-Ks . .
Where: M (L) is an unknown function of time.
I=2t/3+= +0( ) long times
Wu and Pan developed a scaling method for axisymmetric, three-dimensional
infiltration from a single ring infiltrometer, which resulted in a generalized
£1-05 solution to infiltration that can be applied to different soil conditions and ring
i=i, [a +b (_) ] geometry using two dimensionless parameters, a and b. The essential part of this
Wu and Pan 1997 _ T; method was to model the macroscopic capillary length, A.(L), the sorptive time,
Where: i; = fK,; T.(T) and the parameter i, (L T') used to scale the infiltration rate. A.(L) is
T, = A“ﬂ L f= ;‘i’;j; defined as being equal to the matric flux potential, ¢(L2 T'), scaled by K, (L T*):
Ac = @/Ks.
a and b were determined through curve-fitting to be approximately equal to 0.91
and 0.17, respectively.
Without air compression:
_ 9(1=Sei=Seqir) 1
t Ks I:o(l_sei_seair) (s + ho)ln (1 * One-dimensional infiltration was derived on the basis of the Green and Ampt
;) (1911) assumptions (infiltration process is isothermal, the porous medium is
Wang et al. 1997 ssltlfe;;:?cl)ﬂnig:ef;gn homogeneous, and the wetting front is sharp) by including the term kg (L), air
Y pressure immediately below the wetting front, to account for air entrapment
t= krchs air [0(1—Sei—seair) = (WYwrt+ho + huf)ln(l + effects. When soil air is not compressed during infiltration = h,, = 0.
1
0(1_Sei_seair)(wwf+hn+haf))
Zone (1): To simulate the effects of surface sealing, soil cracking, and initial soil water
content, Enciso-Medina et al developed a model for a three-layered soil system
- (M) 2 < g + Ly | CONSisting of a surface seal of thickness L. (L), a tillage layer of thickness L,
Enciso-Medina et 1998 stefl el (L), and the subsoil. The portion of the soil profile that receives water during

al.

CHlsear+lein+(Pws+ho)
Iseal , ltill c
—seal 4 Ll 4
Kseal Ktill Kseal

Where:

z> lseal + ltill

infiltration is represented by three zones.

The first zone (1) is directly below the wetted furrow and only involves vertical
one-dimensional infiltration predicted using Green-Ampt method for vertical
flow. Enciso-Medina et al. assumed that the time required to wet the seal is
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B = I-lseqiA0,
LI
C= I-lseaiA0sear—leinAbriu.

A6 ’
Zone (2):
i = lpwf + hO
Xseal + Xw — Xseal
seal till

Zone (3):

9= [wad +wz, + (g) xwzw] A6t

negligible; therefore, infiltration starts when the wetting front reaches the bottom
of the seal, ls.q; (L). Thus, the infiltration rate was predicted when the wetting
front is withing the tillage layer (I < l;oq; + lyipy) OF extends into the subsoil (I >
Lsear + Len)

The second zone (2) represents one-dimensional horizontal flow of water through
the sides of the wetted furrow using Green-Ampt method for horizontal
infiltration.

The third zone (3) is represented by a semielliptical shape that connects the
corners of the first two zones predicting quasi-two-dimensional infiltration 9 (L?
T for a rectangular furrow based on the model by Fok and Chiang (1984).

Quasi-analytic methods are used to analyze ponded infiltration into crusted soils

1= 80t smallt | for hoth small and large times and a good approximation for intermediate times is
Philip 1998 | I = fol”(ec —0.;)dz + fl°°(9 —0,)dz intermediate t | anchored at both ends by these results. Philip (1998) assumed a uniform soil of
=Kt ¢ large t initial water content, 8; (L® L) and saturated hydraulic conductivity K, (L T*)
lying underneath the crusted soil of initial water content 8.; (L3 L3).
Smith et al. proposed a relatively simple analytical/conceptual model for
0 <t <teuse | infiltration in crusted soils treating the crust (1) as a single layer of thickness I,
qo = ﬂ.H(u. t<t, (L) overlaying the subsoil (2) where the upper layer is always the most restrictive,
dt 3 - . . e . . .
0= (01,5=01,1)B1 (0)[do—K15—(81.5—01.)B1 (B5)p1 Gy (Wi, 00K 5/14] fst e, K < KZ,S.. Cumulatlvg dynamic infiltration comprises that in t_he_crust layer
1,[(81,5-02,)71+B,(69)] P II1 L) pltés that |In t_he s_utf)_slon {2 (I__). I;or t < terusts Iél(z) _evglves_\évﬁhén tr;e crust
. ) _ 1 (b _ dBy ayer, and cumulative infiltration in the crust upper layer is described by the
Where: G, (b o) = f,, K)dyp andy, =550 model for homogeneous soils developed earlier (Smith et al., 1993; Corradini et
U2 topyst al., 1994, 1997).
dbe _ 1 { Ky + 2We¥olfas Kye — Bz("zrc)pz(Hzrc“’zvi)’(z.s"‘zW’i“”c)} For t > t,,.s» the dynamic water content in the crust is expressed as fraction a;
Smith et al. 1999 Vf/therel') (oed) e 1=teB1,c=6x i+s (80=0n.c)|-Kait associated with the surface and the remaining (1 — a;) associated with the
) . . s interface. Also, for t > t,,, the previous model is extended in order to
P(ho, %o, 1) frolm Eq. (22) in Smith et al.’s paper represent the effects of water flow in the subsoil, I, (L), but with the upper
G (i) = K—waic K@)dy, boundary at the crust-subsoil interface. The system of equations may be solved by
Orc=0,(L), Oz = 05(L), Koo = Ko (L), a standgr_d Runge-Kutta method. Explicit relations for B and p were given by
_ ads, Corradini et al. (1997):
V2= 46, B, (6,) = 0.6 2% 4 0.4,
91,5_91,7
B,p; = 0.98 — 0.87¢~9/K1s and
B,p; = 1.7 (during redistribution).
A constant value of 0.86 is assumed for a; (originally called a).
Selker et al. developed three expressions for the time rate of infiltration using
i=(6,—6) dzy Green and A_mpt e?pproach for soi!s Wi.th hydraulic properties (K (L T*) and .z/;Wf
73Ki(ﬁ*¢wfdf1) L) dec_reasm'g with depth following linear (1), power law (2), and exponential
= (1) | (3) relationships.
Selleretal. | 109% | = jpr (220) [‘”wf(l‘ﬁ—w)‘w} @) | QK@) = Kif 72272 ;0 (2) = PrsoB’z
"L () _ g2\ _ gz
28y —20) @ K@) =k (1-52) sy =k (1-57)
D @) | @) Ko@) = Kie ™% 91 (2) = Yuye”
I = afKt+2bfK(T:t)*° shortt | \wy et al. integrates the generalized equation in Wu and Pan (1997) for early-,
Wu et al. 1999 | [ = afKst+c steady state | transient- and steady-state infiltration behavior.

Where: T, = %;

S
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F= ho+2c
T d+r/2

Novek et al. developed an infiltration model for swelling, cracked fine-textured
soils that permits changes in the dimensions of the cracks during the infiltration
process. The extended Richards’ equation by Feddes et al. (1988) was solved,
subject to three upper boundary conditions were considered: (1) unsaturated soil
surface, (2) soil surface is saturated and a sub-critical surface layer (h < hgnqy)
is being formed, and (3) surface water layer reaches its maximum and water flows

a0 _ a oy
2 =2k (Z+1)] -5+ into cracks.
Novak et al. 2000 | Where: -y )
_ Ywrmtho _ Ywsmtho im = —Kn(P)(0y/0z + 1
sp = (Kon DLt )Asandz, = [2K,, oy, o)
Iy = 0 /0t — Ks 1y (09 /02 + 1)
0 < h < homax (2)
im =i — Ksm(09/0z + 1)
h > homax (3)
Corradini et al. proposed an analytical/conceptual model, which is formulated by
an extension of the Smith et al. (1999) model, for the solution of the infiltration
and reinfiltration problem into any horizontal two layered soil where either layer
may be less permeable under any real rainfall pattern. The model represents both
u 0 <t <teuse | the infiltration rate i (L T*), cumulative infiltration I (L T), and soil water
qo = d—tl +Ky; t <t, | potentials ¥, and . (L) at the surface and the interface, respectively. For 0 < t <
=K+ (64,5=61,1) G1 (1,0)B1 (05)P1 Ks t>t t¢, the solution is that of the vertically homogeneous case described by Corradini
b= L v | etal. (1997).
Where: G, (1;,0) = ifu‘}’ K@) dy As to the parameters incorporated in the system, a, (originally called a) is
K Yi - - : ]
Corradini et al. 2000 t>t, colni_lderet()j t<(): be adgopsttanlt, vi/g;lg B, gnsd p_iharf gllve:rLlégg ?rglogy Wlﬂ] the
! = [0 = 020) + (L~ a)(Ore — O )i+ s + Kyt elation by Cortadini et al. (1997)and Smith et al, (1999): 22(5.) =
Where: 0.6 PR + 0.4,
I, from E(]i. (20) in Corradini et al.’s paper B,p, = 0.98 — 0.87¢ V12/Kzs,
P, (Y, t) from Eq. (19) in Corradini et al.’s paper Wh _ Gi(¥co)Kys
ere vy, = ————= 4+ K, . and
01,0 = 01(), 020 = 05(Le), Kie = Ky (L) and Ky o = Ko (L) T
B,p, = 1.7 (during redistribution).
In case of re-infiltration following redistribution from a rainfall hiatus, Corradini
et al. (2000) adopted the same concept proposed by Corradini et al. (1997).
I -K;it) Using the following expression of the infiltration rate i:
I = Kt +Eln (1 +T> =K, [wwf:zmn] _ a[zw(zz—ei)] +K,
Swartzendruber 2000 — s . where the head h, (t) at the soil surface increases with time t according to:
2(Ks—Kp)' Su(Ks—K)t1/?
hy(t) =ho+ p(t) such that p(t) = ﬁ
Constant rainfall: Govindaraju et al. studied the problem of field-scale infiltration over soils where
Local-scale Infiltration: spatial variability of saturated hydraulic conductivity K, (L T) is represented by
- - i=q 0<t<t, | ahomogeneous correlated lognormal random field Y = In(K;) with mean oy
Govindaraju et al. 2001 . (Pwptho)(Bs—6)+1 " | and standard deviation uy. The cumulative infiltration, I (L) (symbolized as F in
L= > | the paper), was used as an independent variable to develop expressions for the

1
Field-scale Infiltration:

averaged field-scale infiltration under both constant and time-dependent rainfall
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I=qot 0<t<t,
t>t,

1 1 2
1= I, + 2Ky + o) (B — 0)) (tz - t;) +2K (e~ t,) +
3 1/2
i(#) (32 — 1312
18 \ (Yws+ho)(05s—6:) P
o _ Ksthwy(65-6))
Where: t, = I,,/qo and I, = e

Time-dependent rainfall:

Local-scale Infiltration:
t="Ctt 0<t<t,
do

t>t,
(Pwrtho)(Os—0)+1; 1
t=t — (f"qio) +K—3[1— s+ ho) (6 — 0))In (1 +

Wy + ho) (65 = 6 )] + LLXE0 (1, (g + ho) (65— 60))

L Kswr(85-6)
Where: t, = T

Field-scale Infiltration:

+ hy) (6 — 6;
f:qo[l—#n]'f'{l'f'(wvvf OI)( s 1)
Where:

I I;
£=ti= L (= ) = 2L [ 1+ Gy + ho) (6, -
(Pwr+ho)(05—6) _ _pyyoo 6D
60)In (1+<wwf+no)<as—9i>)] GKer=1) + by ho)(Os = 6 Liza 75,

G (K, §) from Eq. (7), K, from Eq. (14) and ug from Eg. (16) in
Govindaraju et al.’s paper.

;—i+ tiand I, = I; + qo(t, — t;)
(1]

} G(Ke 1)

rates. However, Govindaraju et al. also developed an explicit expression for the
field-scale infiltration rate at any given time ¢ (T) under continuously ponded
conditions of constant rainfall g, (L T*) (Green and Ampt, 1911).

I=1,(6) + aln [lg(t)+a] [lo(t)+a] _ a2 [Io(t)+a] [lo(t)+a] n

a3 [o©+a] (o (:;i{]lz o 2 pra JL 15O Serrano d_eveloped an expl_icit sol_ution o_f Green and Ampt infiltratio_n equation by
Serrano 2001 gln [ 2 ]{ o) } - constructing a decomposition series, valid for deep homogeneous soils under
Where: r 0 ponding conditions resulting from intense rainfall events.
a=p+ho)(0;—6;)
T= qol1 — prob(K, < K]+ Sy (1 + D000 [6(k)) -
G(Kj—l)] (1) | Two models for estimating expected areal-average infiltration rate, T (L T™), at the
Where: hillslope scale were presented, under the condition of a negligible infiltration of
o o (o) (66 = surfgce water running downslope (run-on process_) into soils_. _The soil is )
I'=K (T + t) + 4\/;, ((lllwf + ho) (65 — vertically homogeneous but the saturated hydraulic conductivity K (L T is
0.000224y,f W) 05-80T\ 05 assumed _as a Iogrjormally dlstnb_uted random Yanable W!th'PDF, fx, (KD,
o i)) (f - T‘@) ' characterized by its mean value K and coefficient of variation CV(Kj).
Corradini et al. 2002 G ( K, ) _ foxj Kfie (K)dK and K, = T ff?:)(es—ei) The first model (1) assumes that the areal-average infiltration is partly rainfall

T Kse

7= 1y (1=5) 4 Koo T + 9y 6= 00In @
Where:

I = KseWwr(05—67). £ = Kshws(0s—67).

4 qo—Kse TP qo(q0—Ks) '

I=(Pwy+ho) (65—6:) )
Ip=(wr+ho) (Bs—06)

- Is
Ko = K {089 - 0.0831nCV(K,) — 08¢ "7 ]

controlled, and partly soil-controlled. It was developed based on the formulation
of the field-scale infiltration rate for a given realization of K and following
Govindaraju et al. (2001). The second model (2) incorporates the run-on process
and is based on an empirical approach that uses an effective saturated hydraulic
conductivity K, (L T), derived for each specific rainfall event of duration T

M.
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I =SytY? +1/3K,t 0<t<t,
t =t — (Bs—ei){ I-le__ hotwr ( (Ro+wr)+C105-60) )} ¢t >t, | Elricketal. used the GA approach to deduce a new implicit equation for constant-
Elrick et al 2002 Cks  ((65=6y) ¢ (Ro+huy)+Clc(65=00) and falling-head conditions by using the term R (Elrick et al., 1995) which is the
' Where: ratio of the cross-sectional area of the falling head tube, A,onq (L?), to the
¢=1 6ot A Constanthead | jqfijtrating surface, A (L?).
C=1-—"5R= ”""d Falling head
I= {t +-n|1 +—,/1 =7}
Where
= S0
K , Parlange et al. developed an explicit approximation to Parlange’s equation (1982)
_ {_2525[%] } assuming an initially dry, homogeneous soil where the surface of the soil is
Parlange et al. 2002 f= ‘f 1-28 ’ saturated, but not ponded. & varies between 0 (Green and Ampt, 1911) and 1
A= st (Talsma and Parlange, 1972). Average value § = 0.8 or 0.85 (Parlange et al.,
1425 (41—115 n 1), 1985, Haverkamp et al., 1990).
- 12 3 ’
C=2+%;
. 35— 2 51/2¢(55)
II(=t (tes — )z — Cumulative infiltration was computed as a function of time-varying ponded water
Warrick et al. 2005 ﬁ = 2 — Yy + hy)in (ﬁ) depths h; (L) using a Green and Ampt analysis; the ponded depth h; (L) changes
t S E< tpyi= 0, .. stepwise with time.
1 p1/3 1a .
m =30 T o +1 STF Horizontal 1
Where:
a = (8 = 87 Weiler developed an infiltration model which combi fl
_ 5 ] eiler developed an infiltration model which combines macropore flow
Weiler 2005 | b =170 —8)?[12c — a+2,/6c(6c — )] variability to model dual- permeability soils using analytical solutions of the
¢ = Ksm(Ywpm + ho) Green-Ampt equation which serve as the basis for the model.
L Ywrmtho :
i Ks_m( ™ + 1) Vertical I
A semi-analytical model estimating the areal-average infiltration rate at hillslope
scale was presented, which neglects the infiltration of surface water running
downslope into pervious soils (run-on process). It accounts for spatial
~ ) ) ) , heterogeneity of the saturated hydraulic conductivity, K, (L T), and rainfall rate,
t from Egs. (9) and (13) in Govindaraju et al.’s paper. go (L TY). The K, field is characterized by a lognormal probability density
Govindarajuetal. | 2006 | Where: , « function with PDF, fi_(K), characterized by its mean value K and coefficient of
k= TR and G, (Ky,§) = [ K* f (K)dK variation CV(KS), while the rainfall rate q, (symbolized as r in the paper) is
represented by a uniform distribution between two extreme values, 7,,;, and
Tmin + R. The model formulation relies upon the use of cumulative infiltration
(symbolized as F in the paper) as the independent variable which is expressed as
function of time for use in practical applications.
1 sl/2  gps/3 Morbidelli et al. explored the role of spatial heterogeneity, in both the saturated
Morbidelli et al. 2006 | t= A f Qo — P dA; + f f idA,; hydraulic conductivity K (L T') and rainfall intensity g, (L T™), on the
At Manning Ayt integrated hydrological response of a natural slope. On this basis, Morbidelli et al.
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Ks(es - ei)(lxbwf + hO)

i= K+ ;

(2006) developed a model which estimates the areal-average infiltration rate 7 (L
TY) in the plane area A (L2), partly controlled (over the unsaturated area A; (L?))
by the rainfall and run-on, and partly controlled by the soil (saturated area A,

(L?).

I =5,t%5 +[A(1 = B)Sy® + Bis |t
2
I = (AS? + Kt + C

small t
large t

Lassabatere et al. adopted the BEST approach; this latter uses the following

Where: equation developed in Haverkamp etal. (1994): I = S,t%° + [AS,* + BK]t for
=—r . short times and expresses an equivalent equation by replacing the hydraulic
Lassabatere et al. 2006 ZTE‘;TG!‘) (9_)71] (9_)71 conductivity K, (L T'*) by the formula of the steady-state infiltration rate i,.
B=—"1-() |+(7)
C= ’ 1 % In (1)95. B = 0.6 and y = 0.75, which applies for most soils when 8; < 0.256, (Smettem
2[1_(2_;') ](1—6) gl et al., 1994, Haverkamp et al., 1994).
i = ASy® + K
§teady rainfall p(t): Chen and Young quantified and explained the effects of slope angle y,(degrees)
I= qocos(yo) (600 eostre <% | on infiltration into homogeneous and isotropic soils by extending the Green-Ampt
K[t — (t, — t.)]cos =] — T I [1 + cost¥o equation onto sloping surfaces. For the steady rainfall case, the infiltration rate is
Chenand Young | 2006 sle = (& = &)]eosro) cos(yo) Wy o) (660 determined by the rainfall intensity q, (L T*) before ponding (i.e., ¢ < t,)and is
t>t, : L -
. . calculated using the GA model after ponding (i.e., t > t,). For unsteady rainfall,
Unsteady rainfall p(t): detailed derivation i ted in th di
Detailed derivation is presented in the paper’s appendix. etarled dertvation 1S presented in the appendix.
ySét Warrick and Lazarovitch addressed two-dimensional infiltration from water strip
Warrick and 2007 I'=hLp+ m sources of width w (L) on the soil surface. The assumption is that when the
. S L . . . . . . . .
Lazarovitch . ysz cumulative infiltration is expressed per unit area of the wetted strip, the difference
=K+ oo £ =% | of that value and one-dimensional infiltration is linear with time.
Warrick addressed infiltration from furrows or narrow channels of wetted
perimeter W (L). The basic approach was to develop the two-dimensional
I yS2t infiltration I (L) as a combination of the corresponding one-dimensional vertical
— =Lyt — I;p (L) and an edge effect. Also, a simplified expression was found for the
Warrick et al. 2007 | W* W(?s > 9;) limiting steady-state case, which is analogous to Wooding’s equation for
i=WK, + W”re”fgv) t - oo | infiltration from a shallow pond.
e Haverkamp et al. rationalized that a reasonable bound on y was 0.6-0.8, but the
results of Warrick and Lazarovitch (2007) for the strip showed generally a wider
range from 0.6 to 1.1.
A simple accurate method was presented to study infiltration under variable
intensity rainfall.
. Before ponding ( t < t,), infiltration rate is equal to the rainfall rate. After
Assouline et al. 2007 | * i L.IO(t) b=t ponding ( t > t,), the infiltration rate i, (L T™) is a unique function of
i = leap (Leap) £>% | cumulative infiltration Iqp (L). Many mathematical expressions can be readily
adapted to represent available i.,, [e.9., Green and Ampt, 1911; Kostiakov, 1932,
Horton, 1940; Philip, 1957a; Smith and Parlange, 1978; Parlange et al., 1999].
i=0 t<ty(2)
i = bR} tw(2) <t < ty(2)
] 5 (ta@-T;)\ 32 German et al. introduced a rivulet of conductance by (L T™) modeled as Stokes
Germann et al. 2007 | {=Dbrbz (?) t>ta(2) | flow assuming steady and gravity-driven flow in which the effects of capillarity
Where: on infiltration are negligible, while viscous momentum dissipation impedes it.

tw(2)

z
tw(2) = bROZ sta(2) =Ts + 3
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Essig et al. developed a simplified 1-D sharp-front model for sloping surfaces of
slope angle y, (degrees) using the Brooks and Corey (1964) relationship in

Essig et al. 2009 | Tz, = cosyo,Kz, — (llpjfn) (KiSi_l/x - ﬁ‘l/’“) combipation with Dar(.:y’s law (1856), applicable for diffeljent boundary
conditions: concentration (constant water content at the soil surface), flux
(constant rainfall rate at the soil surface), and constant pressure head.
I =S,t"/% + L K t3/2 no ponding | A simple mathematical form of an infiltration equation is developed using the
Valiantzas 2010 Z % two-algebraic equation (Philip, 1975b), which applies for the complete time
[=Syt 2+t + =37 ponding | range.
H
A new equation of 1D cumulative infiltration into swelling soils is derived from
Su 2010 | I = S,tP+/2 + At the fractional Fokker—Planck equation (fFPE) of flow in swelling porous media,
following the form of Philip’s two-parameter infiltration equation (Philip, 1957b).
Kis <Kip
dal
qo = d_t1+K1'i t< tp < Lerust
2
I = Ly + 2K, Gi @ o) [/ — 6/ *] + 2Ky o[t — £,] +
1 2K3 ¢ 12 £3/2 _ 312 o <t<t
18 | (61,5-61,0)6: Wio) [ v v crust
. G1(¥e,0)
i=K |1+ t>t . S
Ls [ le ] erust A simple conceptual model was proposed for local infiltration into a two-layered
Where: soil profile with the upper layer much more permeable than the subsoil under any
L= [1 + W]; ty = Ip/q0; Kip = yromis— rainfall pattern. It is a reformulation of a conceptual model of Corradini et al.
d0~Kas ot (2000). First, the maximum value, K; 5 (L T*), of the saturated hydraulic
T N —s conductivity of the upper soil, Ky ¢ (L T) (i.e., K5 < Ky 1) yields the ponding
Corradini et al. 2011 | G 0) = Kis Wi K (D)dy; Ky () = Ko [1 + (wl,m) ] time ¢, (T) while the dynamic wetting front is entirely within the upper layer.
Kis = Kyp (i€, t, > teyse) | Then, when the front extends into the lower layer (¢ = tcps) and 6, is rather
i=qp t<t, close to 0, 4, it is assumed that K, . ~ K; ; and di)./dt negligible because
=K, [1 + alwc.m] £t dip;/6; > 0 as 6, > 6y, _ _
’ le o1z os Then, parameterized forms for the time when the wetting front reaches the
ty = (1.5 = 5,;))%7(2.5K,5) (25 + 0.41.) gy~ +15/1™) interface, for time to ponding ¢, (T) associated with (K, s = K; ) is determined.
Where:
_ 62i=65,.
SZ[ - Bz,s_gz,ry
" __Ye
G1(We,0) = (3n = 17) (Yrsr + o) (1 - P for . <0
G (Y, 0) = =1, fory, >0
Based on Green-Ampt (1911) and Talsma-Parlange (1972) implicit equations,
Swamee et al. proposed the respective explicit expressions (1) and (2) derived
I = oy + ho) (65 — 6;)[1.94(t")07* + (£7)+42°1%7 (1) | from the interpolation technique of the curve-fitting, for determining cumulative
Swamee et al. 2012 | | = Yy + o) (Bs — 8)[2.66(t")1124 + (£*)2174]046 (2) | infiltration. The main difference between the Green—Ampt and Talsma-Parlange
Where: ¢* = K ¢ assumptions is that (1) considers a soil which has a rapidly varying diffusivity D
T (Wwptho)(85-6) (L2 T*) and a near-constant hydraulic conductivity K = K, (L T) while (2)
assumes that D and dK /90 are proportional.
Local-scale Infiltration: Gov_indaraju et al. studied the problgm of_ local- a'nd fie_ld—scale infiltration over a
=gt 0<t<t, particular class of heterogeneous soils with the dimensionless parameter a;
. . I+ AYAB (originally called a) governing the non-uniformity in the saturated hydraulic
Govindarajuetal. | 2012 | s _ 3y 4 p(12 — 12) + C(I - 1) + Dlnﬁ =P(t—t) conductivity K, (L T). At the local scale, the theory for infiltration refers to
p TAY P>t vertically nonuniform soils (K (L T) decreasing with depth according to a

power law) and is developed using a sharp front (Green—Ampt) approach. To
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Where: A = 1/3;

B = A0/2(3a, — AY);

C = (APAR)? — 3a,APAB? + 3(a,A0)?;

D = —(AYAB)3 + 3a,Ap?A03 — 3aiApAs3;

P = 3(a4A9)2KS,0

_ _ 3(a400)2Ky(I, +MpAB)
tp=Iy/pand p = I3+3a,0012+3(a,00)1,,
Field-scale Infiltration:
T=qo[l-G(K., 0]+

Where:
I from Eqgs. (12) and (13), G(K,, ¢) from Eq. (9) and K, from Eqg. (10)
AY =, + hyand AG = 6, — 0,

3(a,A0)2(I + MpAd)
I3 + 3a,0012 + 3(a,A0)2]

G(Ke, 1)

determine field-scale infiltration properties, the spatial variability in the surface
saturated hydraulic conductivity is represented by a log-normal random field Y =
In(K; ) with mean , and standard deviation g

By replacing the logarithmic term of the GA model by sequential segmental
second order polynomials, Ali et al. (2013) developed a generalized explicit
model for estimation of cumulative infiltration, varying the length of wetting

Alietal. 2003 1) = Wy + o) (65 — ei)[ T F3] front, z,(L).
WIS The universal values of the model’s coefficients change with different ranges of
Zwl(lpwf + hO)-
A proposed explicit modification for the infiltration model (Mein and Larson,
I=1v,;(0;—0;) (0-65t* ++/0.25¢t*% + Zt*) 0<t<t, | 1973)is presented for the case when steady rainfall rate is less than the initial
Where: t* = Ks 4 infiltration capacity of the soil until ponding time (0 <t< t,,). After ponding
Yy (05=60) 1 (t > t,,), the cumulative infiltration will follow the classical Green-Ampt model;
Almedeij and Esen | 2014 | I = (ws +ho)(6s — 6;) {; (t+J@)?+8e7)+ 0-15t*} t>1ty | the designated equation and that suggested by Li et al. (1976) are similar, but the
Where: t*=— % 4. equation here imposes an additional term of 0.15¢*. This additional term accounts
Kty (95(_11;‘:/{+ho)(9s—9i) for the remaining components of the first order approximation of the power series
ty, = ) expansion of the natural log in GA equation.
1) = 1(t-2) + BZ3(6) + AE@) cauation,for ssimating wo-dimensenal futow nfitaton for imevariable
Bautista et al. 2014 | Egs. (5)-(9) for AZ,(t;) in Bautista et al.’s paper. \

Eq. (11) for AE(t;) in Bautista et al.’s paper.

surface flow depth hy(t). The method was originally derived assuming a constant
pressure head at the infiltrating surface by Warrick et al. (2007).
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I =welp + (1 —wp)ly,

3m%nz<1mfki,mf)

20Kp® , 1 |20Ky, e ; +Bm—1

(Im — Kimt) — In

and

Bm

z L= 2
So,m 1=Bm | So,m

Lassabetere et al. assumed that infiltration into the dual-permeability medium
may be derived from infiltration into individual single-permeability domains, i.e.,
the matrix and the fast-flow region, while assuming that there is no water transfer
between the two pore regions. As such, infiltration fluxes into the dual-
permeability medium are simply a linear combination of fluxes into individual

2AKfI Kot
Lassabetere et al. 2014 2867 1 %(1 K t) i eﬁfﬁ(f o )+ﬁf—1 regions, with the proportionality coefficients corresponding to the fractions of
Sof?  1-Bp|SoZ NS TS By surface occupied by each region.
Lassabetere et al. further developed a three-dimensional water infiltration
S0/ YmSom” equation from a circular disk source into dual-permeability media assuming
Lp = wy <Iln.f + I;A(;f f) +(1—wy) <1w,m T t) surface pressure head hy < 0.
Where: AK = K, — K; and A8 = 6, — 6;
Vatankhah developed an explicit expression by further modifying Almedeij and
I = Yy + ho)(6s — 8)(t" + 2.693In[1 + 0.527V7]) Esen (2014) model using the nonlinear technique to reduce the maximum
Vatankhah 2015 s K absolute relative error; this model is developed for any rainfall rate whether
Where: ¢* = (W +ho)(65—6;) t greater or less than the initial infiltration capacity and without requiring the
determination of the ponding time, ¢,,(T).
Lp=ZL+E}
Computational method 1:
L L 1
Eg‘n%a;?(?ngl%gg Oglze}nd Ex, respectively. Bautista'et al. proppsed a methodol_ogy for estimating furr_ow infiltration under
Eqs. (14)-(16) for Z tlme:v_arla}ble pondlpg _depth. Bautls_ta et al. (2014a) prewoysly proposed a
Bautista et al 2016 Eqs. (18)-(20), and (221) for Ei modification to the infiltration equation developed by Warrick et al. (2007) to
’ : e o2 account for time-variable ponding depth h, (t). This study further examined this
Computatlonail method 3: problem, proposed an alternative formulation, and examined the problem of
Eq. (23) for Z3 . calibrating the parameter y under variable depth conditions.
Egs. (24) and (25) for Ej (constant y)
Egs. (25) and (26) for EX (depth dependent y)
Find the above equations in Bautista et al.’s paper.
Nie et al. present an approximate explicit solution to the Green-Ampt (GA)
Nie et al. 2017a | z,(6s—6;) = 0.5Kt + \/ZKS(ho +1)(6s — 0t [1 + % infiltration model for estimating the wetting front depth of 1D infiltration based
Blho+¥)(0s=00) on Valiantzas (2010).
Selker and Assouline presented a simple explicit solution for ponded infiltration
. +Jm into soils using the Green and Ampt approach by describing early infiltration
Selkerland o017 | i=Ks+ Bokts 2t behe:\llior in tbeLms of the sum of gravitational flow and the exact solution for
Assouline 1+ Kst | __2Kst capillary imbibition.
Po@=e)ur J =0y B, can be approximated by 2/3 (Brutsaert, 1977, Selker and Assouline, 2017,
Stewart, 2019).
2
Stewart and Abou 2018 I = Sot%° + aKgt + w_sg_—)'l(;_r) 0 <t<t. | Based on two-term Philip type solutions for short and long times, the proposed
- -0 (d+; . . - o
Najm I = fK.t+ F(1 — a)K.t, £>t model accounts for different ring sizes and depths of insertion, initial water
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content and matric pressure head, transient and steady-state infiltration behaviors,

Where: and non-zero water supply pressures.
_ (056 (hotAc) .  _ hotdc

fe = k20 ° f asrr2 ! For real soils, 0.4 < a < 0.5 (Philip, 1990); a was determined through curve-
fitting to be approximately equal to 0.91 (Wu and Pan, 1997). In most cases, a =
0.45 is recommended. b varies between 1/2 and /4 depending on the shape of
the soil water diffusivity function (White and Sully, 1987). b = 0.17 (Wu and
Pan, 1997). A value of b = 0.55 is often assumed (Haverkamp et al., 1994,
White and Sully, 1987, Reynolds and Elrick, 1990;). A.(L) is defined as being
equal to the matric flux potential, (L2 T), scaled by K, (L TY): 1. = ¢/K.
According to lovino et al. (2021), a could be fixed in advance.

I =1y +1I

In = qomt t<tpm

. Vr
If = min qo'ft,Kft,A—f

A multidomain infiltration model was proposed based on Green and Ampt (1991)
to estimate infiltration in shrink-swell soils mediated by the matrix, which may

E>tym | - . : .
Ly = Gomtom + K, (t ¢ )+ (6, — !nclude small-scale interaggregate shrlnk_age cracks, from t_hose associated with
Stewart 2018 | ™ L pm s inter-block cracks that surround the matrix. The two domains are related to the
Y e ni7om p— J(gs_f,'fﬁ; — total crack porosity via a proportionality factor Y (0 <Y <1). To apply the Green-
8)Ywsmin . Ampt model in a multidomain formulation, Stewart divided the rainfall
14fg—mipm__, [ 2Kmipm (precipitation) rate, g, (L T), between the soil matrix and border crack domains.
(0s=0)%wr,m \I(es_ei)wwf,m
1f = min (qo,ftp,m + %(t - tp,m) - (Im - Ip,m)'Kcracktv %;)
Where: g = (1 - 12(0?;») go and qq 5 = (%) o
Rahmati et al. applied the Taylor series (Philip 1957a) up to third order in powers
of 0.5 to the quasi-exact implicit analytical expansion presented by Haverkamp et
. _ 2 al. (1994) to introduce a three-term infiltration model.
Rahmati et al. 2019 I = S5t%5 + MI(St + 1(/32 -B+1) K—St% B can take the value of 0.6 over the whole range of 8 (Haverkamp et al., 1990). It
3 9 So ranges between 0.3 and 1.7 for sand to silty soils (Lassabatere et al., 2009,
Rahmati et al., 2019).
Ir = qot — I, t <t (1) Stewart applied_th_e Gr_eeanmpt infiltration model within a dua_l-domain
t < tym(2) framework to distinguish water movement through the soil matrix vs. through
I = (1= w,)got ’ macropores. o _ _
m )0 For all time prior to ponding in the macropore domain (t < t,, ), the cumulative
Iy = wrqot infiltration as preferential flow is determined as the cumulative precipitation
Ly = (1 — wy)Kgmt [(Kq—" - 1)“’7'" +1+1m (M)] minus cumulative infiltration into the soil matrix (1). Before the soil matrix
s T\ Ty Zopm experiences ponding (t < t, ), both domains absorb rainfall in proportion to
Stewart 2019 t =ty (3) . P : . )
. K« . their surface-connected areas (2). After the soil matrix ponds (t = t,, ), its
Iy = Kgmt [(;—O)pr + Wf%(l - pr) - Imp,f] t =ty (4) | cumulative infiltration is determined by equation (3). Assuming that water is
Where: o o moving through the macropores as plug flow under a unit hydraulic gradient,
1 1480 T+ /755, ] cumulative infiltration into the preferential flow domain after ponding (t > t,, ;)
Inp,p = (1= wp)Ksmt [(,Z—Om - 1) Tpm + Ty + 710 (WJ%)] | is found by equation (4). !
r=_Kemt . o Ksmbpm .. _ Ksmlps Bo (Called a in Stewart, 2019) can be approximated by 2/3 (Brutsaert, 1977,
8mpwrm | P MBabugm | P 80mpurm Selker and Assouline, 2017, Stewart, 2019).
I =I"Kt, An exact analytical solution of Richards’ equation under gravity-driven
Baiamonte 2020 | Where: infiltration and constant rainfall intensity is derived. In (1), the solution is

(L):

presented under Torricelli’s law, which simulates the soil hydraulic conductivity




8T1

o — o210 (PO _ _ (00 function and describes the emptying or filling process of a nonlinear water
I"=2p"In (p—\/ﬁ) Zp(\/@ ‘/G_l) (- 0,); 0<z=T; reservoir. In (2), the solution is extended to the Brooks and Corey soil hydraulic
I* = 2p%In (::_l\/g:si) —2p(y/8, — J/8;) — (0 — 6,); 7 >T, | conductivity function.
2):
I from Eq. (29a) and (29b) for 0 < © < Ty and 7 > T, respectively.
p=4qo/K:0® = (6 = 6,)/A0; T = t/t,
. A modified Richards model (RMSD)?® was developed to simulate soil water
L= —K.(0y/0z + 1) h<0(1) | movement into deformable soils subject to the following upper boundary
[ =—0Y/0t — K, (0y/0z + 1) 0 < h < hmax (2) | conditions: (1) when rainfall intensity does not exceed the infiltration capacity of
Where: ) the soil, and (2) when rainfall intensity exceeds the infiltration capacity of the
K, = K;,S%S [1 _ (1 _ Sel/ml)ml] ; so?l. Su et al. introduced the_unsaturat_ed hydrauli_c confjuctivity of deformgible
Suetal. 2020 | k. = K.10m ©sn—09)- soils, K, (L T) and related it to physical properties using Lambe and Whitman
sh s ! P (1979) and van Genuchten (1980, 1991) models.
Eh 3 L0 , 6; 90 _ @ I BRCLAC))
Se = i) and msse = 1= 1/ngc RMSD: 5t + 2520 = 57 [Ke) 5] + 252+
Where: W, = =S, AxAyAzAt
S, (T) is the water absorption strength of plant roots.
I = (55t%5 —a,) + Kt A new two-term analytical equation, which takes the form of Philip’s two-term
Poulovassilis and Where: equation, was derived for estimating vertical cumulative infiltration occurring in
e 2020 X ; o
Argyrokastritis e .08 ( _ _CO(_s)to.s) homogeneous porous media under zero ponding, including a factor a; (L),
a; = Spt"° (1 —e S e -
characteristic of each porous body, valid for all ¢.
Abou Najm et al. (2021) proposed a simple correction term (1 — e~%wrt) that can
be applied to any infiltration model to simulate infiltration behaviors of water-
repellent soils.
The correction term starts with a value of zero at the beginning of the infiltration
Abou Najm et al. 2021 | iyg = i(1—e %) experiment (t = 0) and asymptotically approaches 1 as time increases, thus
simulating decreasing soil water repellency through time.
To demonstrate the effectiveness of this method, Abou Najm et al. (2021) used a
simple two-term infiltration model similar to two-term Philip type solution
(Check Eq. 9 in the paper).
I = SovE - Z}’ai‘:erf (J@wrE + [A(1 = B)Sy? + By |t —
[A(1-B)Sy?+Bico|(1—e~@wrt)
o smallt | DiPrimaetal. presented an adaptation of the BEST method, namely BEST-WR,
I = (AS? + Kt + C s? larae t to characterize sc_)il_s atany stage 'of W_ater-repelle_ncy. They modified the _
Di Prima et al 2021 - s Ks 9 Haverkamp explicit transient infiltration model, included in BEST for modeling
' Where: infiltration data, by embedding the scaling factor (1 — e~%wrt) introduced by
= # : Abou Najm et al. (2021) that describes the rate of attenuation of infiltration rate
2-p N 0" due to water repellency.
B=2E1-G) ]+ (5)
= In (1) and i, = AS,? + K
LG e

All parameters are algebraically positive values, unless otherwise specified.
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CHAPTER 3: The Problem of Too Many Infiltration Models: How Can We Maintain the

Physical Meaning of Soil Hydraulic Parameters?

3.1. Abstract

The crucial impact of infiltration process on many related physical and biogeochemical processes
has motivated researchers to develop numerous models for assessing infiltration over the past two
centuries, resulting in 138 identified infiltration models. The proliferation of infiltration models,
in one respect, has enhanced understanding and assessment of these processes. However, this
proliferation has potentially challenged researchers to decide which model to utilize when
analyzing experimental infiltration data, and subsequently determine the appropriate procedures
for extracting soil hydraulic properties, such as saturated hydraulic conductivity K, (LT?) and
sorptivity S (LTO%). At this level, an accurate estimation of hydraulic properties requires a
complete investigation of soil hydraulic models and data extraction techniques. Although several
studies have touched upon the various concepts of infiltration modeling and evaluated model
performance, a comprehensive and unbiased evaluation of the variability among the estimated
infiltration characteristics from different models has been lacking till now. This gap exists not only
among different models but also extends to various extraction techniques. Addressing this gap is
essential for determining the consistency and uniqueness of the estimated infiltration parameters
across different models and for exploring suitable procedures for extracting saturated hydraulic
conductivity K, (LT?) and sorptivity S (LT®). At this end, an uncertainty meta-analysis was
carried out using a global infiltration database of 5,023 cumulative infiltration curves. This analysis
focused on assessing the variability of the estimated infiltration characteristics, K; (LT?) and S
(LT%®) from eleven one-dimensional (1D) infiltration models and different extraction techniques

applied to estimate those characteristics. Our results distinctly demonstrated the notable variations
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in saturated hydraulic conductivity K (LT™?) and sorptivity S (LT%®) derived from various models
under varying extraction techniques. The observed changes in K (LT™*) and S (LT°®) indicate that
the characteristics related to the models and extraction methods have a significant impact on the
predictions of soil hydraulic parameters. Ultimately, our study has demonstrated an appropriate
practice to evaluate the performance of 1D infiltration models under different extraction methods
and assess the variability of the predictions of soil hydraulic parameters including K (LTY) and S
(LT9%). These insights are crucial for practical applications in fields such as agriculture and
hydrology, guiding the selection of both models and extraction techniques based on project-
specific requirements. Additionally, our findings suggested avenues for future research and

improvements in existing models and techniques.
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3.2. Introduction

The infiltration process describes entry of water into soil, and its subsequent movement or retention
within soil. Water retention due to capillarity, namely sorptivity S (LT%) according to Philip
(1957Db), controls water movement at the early state of infiltration; then at transient state, hydraulic
conductivity comes into play and eventually governs the infiltration process at steady state which
is mainly driven by gravity. Building upon Philip’s theory which has been widely adopted and
expanded by many researchers, saturated hydraulic conductivity K, (LT™) can be determined as
the steady-state slope of the cumulative infiltration curve. This curve is a graphical representation
that shows the cumulative amount of water that has infiltrated into soil over time during a rainfall
or irrigation event.

Because of the fundamental role of infiltration in soil hydrology and biogeochemistry, numerous
models ranging from empirical to physically based have been developed to determine hydraulic
parameters such as K (LT™) and S (LT %), and therefore estimate the infiltration capacity of soils.
Basset et al. (2023), presented a comprehensive critical review that traced the development of
conceptual and empirical models over the past two centuries through a historical and theoretical
evolution assessment. Based on their review, 138 unique infiltration models were compiled and
examined based on underlying infiltration philosophies and characteristics.

Commonly used models among the 138 infiltration models developed through the past century,
specifically Green and Ampt (1911), Kostiakov (1932), Horton (1940), Mezencev (1948), Philip
(1957b), Parlange et al. (1982), Swartzendruber (1987), and Haverkamp et al. (1990, 1994) were
examined by several review studies to evaluate and determine which of these models are most
suitable for field applications (Mishra et al., 2003; Fodor et al., 2011; Mirzaee et al., 2014; Jacka

et al., 2016; Sihag et al., 2017; Nie at al., 2017; Vand et al., 2018; Bayabil et al., 2019). Such
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studies identified best-fit models by curve-fitting infiltration equations using measured infiltration
data.

Typically, infiltration data is measured by means of different experimental tools including ring,
cylinder, and disc infiltrometers designed to measure one- or multi-dimensional flow that can
include early, transient, and steady-state flow stages depending on the approach being applied
(Schiff, 1953; Parr and Bertrand, 1960; Olson, 1960; Bouwer, 1960, 1963, 1986; Watson and
Luxmoore, 1986; Perroux and White, 1988; Elrick et al., 1995; Angulo-Jaramillo et al., 2003,
Bagarello et al., 2004; Touma et al., 2007; Xu et al., 2012; Di Prima et al., 2016; Ronngvist, 2018).
Once experimental data is collected, soil hydraulic properties such as saturated hydraulic
conductivity K, (LT™) and sorptivity S (LT%%) which are key characteristics for many conceptual
infiltration models can be determined by incorporating infiltration data into multi-dimensional
infiltration equation, eventually obtaining solutions of K, (LT™?) and S (LT®) using approximate

analytical or numerical techniques.

Accuracy of K, (LT™) and S (LT%) estimates depends upon the degree to which steady flow is
attained within the system, and upon the ability of each experimental method to account for various
theoretical and practical constraints associated with representing the physical system using
selected infiltration equations. Additionally, the evolving landscape of statistical and numerical
data analysis techniques underscores the need to evaluate accuracy of the extraction techniques.
Given these aspects, it has become imperative to determine the accuracy of K; (LTY) and S (LT
05) estimated from soil hydraulic models, as well as variability and uniqueness of these parameters
across various models and different extraction techniques. By examining differences in predictions

of K, (LT) and S (LT2®) among infiltration models using diverse data analysis methods, we can
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gain insight into the robustness of the available applied practices in estimating soil hydraulic
parameter through infiltration modeling and data analysis.

Realizing the need for a thorough and impartial evaluation of the variability in estimated
infiltration characteristics among infiltration models and extraction methods, we carried out an
uncertainty metadata analysis to achieve two-folded objectives: 1) assess the variability of
estimated infiltration characteristics, saturated hydraulic conductivity K, (LT™) and sorptivity S
(LT09) from different infiltration models, and 2) evaluate the robustness of these models across
various extraction analysis techniques applied to estimate K, (LT?) and S (LT?°). Our meta-
analysis is performed in R software using 5023 infiltration data curves extracted from SWIG, the

global infiltration database developed by Rahmati et al. (2018).
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3.3. Materials and Methods
3.3.1. Infiltration models

Basset et al. (2023) identified and compiled 138 unique infiltration models, among which 102 were
one-dimensional (1D) infiltration models. Drawing from their review, we selected eleven one-
dimensional (1D) infiltration models spanning from the 1900s to present, which represents a
comprehensive spectrum of mathematical and physical concepts in infiltration modeling theory,
while covering both widely utilized and recently developed approaches for estimating infiltration
characteristics. Following is a summary of the specific characteristics of the selected infiltration
models, along with their corresponding equations.

3.3.1.1.Green and Ampt (1911)

Green and Ampt (1911) is one of the earliest developed infiltration models recognized as a
pioneering effort in understanding and quantifying one-dimensional water infiltration into soils
during rainfall events with ponding conditions. The single equation proposed by Green and Ampt,
commonly known as GA, was developed assuming a constant wetting front that moves at constant

water content 8 (L3L"%) and, thus, constant matric potential Yy (L), as well as constant hydraulic

conductivity K, (LT?), since water always moves within a saturated soil. Despite the main
assumption of a sharp wetting front throughout the infiltration process, Green and Ampt model
had laid the foundation for many subsequent advancements in infiltration modeling.

_ o Gurtho) (0,00
KS KS

¢ In (1 + ’—D) [3.39]

(05s=0) (PYwstho)
where I;, (L) is the cumulative one-dimensional infiltration, t (T) is time, hy (L) is the ponding

head at the surface, 6, and 8; (L3L") are the saturated and initial water contents, respectively.
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3.3.1.2. Philip (1957b)

Philip (1957b) is one of the most widely known and applied infiltration models and has been
instrumental in advancing our understanding of the infiltration process. Philip (1957b) is credited
with deriving an explicit two-term equation of cumulative, one-dimensional infiltration I;, (L)
with negative or zero head surface boundary condition (h, < 0 and 8, < 6,) for early and transient
infiltration times based on his classical time series solution (Philip, 1957a). The two-term derived
equation (hereafter called 2TR-Philip) has been extensively used to determine the saturated

hydraulic conductivity K, (LT™*) and sorptivity S (LT %),
For small times,

Lp = St%5 + At [3.40TR]

where A (LT?) is the parameter describing water movement due to gravity. A = mK with 1/3 <
m < 2/3 (Youngs, 1968; Philip, 1969; Talsma, 1969, Talsma and Parlange, 1972). m = 0.363
may be appropriate for soils with a relatively low initial moisture content (Philip, 1987), while a
value of m = 2/3 is often used (Whisler and Bouwer, 1970, Fodor et al., 2011). Simultaneously,
Philip (1957b) defined saturated hydraulic conductivity K, (LT™) as the steady-state slope of the
cumulative infiltration curve and accordingly expressed this asymptote through a linear regression

equation in terms of K (LT™1) and S (LT%®) (hereafter called 2ST-Philip)

For large times,

5-2
4(Ks—A)

I, =K.t + [3.2ST]

144



3.3.1.3. Lietal. (1976)

Li et al. (1976) developed the first explicit solution for GA model to estimate cumulative one-
dimensional infiltration I;, (L) while eliminating the need for iterative computations. Their
approach involved using the first term of a power-series expansion of the natural logarithmic term

included in the original implicit equation of Green and Ampt (1911).
Ip = 5 (Wwr + ho) (B — 0) (£ + /(€)% + 8t") [3.3]

Ks

where: t* = mt

3.3.1.4. Brutsaert (1977)

Brutsaert (1977) proposed an approximate method that integrates the ordinary differential
equations of each of the functions X;(6), X,(6), X5(6) and X,(8) in Philip’s time series solution
for z(6, t) (Philip, 1957a) assuming these functions behave as near-step functions. His approach
determines cumulative one-dimensional infiltration I, (L) with negative or zero head surface

boundary condition (hy < 0 and 8, < 6,) for short but also, for large time of infiltration.

S? 1
Lip = Kst + BoKe [1 - 1+ﬁ0KSt0-Sl [3.4]

S

where S, is a fitting parameter, 0 < S, < 1; By = 2/3 is sufficiently accurate for most soils.

3.3.1.5. Parlange (1980)
Using Darcy’s law and the conservation of mass, Parlange (1980) formulated two equations to
express cumulative one-dimensional infiltration I;, (L) under ponding conditions (hy = 0).

Equation [5a] assumes that soil diffusivity D (L2T™) increases rapidly with water content 8 (L3L
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%) while conductivity, K (LT™), varies much less rapidly near saturation; Equation [5b] assumes

that D (L?T™Y) and 3_1: (TY) increase rapidly, and in similar fashion.

lp _ __ S’ 2(Ks—=Kplip

L= (Ks—Ki)  2(Ks—K;)? In (1 + 52 ) [3.5a]
Iip S2 _Z(KS";i)Iw

b= G-k T 2tk ("’ T 1) [3.5b]

Equation 3.5a can be expressed as GA equation 3.1 with S = \/2(ho+,,r)Ks(6s — 6;) (Collis-

George, 1977) and initial hydraulic conductivity K; = 0, and therefore disregarded to avoid

replicability.

3.3.1.6. Parlange et al. (1982)

As an attempt to embrace different variations of the diffusivity term D (L2T™Y) and hydraulic
conductivity K (LT?), Parlange et al. (1982) developed a three-parameter one-dimensional
infiltration model for negative or zero head surface boundary condition (hy, < 0 and 6, < 6;) by

introducing a new dimensionless parameter §.

For small times,
Ip = St +32 (2 = 8)(Ks — K)t [3.6TR]
For large times,
Ip = (K, — Kt + ﬁz(l_&ln (3) [3.65T]

where § takes values from 0 to 1, with an approximate used value of 0.85.
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3.3.1.7. Swartzendruber (1987)

Swartzendruber (1987) derived a quasi-solution of Richards' equation for one-dimensional water
infiltration into soils. His solution aligns with the classical Philip’s time series solution z(6, t) for
early and transient times (Philip, 1957a). Furthermore, Swartzendruber’s solution extends Philip’s

solution to cover asymptotically large times (Philip, 1957D).

S _ .5
IlD == Kst + A_O(l — e Aoto ) [37]

where A, is a fitting parameter depending on the initial water content 6,. A, = % (Stroosnijder,

1976). As A, — 0, Swartzentruber’s equation reduces to the steady-state form of Philip’s model

(1957b) with K, (LT™?) being the coefficient of the linear term.

3.3.1.8. Stone et al. (1994)
Stone et al. (1994) developed an explicit approximation of GA equation by using a Taylor-series

expansion. The resulting one-dimensional infiltration equation takes the following form:
Lp = Wwr + ho)AO(t* + V2t — 0.2987¢t%7°1%) [3.8]

3.3.1.9. Valiantzas (2010)

Valiantzas (2010) proposed a three-parameter approximate equation as a direct method for
determining saturated hydraulic conductivity K, (LT™) and sorptivity S (LT?°) of soils. The
equation was derived to approach Philip’s infinite time series solution at small and moderate times
(Philip 1957a), while characterizing the constant K, (LT™?) at large times. Through his one-
dimensional infiltration equation, Valiantzas aimed to provide a practical approach to estimating
K, (LT and S (LT°) without the need for extensive time-consuming measurements or complex

modeling techniques.
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1 1 K2
Iip = S5 4+~ Kt + S~ 1 [3.9]

3.3.1.10. Rahmati et al. (2019)

Recognizing the complex resolution of the quasi-exact implicit (QEI) analytical formulation of
Haverkamp’s equation (Haverkamp et al., 1994), Rahmati et al. (2019) applied Taylor series up to
third order in powers 0.5 to (QEI) to develop the following three-term one-dimensional infiltration

model for early and transient time of infiltration:
— 2
hp = St + 0K+ 2 (g2 — p+ 1)1 [3.10]

3.3.1.11. Abou Najm et al. (2021)

In an effort to depict infiltration patterns across diverse structural interactions such as soil water-
repellency, Abou Najm et al. (2021) presented a macroscopic approach by proposing a simple
correction term (1 — e ~%wr?t) that can be applied to any infiltration model estimating one- or three-
dimensional infiltration rate i (LT™) while simulating infiltration behaviors of water-repellent

soils, where a,,,- (T™1) is the soil water-repellency parameter.

To demonstrate the effectiveness of their method, Abou Najm et al. (2021) applied the correction
term (1 — e~%wrt) to a simple two-term infiltration model (Stewart and Abou Najm, 2018a) similar
to the two-term type solution by Philip (1957Db), leading to the following equation of cumulative

one-dimensional infiltration I, (L) for small times:

_ awrt
Lp = e+ eyt — [ 1 — gt [ TN 1)) imetnrt) [3.11]
1D 1 2 2./, 1+ /may t+(m—2) ayrt Ayyr '
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where ¢; (LT Y?) and ¢, (LT™?) are constants specific to the soil type and initial and boundary
conditions (e.g., ponding depth, ring geometry, initial water content). In the one-dimensional

infiltration model developed by Philip (1957b), ¢, is sorptivity S (LT *?),and c, is A (LT %).

At this stage, we compiled the eleven selected models mentioned earlier, along with their
corresponding parameters, as presented in Table 3.1. Additionally, we outlined the mathematical
relationships relating hydraulic parameters defined by each model to both, sorptivity S (LT *?)
and saturated hydraulic conductivity K (LT ). These relationships are used to substitute model’s
parameters by S (LT *?) and K, (LT, ultimately deriving infiltration equations with two
unknowns (S, K). This substitution is a key aspect of our analysis since our study revolves around
the estimation of two fundamental infiltration parameters, S (LT *2) and K, (LT 1), while assessing
the extent of variability in estimating these parameters across the eleven different models when
subjected to different extraction techniques. Exceptionally, in Abou Najm et al.’s (2021) model,
an additional new parameter, the soil water-repellency parameter a,,, (T?), is introduced and
needs to be optimized as well. Any assumed values of the models’ fitting-type parameters are

included in Table 3.1.
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Table 3.1: Compilation of the eleven selected infiltration models

Models

Parameters

Relationship between models’
parameters and S and/or K;

Fitting parameters

Green and Ampt (1911) -
GA

Li et al. (1976)

Stone et al. (1994)

KS, wwf' hOr 95 and 91'

§= \/2(h0+1/)wf)Ks(gs - 01’)
(Collis-George, 1977)

Philip (1957b)

Sand A

A =mK;

Abou Najm et al. (2021) -
WR

1, €2, and a,,,

1 = S
c; = A= mK;s
(Philip, 1957b)

1/3 <m < 2/3 (Philip,
1969a; Talsma, 1969,
Talsma and Parlange,

1972). m = 0.363 may

be appropriate for soils
with a relatively low
initial moisture content
(Philip, 1987), while a
value of m = 2/3 is often
used (Whisler and
Bouwer, 1970, Fodor et
al., 2011).

Brutsaert (1977)

K, S and B,

0<py=<1,B=2/3is
sufficiently accurate for
most soils (Brutsaert,
1977; Selker and
Assouline, 2017; Stewart,
2019).

Parlange (1980)

K, K; and S

KL':O

Parlange e al. (1982)

K, K;, S and 6

0 < § <1, and changes
slightly with the type of
soil. A value of § = 0.85
is representative for many
types of soil (Parlange et
al., 1985; Haverkamp et
al., 1990).

Ki =0

Swartzendruber (1987)

K, Sand A,

4K
AO = £
3Sy

(Stroosnijder, 1976)

Valiantzas (2010)

K;and S

Rahmati et al. (2019)

K,, S and B

0.3 < f < 1.7 for sand to
silty soils, respectively
(Lassabatere et al., 2009,
Rahmati et al., 2019). B is
interpolated within this
range depending on the
specified soil textural
class. In case where soil
texture is unspecifief, an
average value of 8 = 0.6
can be used.
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3.3.2. R software
Our metadata analysis was conducted in R - a powerful programming language and open-source
software environment that is widely used for statistical computing, data analysis, and graphical

visualization. Using R software, we aimed to:

e Clean, transform, and restructure the collected infiltration data used for analysis.

e Build and statistically evaluate the eleven infiltration models.

e Estimate the two fundamental parameters, sorptivity S (LT%), and saturated hydraulic
conductivity K, (LT™) from the eleven models using different extraction techniques.

e Create high-quality visual graphs representing the performance of models and extraction

techniques, as well as the variability of the estimated parameters, S (LT %) and K, (LT™).

3.3.3. Data collection and preprocessing

We obtained infiltration data from the Soil Water Infiltration Global Database (SWIG), which was
developed by Rahmati et al. (2018). SWIG stands out as the largest and most up-to-date infiltration
database compiling 5023 experimental plots that depict cumulative infiltration curves (cumulative
infiltration 1 (cm) vs. time T (hr)). These curves were digitized by collecting experimental data
from available literature, as well as obtaining published or unpublished data from various
researchers worldwide. SWIG also provides additional information about the location of
infiltration measurements, soil characteristics, and the land management practices involved. Due
to its vast amount of information on soil water infiltration characteristics, this comprehensive
database can be instrumental in advancing our understanding of soil-water interactions and further

supporting our analysis.
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Then we thoroughly examined the actual dataset obtained from SWIG to identify any discrepancies

or inconsistencies among the 5023 cumulative infiltration curves that can potentially disrupt the

analysis. A gquality check on any dataset prior to the analysis ensures the consistency of the dataset

and prevents potential inaccuracies in the analysis. Following is step-by-step exclusion approach

we followed to clean our infiltration dataset used in the analysis (Figure 3.1):

1)

2)

3)

4)

5)

The dataset has been inspected for missing data and any inconsistencies, including
typographical errors and NA values.

The dataset has been inspected for negative or decreasing data points within each
experimental plot of the dataset. Since it is not physically possible for cumulative
infiltration to decrease as infiltration time increases, such negative or decreasing values
could be indicative of errors in measurement, data recording, or other experimental
inconsistencies.

Infiltration plots consisting of fewer than five recorded observations were excluded. An
infiltration test with fewer than five measurements might not adequately depict the whole
infiltration behavior or capture the variability within the tested area.

Outliers have been detected and addressed to avoid inaccuracies or abnormalities in the
data which could skew the analysis. We assumed that experimental plots with a final
infiltration rate exceeding 100 cm/hr were suspicious or unusual for typical soil textures
ranging from sand to clay (Table 1 in Ku, 2013). These outliers could be attributed to errors
in unit conversion, data reporting, or experimental errors stemming from the experiment
itself.

Infiltration plots where the initial measurement didn’t start at t=0 and/or had not reached

steady state were excluded from the analysis. Steady state refers to a condition where the
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NA values. As a result, 11 plots were removed.

system's behavior does not change over time, and in the context of infiltration, it typically
implies that the infiltration rate has stabilized. Plots that haven't reached steady state might
exhibit varying and unpredictable infiltration rates, which can introduce noise and
uncertainty into our results. By focusing on infiltration experiments that start the
measurements from t=0 and have achieved steady state, we ensured that our analysis
captured the complete and consistent evolution of the infiltration process from its initial
state to its steady state. Now to determine whether steady state has been reached, we ran a
regression analysis on the last three points of each cumulative infiltration curve. Then we
calculated the error difference between predicted infiltration (cm), estimated from our
regression analysis, and actual infiltration (cm). Eventually, we identified the segment of
the curve where the estimated error difference is below 2% asymptotic, indicating a

consistent trend and implying that the system has reached a steady state.

1. Rahmati’s database (2018), which consists of 5023

N=5023 experimental plots illustrating cumulative infiltration
1. Loading the data “ vs. T) curves (Infiltration | (cm) vs. Time t (hr)) has been loaded.
2. The dataset has been inspected for missing data and
any inconsistencies, including typographical errors and N=5012

2. Handling missing and
inconsistent data

3. The dataset has been inspected for negative or

N=4436 decreasing data points within each experimental plot of the
. . dataset which can potentially disrupt the analysis. As a
3. Remowng negative data result, 576 plots were removed.
4. Infiltration plots containing fewer than five recorded observations
were excluded. An infiltration test with fewer than five
measurements might not adequately depict the whole infiltration N=4284 4 Handling the number of

behavior or capture the variability within the tested area. As a result,
152 plots were removed.

N=3988
5. Handling outliers
6. Infiltration plots that deviate from the starting time
point (t=0) and/or did not reach steady state were N=3957

detected. As a result, 31 plots were removed.

observations

5. Outliers have been detected and addressed to avoid
inaccuracies or abnormalities in the data which could skew the
analysis. We assumed that experimental plots with a final
infiltration rate exceeding 100 cm/hr were suspicious or
unusual. As a result, 296 plots were removed.

6. Handling starting points and
steady states

Figure 3.1: Step-by-step exclusion approach for data cleaning and preprocessing
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3.3.4. Data visualization

Once the exclusion criteria were applied, we visualized the screened dataset by plotting cumulative
infiltration I (cm) as function of the infiltration time T (hr). Examining the shapes of cumulative
infiltration curves provided valuable insights into soil-water dynamics. As such, different features
in the curve, such as inflection points, plateauing, or variations in slope can offer information about

phenomena like water-repellency, preferential flow paths, and interactions related to soil structure.

To further assess soil-water interactions, we visualized data indicative of soil textural classes
within the dataset using USDA soil texture triangle which categorizes soils based on the proportion
of sand, silt, and clay particles. This visual representation allowed for a clear depiction of the soil
texture distribution within the dataset. In addition, water content data, including initial and
saturated water contents, 8; and 6 (cm3m=) respectively, for each experimental plot were
incorporated into the visualization, offering a comprehensive view of the soil characteristics
associated with water dynamics. In cases where direct measurements of 8; and 6, (cm3cm) were

unavailable, a reasonable approximation was followed for further analysis:
e Saturated Water Content 8, (cm3cm)

Saturated water content 8, (cm3m™3) was assumed equal to soil porosity and accordingly estimated

using the following formula: 6, = 1 — % where p;, (gcm?) is the soil bulk density and p, (gcm™)

is the specific gravity of the soil particles.
e Initial Water Content 6; (cm3cm)

When the initial water content 8; (cm3m™) was not reported in the dataset, 8; (cm®m) was

estimated as 20% of the saturated water content 6, (cm®m=): ; = 0.26,
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It's important to note that these assumptions provide reliable estimation of initial and saturated
water contents 8; and 6, (cm®cm=) when direct measurements are unavailable. However,
whenever possible, direct measurements of initial and saturated water contents would always
provide more accurate and reliable data based on the characteristics of the soils being studied.
Relying on actual measurements of water content allows researchers to better capture the

variability and trends in the soil's behavior, which might not be fully captured by estimations.

3.3.5. Extraction techniques for K, and S estimation

Once data was obtained, cleaned, and visualized, we proceeded to extract two fundamental
parameters, sorptivity S (cmhr®°) and saturated hydraulic conductivity K, (cmhr?), from the
eleven selected infiltration models. To perform this extraction, three distinct scenarios were

considered, each describing a different extraction technique (Figure 3.2 and Table 3.2):

The first scenario (denoted as Scenario 1) outlined a conventional optimization approach where
optimal values of the two positive unknowns (S, K;) were derived by curve fitting the infiltration
dataset (i.e., actual cumulative infiltration I vs. time of infiltration t) into the equation of each
model using the least square technique. This technique aimed to minimize the sum of the squared

differences between the actual infiltration data y}' obtained from SWIG and the corresponding
infiltration values predicted by each of the infiltration models 37} where j represents a single

observation within the it" experimental plot of total m observations, and N is the total number of

experimental plots.

3 i N\ 2
min Y7L (9] — ;) [3.12]

i=1toN
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The second scenario (denoted as Scenario 2) expressed saturated hydraulic conductivity K (cmhr
1y as the steady-state slope of the cumulative infiltration curve. At the final stage of infiltration,
gravity dominates, and water infiltration achieves a steady state. During this stage, the slope of the
cumulative infiltration curve is equal to the saturated hydraulic conductivity K, (cmhr?), as
described in a one-dimensional infiltration system by Philip (1957b). Therefore, a linear regression
analysis of slope b (cmhrt) and intercept ¢ (cm) of the data collected during the steady/final phase

of the infiltration run (I, vs. t,,) Was performed to estimate K, (cmhr?).

Ioo,i = biti + Ci [313]
where:
Ks,i == bi [314]

This extraction technique reduced the number of unknowns from two (K, S) to one variable (S)

which strengthens the robustness of the inversion.

To identify the steady/final phase of the infiltration run (I, vs.t), we started first by running a
regression analysis on the last three points of each cumulative infiltration curve. This analysis
involved fitting a linear mathematical model to these points to estimate the behavior of the
infiltration process at end times. Following the regression analysis, we calculated the error
difference between the predicted infiltration (cm), estimated from our regression analysis, and the
actual infiltration (cm), for each point of the cumulative infiltration curve. To this end, we
identified the section of the curve where the estimated error difference falls below 2% as
asymptotic, thus representing the steady phase of the infiltration run (I, vs. t.); The remaining
observations where the error difference is above 2%, were designated as the transient phase of the

infiltration run (I, vs. t;-) (Di Primaet al., 2019).
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To estimate sorptivity S (cmhr®%) (K, (cmhr?) being already estimated as described above),

Scenario 2 was translated into two sub-scenarios with distinct extraction approaches:

e Scenario 2 — Transient (denoted as Scenario 2 — TR) estimated S (cmhr®®) by fitting either
the general equation of each model or exclusively its transient-state expression (if derived
for short infiltration times) to the transient infiltration data (I, vs. t;).

e Scenario 2 — Steady (denoted as Scenario 2 — SS) only considered the steady phase of the
infiltration dataset, and thus, estimated S (cmhr??) by fitting either the general equation of
each model or exclusively its steady-state expression (if derived for long infiltration times)
to the final infiltration data (I, vs.t,). Notably, models that have derived asymptotic
equations for cumulative infiltration under steady-state (Equation 3.13) have defined an
expression for the intercept term ¢ (L) in terms of K (cmhr?l) and S (cmhr?®).
Consequently, solving the equation ¢ = f (S, K,) led to the estimation of S (cmhr®?) given

that K (cmhr?) is known. Such models included Philip (1957b) and Parlange et al. (1982).

The third scenario (denoted as Scenario 3) replicated the same extraction technique used in
Scenario 1, which involved curve fitting the infiltration dataset into the equation of each model
using the least square technique. However, what differed in Scenario 3 vs Scenario 1 is that, in
addition to minimizing the sum of the squared differences between the actual infiltration data yji

and the predicted values 37]‘ Scenario 3 alternatively minimized the sum of the squared differences

between the saturated hydraulic conductivity K (cmhr?) to be estimated and the steady-state slope

b (cmhr?) of the cumulative infiltration curve.

. .2
min |57, (95— yi) + (K — b)?| [3.15]

i=1toN
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As a result, Scenario 3 served as a midway point between scenarios 1 and 2, highlighting an
extraction technique that conventionally optimized for soil hydraulic parameters using the least
square technique while anchoring the estimated value of K, (cmhr?) to the steady-state slope b
(cmhr?) of the cumulative infiltration curve. At this level, Scenario 3 illustrates a dual optimization
approach combining analytical rigor with a focus on the underlying physical processes of

infiltration.

Under the three scenarios (1, 2, and 3), saturated hydraulic conductivity K, (cmhr) and sorptivity
S (cmhr®9) require values greater than zero since it is physically impossible for these parameters
to be negative. Negative values for these parameters would have no physical interpretation in the

context of water flow and soil characteristics. As such, K; = 1le °®cmhr~! and S; >

1e 7% cmhr—03,
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Figure 3.2: Diagram summarizing the methodology followed to estimate sorptivity S (cmhr°) and

saturated hydraulic conductivity K, (cmhr?) using three extraction techniques represented by three

distinct scenarios.
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Table 3.2: Summary of the eleven selected infiltration models subjected to the three extraction techniques

represented by three distinct scenarios.

Extraction technique
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3.3.6. Model performance parameters

To assess the deviation between model's predictions and actual dataset of cumulative infiltration |

(cm), and comprehensively evaluate performance of infiltration models under each scenario, the

following statistical parameters were used:

¢ Normalized Root Mean Square Error (NRMSE)
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NRMSE is the normalized version of RMSE - one of the most used statistical parameters to

quantify the accuracy of model’s predictions. NRMSE scales the difference between predicted J;
and observed values y; at the j¢" data point within the experimental plot (i.e., RMSE) by the mean

7 of actual values 9;:

m 1o 2
NRMSE = RM;E _ Zemyy) [3.16]

y

Since we aim to compare the performance of models across different experimental plots, using the
normalized RMSE in our analysis allows for more meaningful comparisons and insights into the
relative performance of models across different experimental plots within the dataset. NRMSE
values typically range from 0% to 100%. Lower NRMSE, ideally approaching 0%, indicates better
predictive performance as they signify smaller overall discrepancies between predictions and
actual observations. Values closer to 100% signify larger discrepancies between the predicted and
actual values, indicating poorer model’s performance. A 100% NRMSE would indicate that the

model's predictions have no correspondence with the actual data.
e Coefficient of Determination (R?)

RZis a statistical parameter that quantifies the goodness of fit of a regression model to the actual
data points. In other words, R? assesses how well the independent variable () explains the
variability in the dependent variable (y) in a predicted regression model, and therefore can
determine the model performance.

_ Z;‘n=1(37j—Yj)2

R?=1 =
S (9,-5)°

[3.17]
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R? ranges from 0 to 1. Lower R? closer to 0 indicates that the model fails to explain the variability
in the dependent variable. In other words, the independent variable in the model does not provide
any information about the variability observed in the dependent variable. Higher R?, ideally
approaching 1, represents better predictive performance, indicating that the model significantly
accounts for the variability in the dependent variable. However, it is important to note that a high
R? (i.e., close to 1) does not necessarily indicate an appropriate or accurate model. It might be
possible for a model with a high R? to overfit the data or have other issues, which justifies the need
for at least one or two statistical measures of models’ performance in addition to R2. Moreover, it
is possible for R2to be negative, which typically indicates that the model is a poor fit for the data

and performs worse than a horizontal line.
e Coefficient of correlation (CC)

CC is a statistical measure that quantifies the strength and direction of the linear relationship
between two variables. It is commonly used to assess how closely two variables are correlated to
each other, and therefore can determine the success of numeric predictions. The coefficient of
correlation ranges between -1 and 1, and is calculated using the following formula:

MY 9¥-2je1 9 X Y

CC = > =
\/mz;-"ﬂ}?jz—(zjrﬁlﬁj) \/mZ}ilyjz—(Z}":lyj)

[3.18]

A positive value of CC (0 < CC < 1) indicates a positive linear relationship between the variables
x and y, while a negative value of CC (-1 < CC < 0) indicates a negative linear relationship
between the two variables. A value of CC near 0 (CC =~ 0) indicates that changes in one variable

are not systematically associated with changes in the other.
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3.4. Results and discussion
Here, we present a condensed overview of the insights learned from our metadata analysis applied
on 3957 infiltration curves derived through the data cleaning process of 5023 cumulative

infiltration curves extracted from SWIG database.

3.4.1. Cumulative Infiltration Curves

First, we visualized 3957 cumulative infiltration curves by plotting cumulative infiltration I (cm)
as function of infiltration time T (hr). Observing the shape and slope of the cumulative infiltration
curve offered insights into different components of soil-water interactions. Nine random
simulations of 50 random actual cumulative infiltration curves I(t) were plotted as illustrated in
Figure 3.3. We observed that most curves exhibited a typical concave shape, where they steeply
rose initially, reaching a constant slope over time. However, some curves showed non-classic

shapes, deviating from the classic concave trend (Figure 3.3).
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Figure 3.3: Nine random simulations of 50 random actual cumulative infiltration curves I(t)
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To further analyze the shapes observed in Figure 3.3, we ran a function in R to identify convexity
and concavity of cumulative infiltration curves by calculating the convex hull for both upward and
downward directions, considering the "inside" of the curve, and taking the ratio of path lengths. A
value < 1 indicates “convex” (concave up), while a value > 1 indicates “concave” (concave down).
A value exactly equal to 1 indicates a line or a combination of both convex and concave shapes,
hereafter called “non-uniform”. As a result, 79% of screened cumulative infiltration curves in
SWIG exhibited a typical concave shape, representing what is considered "perfect” infiltration
conditions with no water-repellency, preferential flow, or any other key components of soil-water
interactions. However, about 21% of curves appeared to have shapes different from the commonly
assumed concave classic shape; 6% were convex, and 15% showed non-uniform shapes (Figure
3.4). Our findings aligned with a study conducted by Pachepsky and Karahan (2022) who analyzed
the 5023 infiltration curves extracted from SWIG and found that one third of the curves showed
non-classic shape. The different shapes of cumulative infiltration curves indicate how different
land use, field conditions, and soil properties significantly affect water infiltration, emphasizing
the importance of assessing soil phenomena such as water-repellency, hydrophobicity, and
preferential flow paths to understand soil-water interactions (Angulo-Jaramillo et al., 2019; Abou

Najm et al., 2021; Di Prima et al., 2021; Pachepsky and Karahan, 2022; Basset et al., 2023).
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Figure 3.4: Classification of three different shapes (convex, concave, and non-uniform) observed in 3957

cumulative infiltration curves I(t)
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3.4.2. Soil Characteristics

We conducted a detailed analysis of data indicative of soil textural classes, as well as physical
attributes including initial and saturated water contents, 8; and 6, (cm3cm=). This visual

representation offered a comprehensive view of the soil characteristics associated with each

infiltration curve.

Figure 3.5 covered the full range of soil texture across our dataset, as identified by the USDA soil
texture triangle from coarse to fine particles. While 28% of the 3957 plots lacked soil texture
information, our analysis indicated a diverse and representative dataset of 2857 experimental plots

covering various soil textural classes, which is crucial for capturing the broad spectrum of soil-

water interactions.
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Figure 3.5: USDA soil texture triangle of soils under 3957 experimental infiltration plots (ND=Not

Determined)
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We plotted the data descriptive of initial and saturated water contents, 8; and 6, (cm3cm?) as
function of soil texture to determine the initial moisture condition of soils being investigated, and
further understand soil-water interactions (Figure 3.6). Clearly, the difference between 6; and 6,
(cm3cm?®) is relatively high, indicating that most of infiltration tests were performed under dry
conditions. Another clear observation is that coarser soils, such as sandy and sandy loam soils,
exhibit lower water retention capacity compared to finer soils, such as clay loam and clayey soils.
This difference is attributed to the larger pores in coarser soils, facilitating rapid drainage and
reducing water retention, whereas finer soils, with smaller pores, hold onto water more effectively
through capillary action. We also observed noticeable variability in water retention capacity within
the same textural class. This variability suggests that factors beyond soil texture alone contribute
to the ability of soils to retain water. From a meta-data systematic review, Basset et al. (2023)
revealed that studying soil texture alone, without considering soil structure, is not enough for an
effective assessment of soil-water characteristics. Soil structure, with both its inherent and induced
variations due to natural factors and management practices (tillage, cover crops, soil amendments,
and others), have significantly shaped soil-water interactions (Lipiec et al., 2006; Hao et al., 2022;
Vedere et al., 2022). Moreover, the variability in water contents within the same textural class was
significantly higher in finer soils. This trend can be attributed to the inherent heterogeneity of finer
soils in terms of particle arrangement, organic matter content, and mineralogy (Krull et al., 2003;
Kogel-Knabner et al., 2008; Kooistra and van Noordwijk, 2020). This inherent heterogeneity
contributes to a wider and more dynamic range of soil responses across finer soils to management
practices like tillage, cover crops, and soil amendments, as well as responses to climate variations

and seasonal changes (Ramesh et al., 2019).
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It is worth noting that saturated water content values 85 (cmcm) equal to or greater than 0.7 are
considered significantly high and uncommon (Figure 3.6). A value of 85 > 0.7 suggests that the
soil may have a lower percentage of mineral components or a unique composition that allows it to
retain more water than usual. Soil textures naturally have lower water-holding capacities, making

it less common for them to reach such high saturation levels.
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Figure 3.6: Water content distribution per soil textural class under 1428 experimental plots where both
water content and textural class information are available. Soils are plotted from coarsest to the finest

soil textural class (6 and 6; = saturated and initial water contents, respectively).

3.4.3. Variability in K and S estimated values across 1D models
Here we present our findings on the variability in the estimated infiltration characteristics, K

(cmhrt) and S (cmhr?®) across eleven one-dimensional (1D) infiltration models using the three

extraction techniques/scenarios.

First, we plotted boxplots that demonstrated the overall statistical variation of the saturated

hydraulic conductivity K (cmhr?) and sorptivity S (cmhr®®), estimated per each 1D infiltration
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model among three scenarios, as illustrated in Figures 3.7 and 3.8, respectively. From Figure 3.7,
notable patterns and trends can be observed among both 1D models and extraction techniques. The
second extraction technique illustrated through Scenario 2 (2TR/2ST) showed no variance in K
observations since K was estimated independently of each model as the steady-state slope b of
the cumulative infiltration curve at end times. Scenario 3 behaved like Scenario 2 with the overall
median and variance of each model being moderately constant. This similarity suggests that a dual
optimization which optimizes for soil hydraulic parameters using each model’s equation, while
minimizing the difference between K, and the steady-state slope b standardizes the estimation of
K, across different infiltration models. This resulted in a close alignment of aligning K with the

steady-state slope b of the cumulative infiltration curve.

In Scenario 1 which found optimal values of K within each individual model, a greater variability
emerged in the estimated K values, reflecting the diverse characteristics and behaviors of the
models in predicting K. However, the overall median demonstrated a slight degree of consistency,
potentially pointing to common trends or patterns across the models in Scenario 1. Notably, Abou
Najm et al. (2021) stood out as distinct from other models in Scenario 1. The unique feature of
Abou Najm et al. (2021) incorporating water repellency and hydrophobicity into infiltration
modeling (i.e., integrating a third parameter «a,,,,-, in addition to K; and S) could be a significant
factor contributing to its distinct behavior compared to the other models. Abou Najm et al. (2021)
described the convex shape in cumulative infiltration curves induced by water repellency, unlike
the other ten models that only depict the classic concave shape. Considering both effects led to a
different representation of K under Scenario 1 since different shapes of cumulative infiltration
curves existed in the dataset. We suggest that the addition of «,,,- introduced by Abou Najm et al.

(2021) is only warranted when dealing with convex shape complexity (Figure 3.9). Otherwise, we

169



are introducing a new parameter into infiltration modeling that may be a redundant addition when
comparing K, estimates between non-hydrophobic and hydrophobic soil hydraulic models. In
addition, the similarity in K predictions across all models including Abou Najm et al. (2021) under
scenarios 2 and 3 emphasized that, based on the physical definition of K, the shape of the
cumulative infiltration curve, whether concave or convex, does not affect the estimation of Kj.
This is because any cumulative infiltration curve, irrespective of its shape, reaches a steady state,
showing a linear curve of slope representing K.
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Figure 3.7: Boxplots illustrating the statistical variation of saturated hydraulic conductivity Ks (cmhr-t)
estimated across the experimental plots (N=3957) per each 1D infiltration model. Models are ordered by
the historical evolution of infiltration modeling attempts from the oldest (left) to the most recent (right).
Each model within each scenario contains the same number of observations (N= 3957 estimated values of
Ky).

Significant variability in estimated S values resulted from the second extraction technique
illustrated through Scenario 2. This variability was particularly striking given that K values were
fixed while S estimates significantly fluctuated across all models. Despite this uniformity in K,

across models, the observed fluctuations in S values suggest that factors specific to each model,
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including their mathematical expressions, play a significant role in influencing the estimated
sorptivity within the framework of Scenario 2. In scientific terms, sorptivity describes the ability
of soil to absorb water. Sorptivity, as introduced by Philip (1957b), is a measure of the initial rate
at which water infiltrates into a soil under the influence of capillary forces. The concept of
sorptivity itself is therefore rooted in the physical properties and behaviors of soils in response to
water infiltration. However, Scenario 2 introduced the idea that sorptivity may behave as a
mathematical parameter unique to each infiltration model. This expansion of the sorptivity concept
in Scenario 2 underscores the influence of model-specific characteristics on the observed

variability in S estimates.

This variability in S became much less apparent under scenarios 1 and 3 where no parameters were
fixed for the optimizer, but rather both values K and S were subjected to optimization. In these
scenarios, the overall median highlighted a level of consistency among the different models. This
suggests that the optimization process, when applied to both K, and S simultaneously, tends to
align the estimated sorptivity values across various infiltration models. The contrast in variability
between Scenario 2, where only K, was fixed, and scenarios 1 and 3, where both K, and S were
optimized, emphasized the impact of extraction techniques on the predicted outcomes of soil water
parameter estimation. This insight provided valuable information about the interplay between the
concept of sorptivity as either a scientific concept rooted in physical properties or a mathematical

parameter subject to optimization.

It is worth noting that Rahmati (2019) and Abou Najm et al. (2021) equations were specifically
developed for transient infiltration times. Therefore, including them under Scenario 2-ST, where
we estimated S by fitting models’ equations to steady-state infiltration data (I, Vvs. t.), would be

conceptually inaccurate. Given this consideration, we have opted to exclude these models from
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Scenario 2-ST to maintain the integrity of our analysis. We believe that this approach ensures a

more accurate assessment of the models' performance within the context of steady-state

infiltration.
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Figure 3.8: Boxplots illustrating the statistical variation of sorptivity S (cmhr-5) estimated across the
experimental plots of total N=3957 per each 1D infiltration model. Models are ordered by the historical
evolution of infiltration modeling attempts from the oldest (left) to the most recent (right). Each model

within each scenario contains the same number of observations (specifically 3957 estimated values of S).

172



N(1-1D) = 242 N(2 - TR1D/ST1D) = 242 N(3-1D) = 242

CONVEX SHAPE

ﬂf'f?ﬂ?'*ﬁ'-ﬁ "

log (Ks) (cm/hr)

3 I ’ 3 1D Models

) . . B 1-GA (1911)
M 2-Philip (1957b)
" s s | 2TR-Philip (1957b)
® 2ST-Philip (1957b)
- i ; iy -ﬁ B3 3-Lietal (1976)
1D Models 1D Models 1D Models E3 4-Brutsaert (1977)
M 5-Parlange (1980)
N(1-1D) = 242 N(2 - TR1D) = 242 N(2 - ST1D) = 242 N(3-1D) = 242 B 6TR-Parlange et al. (1982)
B 6ST-Parlange et al. (1982)
£5 7-Swartzendruber (1987)
s N N N B 8-Stone et al. (199)
B 9-Valiantzas (2010)
2 2 2 E3 10-Rahmati et al. (2019)

I B 11-Wr (2021)
ot d

|—_H I 8

1

ll
i \
et | I )
Lt l ‘,‘I'—
et H H . . ] .
li I .|5‘,,- .o
P l R : I
J? é I e ’ 2 |
T AL i ¢
3 I | | : 3 PR T 3
- ARA 1 ; ﬂ :
4" i A -4 Y i Al
5 5y ¥ 5
H .
i
JNNNNEN NN \ S L 4

1D Models 1D Models 1D Models 1D Models

4 4 4 4

o

log (S) (em/hr*0.5)
Iog (S) Cm/hr"O 5)

log (S) (cm/hr*0.5)
il
-~
- 444-,4
log (S) (cm/hr*0.5)
e o
- ]
[
1 .« o oee - -
| e — W+ e+ =
| . . e ee e
om0
- e}

Figure 3.9: Boxplots illustrating the statistical variation of saturated hydraulic conductivity K, (cmhr?)
and sorptivity S (cmhr0%) estimated across the experimental plots of total N=242 cumulative infiltration
curves exhibiting convex shapes per each 1D infiltration model. Models are ordered by the historical
evolution of infiltration modeling attempts from the oldest (left) to the most recent (right). Each model
within each scenario contains the same number of observations (specifically 242 estimated values of K
and S).

Although boxplots illustrated in Figures 3.7 and 3.8 effectively portrayed the degree of variability
in the estimated infiltration characteristics, Ky and S, they may not capture every aspect of the
underlying data descriptive of K, and S estimates. This limitation highlighted the potential for
generalizations or misinterpretations. For instance, underlying patterns of data specific to each
experimental plot of the dataset were not evident in these visualizations. Moreover, with so many

estimates (3957 observations of K, and S per each model), the number of labeled outliers in Figures
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3.7 and 3.8 is huge, far too many to investigate each one individually and discern whether they

represent expected extreme values within the dataset or true outliers unique to each model.

3.4.4. Variability in K¢ and S estimated values across 1D models and extraction methods

per each infiltration experiment

To delve deeper into the analysis, we further explored K and S estimates across the eleven 1D
infiltration models for each individual plot within the dataset (Figures 3.10 and 3.11). As such, our
analysis offered a multifaceted view of the K and S estimates in each scenario, providing insights
into the distributional characteristics, statistical variations, and outlier counts associated with each
of the 1D infiltration models at the plot level. In both figures (i.e., Figures 3.10 and 3.11), the
density plots on the left depicted the distribution of z-scores. Each z-score explains per infiltration
plot how much of standard deviation is each 1D infiltration model away from the mean across
eleven (1D) infiltration models and a total of N=3957 infiltration plots. The graphical plots in the
middle segment provided a detailed examination of statistical variations within each experimental
plot, with key statistical indicators including means (i) highlighted in red, model-specific outliers
highlighted in colors designated to each model, and +- standard deviation (o) indicated by black
horizontal lines. The barplots on the right summarized the total number of outliers observed in
estimates for each of the 1D infiltration models. An outlier is defined as a data point (x) that
deviates significantly from most other data points in the dataset. This deviation is determined based

on a z-score falling outside the range of -2 to +2 where z is estimated using the following formula

As seen from Figure 3.10, the dispersion of K estimates per individual plots was notably clear
across the eleven models, particularly under scenarios 1 and 3. This observation provided a more
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detailed understanding of the underlying variability of K, predictions across different infiltration
models and extraction techniques. This was not clearly demonstrated in Figure 3.8, which showed
some general trends and patterns in estimates, but did not provide a detailed view of K variability
across individual plots. Under Scenario 3, variability of K, decreased significantly compared to
Scenario 1, with estimates appearing clustered around the mean. This suggests a more uniform
behavior of the models in terms of K estimates under Scenario 3. Obviously, under Scenario 2,
all estimates of K were identical as Scenario 2 fixed K values across all models, expressed as the
steady-state slopes of cumulative infiltration curves. Another observation in Figure 3.10 was the
low K, estimates (K; = 1e~°¢ cmhr ! —minimum value set for the optimizer) within a significant
number of plots under Scenario 1 compared to scenarios 2 and 3. To further investigate this
observation, we generated histograms representing each model to depict the frequency of these
minimal (approximately zero) values of K (Figure 3.12). A spike around K; = 1e7°¢ cmhr™!
across various models under Scenario 1, suggests that the optimizer in Scenario 1 was consistently
converging to this minimum value across different models, indicating potential numerical
convergence issues. To assess the physical validity of these minimal K, estimates, we generated
the USDA soil texture triangle covering the soil textural classes within these specific plots (Figure
3.12) which showed a diverse distribution of various soil textural classes, rather than representing
only a finer texture commonly associated with very low values of K. While we ascertained the
fact that soil texture alone may not be the sole indicator of soil-water characteristics, it became
challenging to attribute physical meaning to all these minimal K, values in the context of soils and
water infiltration. Nevertheless, this finding underscored the importance of addressing the potential

of numerical artifacts before considering the adoption of Scenario 1.
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The total number of outliers observed in K, estimates for each of the 1D infiltration models shed
light on the divergent behaviors exhibited by different models (Figure 3.10). However, the
presence of outliers does not always indicate that the corresponding models deviate significantly
from the overall trend of the data. This point was emphasized under Scenario 3 where K data were
clustered around the mean; however, model 9 (Valiantzas, 2010) exhibited a significant number
of outliers. In situations where the standard deviation is very low, even a slight deviation from the
mean might be considered an outlier statistically, but this deviation may not necessarily have a
significant physical meaning. Therefore, based on our results, we suggest coupling the
investigation of outliers with the visualization of the distribution of data around the mean and the
standard deviation, as illustrated in Figures 3.10 and 3.11. ldentifying outliers alone may not
always reflect meaningful physical distinctions, and a thorough examination of the data
distribution can provide a more accurate understanding of the observed patterns and behaviors in

the context of characterizing soil hydraulic properties.
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Figure 3.10: Graphical representation of the variability, skewness, and outliers in estimates of K, (cmhr-

1) at the plot level per each 1D infiltration model.

Figure 3.11 clearly showed the significant dispersion of sorptivity S (cmhr®®) estimated from the

different models across the experimental plots under different scenarios. The observed fluctuations
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in S values suggest that specifics related to each model and each extraction technique significantly
impact predictions of sorptivity. The optimization process, when applied to both K and S as in
scenarios 1 and 3, demonstrated smaller fluctuations in sorptivity estimates across various
infiltration models compared to Scenario 2, particularly in Scenario 3 where less dispersion and
lower number of outliers were depicted. A higher variability in S estimates was observed under
Scenario 2 where K was fixed. While the concept of sorptivity itself is rooted in the physical
properties and behaviors of soils in response to water infiltration, our analysis reconfirmed the idea

that sorptivity may behave as a mathematical parameter unique to each infiltration model.
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Figure 3.12: Histograms representing the statistical variation of saturated hydraulic conductivity K
(cmhr?) per each 1D infiltration model across Scenarios 1 and 2 associated with USDA soil texture
triangle of N=740 plots out of the 3957 plots that had at least one minimal value of K (10 cmhr?) by

any of the 11 models across Scenario 1.
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3.4.5. How far are K and S estimates from each other per plot?

Figure 3.13 highlighted the influence of both, infiltration models and extraction techniques on the
predictions of K; and S, contributing to a broader understanding of the complexities involved in
soil-water parameter estimation. Table 3.3 further illustrates the percentages of experiments plots
exhibiting a normalized magnitude (max-min)/mean greater to or equal to 0.1, 1 and 10 for K, and

S across all scenarios.
To recap on the extraction techniques followed in our analysis:

e Scenario 1: The first extraction technique was a conventional optimization exercise which
optimized simultaneously for the two parameters, K and S, using each model’s equation.

e Scenario 2: The second extraction technique estimated K, independently of each model, as
the steady-state slope of the cumulative infiltration curve at end times, and further
optimized for S using each model’s equation.

e Scenario 3: The third extraction technique was a dual optimization which optimized for
soil hydraulic parameters, K and S, using each model’s equation while minimizing the

difference between K, and the steady-state slope of the cumulative infiltration curve.

Once again, our analysis revealed significant variability in estimates of soil hydraulic parameters,
K, and S, across different 1D infiltration models, which varies under varying extraction techniques.
Scenario 1 showed a greater disparity between the maximum and minimum values of K, compared
to scenarios 2 and 3. Specifically, 87% of the experimental plots under Scenario 1 showed a
magnitude (max-min) exceeding the mean value, with 1.3% of plots showing a magnitude (max-

min) exceeding 10 times the mean value (Table 3.3). This substantial difference indicated a wider

181



range of K, estimates and therefore a greater variability in the predictions among models under

Scenario 1.

Sorptivity generally showed to be highly influenced by models’ expressions. However, for S
estimates, Scenario 1 had a lower range compared to Scenario 2 although K values were all the
same under Scenario 2 (i.e., min = max of K;). This finding suggests that, despite having a wider
range for K, in Scenario 1, the simultaneous optimization process may result in a more constrained
range for S. As of Scenario 3, this extraction technique demonstrated a relatively lower range for
both K, and S where the corresponding histograms emphasized a high frequency of values within
low ranges. Specifically, for K, 84% of the experimental plots in Scenario 3 showed a very small,
normalized difference between their maximum and minimum values, equal to at least 102, In
contrast, for S, 0% of the plots exhibited this small difference. Our results suggested that Scenario
3 could be an effective extraction technique for accurate estimation of both K; and S. This
suggestion aligns with the notion that considering the interplay between optimization analytics and
the physical definition of K leads to a more robust parameter estimation. Sorptivity remained
highly variable under all scenarios but clearly better also under Scenario 3. While sorptivity was
originally introduced by Philip (1957b) as a soil-water characteristic describing the soil's capacity
to sorb water due to capillary action, our findings emphasized that model-specific expressions play

a significant role in shaping sorptivity estimates.

182



Table 3.3: Percentages of experiments plots exhibiting a normalized magnitude (max-min)/mean greater

to or equal 0.1, 1 and 10 for K and S across all scenarios.

(max-min)/mean >0.1 >1 >10
K; 100% 87% 1.3%
S 100% 44% 4%

K 0% 0% 0%

S 100% 99% 0.98%
K; 0% 0% 0%

S 100% 93% 0%

K 16% 2% 0%

S 100% 34% 1.5%
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Figure 3.13: Graphical visualization of the statistical variation of the magnitude (max-min)/mean
estimated from the saturated hydraulic conductivity K, (cmhr?) and sorptivity S (cmhr?®) values per

each experimental plot of total N=3957 among 1D infiltration models

The physical significance of K predictions, specifically how much K, is anchored to the steady-

state slope b, was illustrated in heatmaps showing the statistical variation of the absolute difference
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(Ks — b)/ b per each 1D infiltration model and classified per each textural class under scenarios 1
and 3 (Figure 3.14). Both scenarios 1 and 3 which predicted K by optimizing each model’s
equation resulted in some deviation from the true physical value of K which is equal to the steady-
state slope b of the cumulative infiltration curve. However, Scenario 3 aligned K; closely with b
across major plots and textural classes, emphasizing the capability of the corresponding extraction
technique to capture the physical dynamics of infiltration accurately and showcasing a robust
parameter estimation that reflects the behavior of soil-water system. Notably, the steady-state
expressions developed under Philip (1957b) and Parlange et al. (1982) expressed K, as equal to
steady-state slope under both scenarios. These expressions were formulated as linear equations for
estimating infiltration at steady state where the slope represents K, providing a clear link between
the mathematical representation of soil-water dynamics and the physical processes occurring in

the soil-water system.
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experimental plots of total N =2857 per each 1D infiltration model and classified per each textural class
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3.4.6. Performance of 1D infiltration models

We proceeded to evaluate the performance of infiltration models under each scenario (Figure
3.15). Our analysis demonstrated the relatively good performance of three extraction techniques
(i.e., scenarios 1, 2 and 3) in predicting infiltration I (cm) considering low NRMSE, and high R?
and CC values across major experimental plots. Comparing the three scenarios, Scenario 1 had the
lowest NRMSE, the highest mean value of R? and the highest CC to estimate infiltration across
models compared to scenarios 2 and 3. Scenario 2 was the least accurate extraction technique to
predict infiltration according to the three key evaluation parameters. Scenario 3 was reasonably

accurate, and its performance was more satisfactory than Scenario 2.
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Figure 3.15: Range plots illustrating the performance of 1D infiltration models across 3957 experimental
plots using three key model performance parameters: Normalized Root Mean Squared Error (NRMSE),

R-squared value (R?), and Coefficient of Correlation (CC).

While key evaluation parameters such as NRMSE, R-squared value (R?), and Coefficient of
Correlation (CC) provide valuable insights into the overall performance of infiltration models

under our analysis scenarios, they do not capture all aspects of infiltration models and extraction
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techniques. For instance, Scenario 1 might exhibit the lowest NRMSE, indicating good overall
model performance, but it's essential to recognize that this might not necessarily reflect the
accuracy of estimated parameters, K, and S. High variability in these parameters, as observed in
previous analyses, could indicate potential issues with the physical realism of models’ predictions,
despite favorable NRMSE values. While NRMSE provides a measure of error between actual and
predicted infiltration, it does not reveal whether K; and S adhere to physical principles of
infiltration theory. Also, evaluation parameters do not capture the full range of behaviors exhibited
by different models subject to a certain extraction technique. To avoid any misconceptions and
fully understand the effectiveness of infiltration models, it is therefore crucial to, besides
computing model performance parameters, perform quantitative assessments of soil parameter
predictions, and consideration of specific study objectives to provide a comprehensive evaluation

of infiltration models under varying extraction techniques.

It is worth noting that in Figure 3.15, NA estimates are shown across the transient-state expressions
of 1D models, which are applicable to transient data comprising N=3871 experiment plots,
compared to the total or steady-state data comprising N=3957 plots. This discrepancy is due to 86
infiltration tests in our dataset that did not undergo a transition phase and were already under
saturation conditions. However, since this number represents only a negligible 2% of the total

dataset, it will not affect the statistical comparison across all models.
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3.5. Conclusion

Our analysis studied the complex relationships between soil properties, infiltration models, and
parameter estimations, shedding light on the variability and uniqueness associated with estimated
saturated hydraulic conductivity and sorptivity in the context of eleven different 1D infiltration
models and three different extraction techniques. Scenario 1 optimized simultaneously for the two
parameters, K, and S, using each model’s equation. Scenario 2 unified K across all models, as the
steady-state slope of the cumulative infiltration curve at end times, and further optimized for S
using each model’s equation. Scenario 3 represented a dual optimization which optimized for K
and S using each models’ equation while minimizing the infiltration error and the difference
between K, and the steady-state slope of the cumulative infiltration curve. Our detailed analysis of
the different scenarios and their impact on infiltration characteristics, K, and S, provided valuable
insights into the trade-offs and considerations involved in selecting extraction techniques for soil-

water parameter estimation.

Overall, our results highlighted the divergent behaviors exhibited by different infiltration models
in predicting K, and S, both within the same and across different extraction methods, pointing out
how different models can capture and represent soil-water interactions differently. More precisely,
our analysis showed that adopting the physical significance of K, as the steady-state slope of the
cumulative infiltration curve (Scenario 3) reduced the dispersion of K, predictions across models.
Moreover, sorptivity behaved best also under Scenario 3, but continues to remain highly sensitive
to model selection and extraction method. This emphasized the model-specific nature of sorptivity
estimates and reinforced the notion that variations in infiltration models can lead to diverse

estimations of such a key parameter.
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Here, we recommend that the reporting of K and S should always be associated with details of the
model used as well as the extraction technique being applied. We also recognize the need to
standardize a reporting method to allow for generalizations to be realistic, particularly in the
context of systematic reviews. Our results demonstrate that given the wide range of variability in
estimates of K and S for the same experimental plot (just as a result of model or extraction method
selection), it is really hard to extract any meaningful conclusions from a systematic review of the
literature involving the values of K, and S. Perhaps global and local values should be reported,
where global values are based on their original definitions where Kj is the steady-state slope of the
cumulative infiltration curve at end times, and S is Philip’s introduced parameter estimated using
Philip’s equation (Equation 2a). Local values are values used in each specific study and can follow
any model selection by researchers. For that, we offered Scenario 3 as a good common ground
allowing for model-specific formulation to be anchored with the physically accepted definition of

K.

By incorporating evaluation metrics of model behavior across the dataset used in the extraction,
and adherence of estimated parameters to physical meanings, researchers can gain a more
comprehensive understanding whether the applied extraction technique is suitable or not. This
holistic approach ensures that the strengths and limitations of different extraction techniques are
properly assessed, leading to more informed decision-making in the field of infiltration modeling.
Furthermore, as the future of data analysis is closely tied to artificial intelligence (Al), researchers
face significant challenges in determining the most appropriate approach to adopt as Al continues
to progress. Unifying the physical meanings of K and S based on their real origins is a paramount
practice to standardizing soil-water parameter estimation. Accordingly, researchers can ensure

consistency, clarity, and transparency in infiltration modeling research.
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CHAPTER 4: Uncharted Territory: Evaluating 3D Infiltration Modeling for Enhanced
Predictions of Soil Hydraulic Parameters

4.1. Abstract

Expanding upon our previous metadata analysis, which focused on the variability of infiltration
predictions in one-dimensional (1D) models, we have now extended our investigation to three-
dimensional (3D) infiltration modeling. This area, though critically important for more precise
hydrological modeling and for scenarios where infiltration is not strictly vertical such as in
heterogeneous soils, has been rarely evaluated. Our objective here is to provide comprehensive
insights into the capabilities and limitations of different 3D infiltration models, thereby shedding
light on the uniqueness and accuracy of saturated hydraulic conductivity K, (LT™) and sorptivity
S (LT predictions. Leveraging the same extensive dataset from the Soil Water Infiltration
Global (SWIG) database comprised of 5,023 cumulative infiltration curves, we applied four
different 3D infiltration equations and estimated the corresponding K, (LT) and S (LT®) using
three different applied extraction techniques. Our results distinctly demonstrated notable
similarities in K; and S derived from models sharing similar algorithms and underlying
assumptions, while also showing significant variabilities in these parameters within the same
models under different infiltration conditions (transient- vs. steady-state) or across different
models with varying theoretical foundations and extraction methods. These findings underscored
the significant impact that model characteristics and extraction methods have on the estimation of
K, and S in 3D infiltration modeling. By identifying the conditions under which different models
and methods perform best, we provide valuable guidance for practitioners aiming to achieve
accurate and reliable infiltration predictions for specific applications, such as irrigation planning,

hydrological studies, or soil conservation efforts.
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4.2. Introduction

Given the fundamental role of infiltration in soil hydrology and biogeochemistry, numerous
models have been developed to characterize infiltration and estimate key hydraulic parameters
such as K (LT and S (LT9). At the early time of infiltration, sorptivity S (LT%°) which was
described by Philip (1957b) was water retention due to capillarity influences water movement. As
infiltration progresses, hydraulic conductivity K, (LT™) becomes significant, governing water

movement at steady-state conditions, primarily driven by gravity.

Traditionally, infiltration models have predominantly focused on one-dimensional (1D) water
movement, particularly in vertical infiltration scenarios, rather than fully accounting for three-
dimensional (3D) infiltration processes. In a theoretical and historical review on infiltration theory,
Basset et al. (2023) collected and identified 102 one-dimensional (1D) infiltration models, while
only 28 three-dimensional (3D) models have been identified, indicating a significant gap in 3D

representation compared to the more established 1D approaches.

This gap has resulted in numerous studies examining and comparing the performance of different
1D infiltration models (Mishra et al., 2003; Shukla et al., 2003; Fodor et al., 2011; Mirzaee et al.,
2014; Jacka et al., 2016; Sihag et al., 2017; Nie at al., 2017; Vand et al., 2018; Bayabil et al., 2019)
while comparatively less attention has been given to three-dimensional (3D) models (Lassabetere
et al., 2009). The significant disparity in efforts dedicated to the development and evaluation of
1D infiltration models compared to 3D modeling is primarily attributed to greater complexity,
computational demands, and data requirements associated with 3D modeling efforts. The need to
account for spatial variability in soil properties, moisture content, and infiltration dynamics across

multi dimensions has presented a real challenge to researchers to model 3D infiltration.
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Additionally, there may be fewer benchmark datasets available for testing and validating 3D
models compared to 1D models, making it more challenging to assess their performance.

Smettem et al. (1994) were the first to recognize the importance of capturing spatial variability of
infiltration characteristics for a comprehensive understanding of water movement through the soil
profile. Based on their research, Haverkamp et al. (1994) pioneered the development of a simple
mathematical model describing water infiltration in three dimensions within the soil profile. Their
work has been instrumental in driving the development of different three-dimensional infiltration
models across the years (Wu and Pan, 1997; Wu et al., 1999; Lassabetere et al., 2006, 2014,

Stewart and Abou Najm, 2018; Di Prima et al., 2021).

Building on these efforts, we aimed to gauge the capabilities and limitations of 3D infiltration
models in predicting soil hydraulic parameters such as K, (LT?) and S (LT) across different
extraction techniques. Different 3D infiltration models may produce varying predictions of soil
hydraulic parameters due to differences in assumptions, parameterizations, and numerical
techniques. Understanding the variability of estimated parameters among these models is essential
for assessing their robustness and uncertainty, which has not been explored until now. Building
upon our previous work on 1D modeling, we attempt to establish connections and identify
similarities or differences between 1D and 3D modeling approaches. This comparative analysis
can reveal whether insights and conclusions drawn from 1D models hold true in the context of 3D

modeling, or if there are unique factors and considerations specific to 3D infiltration modeling.

To this end, we carried out a metadata analysis to evaluate different 3D infiltration models and
assess the variability in estimated infiltration characteristics among these models and applied
extraction methods. The key infiltration parameters that were assessed are saturated hydraulic

conductivity K, (LT?) and sorptivity S (LT°) due to their governing role in characterizing
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infiltration processes. Our meta-analysis was performed in R software using 5023 infiltration data

curves extracted from SWIG, the global infiltration database developed by Rahmati et al. (2018).
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4.3. Methods

4.3.1. Infiltration models

Basset et al. (2023) conducted an in-depth review where they identified a total of 138 unique
infiltration models, including 28 that were three-dimensional (3D) models. Based on their findings,
we selected four three-dimensional (3D) infiltration models that span from historical to present
times. These models represent comprehensive mathematical and physical concepts in infiltration
modeling theory, encompassing both commonly used and recently developed methods for
predicting infiltration properties. Moreover, these models were specifically selected because they
incorporate soil water parameters relevant to our investigation, saturated hydraulic conductivity
K, (LT and sorptivity S (LT ¥2). The following is a summary of distinctive features of the
selected infiltration models, along with their corresponding equations.

4.3.1.1.Haverkamp et al. (1994)

Haverkamp et al. (1994) are well-known for developing the most practical analytical equation for
three-dimensional infiltration from a disc or ring infiltrometer of radius r (L) for all infiltration

times based on easily measurable soil and hydraulic properties.

S%t
Is3p = Iip + };Te
[41]
For small times,
2-B 52
I;p = St%° + [T (K, — K) + K; + T(gs_ei)] t [1TR]
For large times,
— yS? 1 1 s2
lsp = (KS + r(GS—Hi)) t+oap (B) (Ks—K7) [1ST]
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where B and y are fitting parameters; y = 0.75 and 0.3 < 8 < 1.7 for sand to silty soils,

respectively (Lassabatere et al., 2009, Rahmati et al., 2019).

4.3.1.2.Lassabatere et al. (2006)

Lassabatere et al. (2006) developed a simple and practical infiltration equation, commonly known
as BEST equation, which gained popularity due to its influential contribution to estimating three-
dimensional water infiltration for transient and steady state based on Haverkamp et al. (1994)
model.

For small times,

I;p = St% + [A(1 — B)S? + Bisp ot [2TR]
For large times,

I,y = (AS? + Kt + cf{—j [2ST]
where:

__r
T(es - ei)

=352 )

@

n

i3p.c0 = AS? + K
4.3.1.3.Stewart and Abou Najm (2018)
Stewart and Abou Najm (2018) proposed an approach for estimating three-dimensional (3D)

infiltration by building upon the two-term Philip type solutions established by Philip (1957). Their
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approach takes into consideration various factors such as different sizes of infiltration rings of radii
r (L), depths of insertion d (L), saturated 8 (L3L") and initial 8; (L3L"®) water contents, matric
flux potential, (L2 T), water supply pressure head h, (L), as well as transient and steady-state
infiltration behaviors, ensuring a comprehensive analysis of infiltration processes across different

conditions.

For small times,

S%ab

— 0.5
I = St + aKst + or-00(ar]) [3TR]
For large times,
I =fK;t+ f(1 —a)Kt, [3ST]

where:

_ (65-6)(hotA)
€ 7 4bKsf2(1-a)?

ho + A
f= +1

T d4+r1r/2

A (L) is the capillary length equal to the inverse of a parameter a (L) introduced by Gardner

(1958) as a general description of soil textural and structural characteristics, thus 1 = i

For real soils, 0.4 < a < 0.5 (Philip, 1990)and 0.5 < b < m/4 (White and Sully, 1987).a =
0.45and b = 0.55 are often assumed (Haverkamp et al., 1994, White and Sully, 1987, Reynolds

and Elrick, 1990).
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4.3.1.4.Di Prima et al. (2021)
Di Prima et al. (2021) expanded upon the existing BEST method by incorporating the scaling
factor (1 — e~%wrt) initially proposed by Abou Najm et al. (2021) as an attempt to mimic

infiltration behaviors of water-repellent soils.
For small times,

svm

. [A(1-B)S2+Bizp o0 |(1—e~awrt)
2 /a:/r erf( awrt + [A(l —_ B)SZ + BL3D.OO]t —_ 3D

I3;p = 5\/?—

[4]

Awr

We compiled the four selected models mentioned earlier, along with their corresponding
parameters, as presented in Table 4.1. Exceptionally, in Di Prima et al.’s (2021) model, an
additional new parameter, the soil water-repellency parameter . (T™), is introduced and needs

to be optimized as well. Any assumed values of the models’ fitting-type parameters are included

in Table 4.1.
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Table 4.1: Compilation of the four selected (3D) infiltration models

Models Parameters Fitting parameters

0.3 < p < 1.7 for sand to silty
soils, respectively. An average
value of § = 0.6 was used when
soil textural data was not
determined. (Lassabatere et al.,
2009, Rahmati et al., 2019).

Haverkamp et al. (1994) K, K;, S, r, B, v, 05 and 6;

Lassabatere et al. (2006) - BEST K, S, 7, B, v, n, 65 and 6;

An average value of y =0.75
was used (Smettem et al., 1994;
Haverkamp et al., 1994).

n was estimated based on soil
textural class using Table 4
Di Prima et al. (2021) - BESTWR | K, S, ayyr, 7, B, ¥, 1, 65 and 6; (Minasny and McBratney, 2007).
An average value of n derived
from Table 4 was used when soil
textural data was not determined.

Ki=O

d = 5cm = ring insertion depth
(Stewart and Abou Najm, 2018)

A=1/a where a (cm?) is
suggested by Elrick et al. (1988)
as function of soil textural class
Stewart and Abou Najm (2018) K, S,r,d, A, a, b, 65 and 0; (See Table 2 in Wu et al., 1999)

0.4 < a < 0.5 (Philip, 1990)
and 0.5 < b < m/4 (White and
Sully, 1987). a = 0.45and b =
0.55 were used (Haverkamp et
al., 1994, White and Sully, 1987,
Reynolds and Elrick, 1990)

r, 85 and 8; were extracted from our infiltration database by Rahmati et al. (2018).

4.3.2. Data collection and preprocessing

The methodology followed in Chapter 3 for collecting and preprocessing infiltration data was
followed in this analysis. To elaborate, we first obtained infiltration data from the Soil Water
Infiltration Global Database (SWIG) by Rahmati et al. (2018), which compiles 5023 experimental

plots depicting cumulative infiltration curves (i.e., cumulative infiltration I (cm) vs. time T (hr)).

203



Then, we thoroughly examined this dataset to identify any discrepancies or inconsistencies that
can potentially disrupt the analysis. Any such discrepancies were excluded from the analysis based
on a step-by-step exclusion criterion outlined in Chapter 3, as illustrated in Figure 4.1. The last
exclusion criteria (i.e., #7 in Figure 4.1) was specifically considered in this analysis since 3D
infiltration modeling requires information about water contents and size of infiltration rings;
therefore, any infiltration tests that did not measure the initial and saturated water contents, 6; and

0, (cm3cm®) respectively, as well as the ring radius r (cm) were removed.

1. Rahmati’s database (2018), which consists of 5023
N=5023 experimental plots illustrating cumulative infiltration

1. Loading the data (I vs. T) curves (Infiltration | (cm) vs. Time t (hr)) has been loaded.

2. The database has been inspected for missing data,

and for any inconsistencies in the data, including N=5012 . -
typographical errors or variations in naming 2 Hanfil Ing missing a nd
conventions. As a result, 11 plots were removed. inconsistent data

—

3. The database has been inspected for negative or

N=4436 decreasing data points per each of the 5023 experimental
. X plots of cumulative infiltration curves which can potentially
3. Removing negative data disrupt the analysis. As a result, 576 plots were removed.
4. Infiltration plots containing fewer than five recorded observations
were excluded. An infiltration test with fewer than five .
measurements might not adequately depict the whole infiltration N=4284 4 Handling observations
behavior or captur_e the variability within the tested area. In addition, per each infiltration pIot
plots where the initial measurement doesn’t start at t=0 were f
excluded. As a result, 152 plots were removed. 5. Outliers have been detected and addressed to avoid
N=3988 inaccuracies or abnormalities in the data which could skew the
analysis. We assumed that experimental plots with a final
5. Handling outliers infiltration rate exceeding 100 cm/hr were suspicious or

unusual. These outliers could be attributed to errors in unit
conversion, data reporting, or experimental errors stemming
from the experiment itself. As a result, 296 plots were removed.
6. Removing infiltration plots that
did not reach steady-state

N=3957

6. Infiltration plots that did not reach steady state were
detected. As a result, 31 plots were removed.

7. Infiltration tests that did not measure the saturated and initial
7. Handling parameters that has N=1724 water contents, 6, and 6; respectively, as well as the ring radius r
not been measured (0 6: and r) (L) were excluded . As a result, 2233 plots were removed.
s i

Figure 4.1: Step-by-step exclusion approach for 3D infiltration data cleaning and preprocessing
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4.3.3. Extraction techniques for K¢ and S estimation
To extract the two fundamental parameters, sorptivity S (cmhr®®) and saturated hydraulic
conductivity K, (cmhr?), from the four selected infiltration models, we considered three distinct

scenarios, each representing a different extraction technique (Figure 4.2 and Table 4.2):

The first scenario (denoted as Scenario 1) outlined a conventional optimization approach where
optimal values for the two positive unknowns (S, K;) were derived by curve fitting the infiltration
dataset (i.e., actual cumulative infiltration I vs. time of infiltration t) into the equation of each
model using the least square technique. This technique aimed to minimize the sum of squared

differences between the actual infiltration data y} obtained from SWIG and corresponding
infiltration values predicted by each of infiltration model 37; where j represents a single

observation within the it" experimental plot of total m observations, and N is the total number of

experimental plots.

min ¥ (91— yi)° [5]

i=1toN

The second scenario (denoted as Scenario 2) outlined a linear regression analysis of slope b (cmhr
1y and intercept ¢ (cm) of the data collected during the steady/final phase of the infiltration run

(I, Vs. ts) to describe K, (cmhr ).
loo; = bit; + ¢ [6]
Unlike 1D modeling which directly expresses K (cmhr?) as the steady-state slope b (cmhr?), 3D

models relate K; (cmhr?) to b (cmhr?) based on more complex interactions and geometric

considerations.

Following Haverkamp et al. (1994), Lassabatere et al. (2006), and Di Prima et al. (2021),
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vSi®
Ksi=bi = 7i(05,i=0) [7]

Following Stewart and Abou Najm (2018),

Ksi = bi/fi [8]

hO,i"'Ai

Where fl = m

This extraction technique reduced the number of unknowns from two (K, S) to one variable (S)

which strengthens the robustness of the inversion.

To identify the steady/final phase of the infiltration run (I, vs.ty), we started by running a
regression analysis on the last three points of each cumulative infiltration curve. This analysis
involved fitting a linear mathematical model to these points to estimate the behavior of the
infiltration process at end times. Following the regression analysis, we calculated the error
difference between predicted infiltration (cm), estimated from our regression analysis, and actual
infiltration (cm), for each point of the cumulative infiltration curve. To this end, we identified the
section of the curve where the estimated error difference falls below 2% as asymptotic, thus
representing the steady phase of the infiltration run (I, vs. ts); The remaining observations where
the error difference is above 2%, were designated as the transient phase of the infiltration run

(It vs. ty) (Di Prima et al., 2019).

To estimate sorptivity S (cmhr®®), Scenario 2 was translated into two sub-scenarios with distinct

extraction approaches:
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e Scenario 2 — Transient (denoted as Scenario 2 — TR) estimated S (cmhr®®) by fitting the
transient-state expression derived for short infiltration times to the transient infiltration data
(Ier vs. ter).

e Scenario 2 — Steady (denoted as Scenario 2 — SS) only considered the steady phase of the
infiltration dataset and thus estimated S (cmhr®) by fitting the steady-state expression
derived for long infiltration times to the final infiltration data (I, vs. t.,). Notably, models
including Haverkamp et al. (1994), Lassabatere et al. (2006), and Di Prima et al. (2021)
have derived asymptotic equations for cumulative infiltration under steady-state describing
the intercept term ¢ (L) in terms of K (cmhr?) and S (cmhr®%). Consequently, solving the
equation ¢ = f (S, K,) led to estimation of S (cmhr??). It is worth noting that Di Prima et
al. (2021) equation was specifically developed for transient infiltration times. Therefore,
we have opted to exclude this model from Scenario 2-ST to maintain the integrity of our

analysis.

The third scenario (denoted as Scenario 3) replicated the same extraction technique used in
Scenario 1, which involved curve fitting the infiltration dataset into the equation of each model
using the least square technique. However, what differed Scenario 3 from Scenario 1 is that, in
addition to minimizing the sum of the squared differences between the actual infiltration data y]-i
and the predicted values 37]‘ Scenario 3 alternatively minimized the sum of the squared differences
between the estimated and the actual steady-state slopes of the cumulative infiltration curve, b and

b (cmhr?) respectively.

min [Zﬁli (y; - y})z + (b; — bi)z] [9]

i=1toN
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Consequently, Scenario 3 acted as an intermediate approach between scenarios 1 and 2. It
showcased an extraction technique that conventionally optimized for soil hydraulic parameters
using the least square technique, while also anchoring the steady-slope b (cmhr™) (calculated as
function of the estimated S (cmhr?®) and K, (cmhr?)) to the actual steady-state slope b (cmhr?)

of the cumulative infiltration curve.

Under the three scenarios (1, 2, and 3), saturated hydraulic conductivity K, (cmhrt) and sorptivity
S (cmhr®9) require values greater than zero since it is physically impossible for these parameters
to be negative. Negative values for these parameters would have no physical interpretation in the

context of water flow and soil characteristics. As such, K; = 1le °®cmhr~! and S; >

1e % cmhr =95,

Analysis
Scenarios
Optimizing for m Optimizing for
Sand K

o
2 u
i iyl Sand K
i.;qigNZ()’; ¥) s e regression
j=1

analysis collected

TP
min |~ (9} -¥5) + (- b)°
i=1

i=1toN

11

9} = FKes S o ) x 5= s Sulf o)
i— Jiop ¢l Curvefitting the . Curvefitting the infiltration L .
yi=ljorg i set run (I, vs.t.) da'l se yy=Lort;
Ksi =0 " f » ?‘r“j_a i n . K.;=0
bt e Vs 1 t, s,
5 =0 ced 7 Pl 70 into the general equation of $i=0
infiltration ¢,) into the each model using the least
general equation of square technique
each model using the ¥
least square Ksi = f(b;) Minimizing the difference
technique between K, and b
Estimate §
Scenario 2 - TR Scenario 2 - ST
m + m
) i 2 Fitting either the Fitting either the . A i
ip}}gNZ(y,- -y general equation of general equation of Jmin > (7] =y})
. = each model or its each model or its - =1
N . transient-state steady-state expression i i i
Fj=rGulijort))) expression derived for derived for long Ji=fSulg ort,))
: - shortinfiltration times infiltration times (if . .
yi=1ortl (if any), to the any), to the final yi=Dsorty;
J g e transient infiltration infiltration data .
$i=0 data (f V8. 01 ). (en V5. Leo) §5z0

Figure 4.2: Diagram summarizing the methodology followed to estimate sorptivity S (cmhr%) and
saturated hydraulic conductivity K (cmhrt) across 3D infiltration models using three extraction

techniques represented by three distinct scenario
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Table 4.2: Summary of the four selected (3D) infiltration models subjected to the three extraction techniques represented by three distinct

scenarios
Extraction technique
i S 1 Si_ i :
il © m i Zﬁ(yi_yi) Ty = bit; +¢;
Infiltration I(t . . . oi 2 j=1 m
. min f—y! S
Models Behavior curve Analytical Equation i=mNZ(y, ¥ min ) (5 yl‘)z
j=1 — i=1toN J J
+(b; — b)? j=1
Scenario 1 Scenario 3 Scenario 2-TR Scenario 2-ST
~ 2- Si?
Ji=5t:"°+ [TBKS,L' + :Ag,] t K =b — ySi*
Early, o si = PLT TN,
Haverkamp : small t (TR) iR
etal Transient Vs . N 52 S;
, and Steady 9i= (Kt L)+ aph (E)f
(1994) e 2¢,K;(1—B)
- State |arge t (ST) = W
03<p<17andy =075 (TR) . "
ti = ter Lot
=1 Vi =l
yi = Sitio's + [AiSiZ + BiKs,i]ti Yi STIW'l ,ySZ
13
small t (TR) St Ksi=bi— o
5.2 b =ty L
9= (ASE + Kot + Cig— Vi = lsei 0<s < |PiTido: g2
Lassabatere Early, ot Ksi=0 == oy
.y large t (ST) s‘l 4 Ksi=b; 71D,
etal. Transient 4= . 5 =0 i2Yi
(2006) - and Steady T CiKsi
BEST - State Concave | B; = ﬂ[l 3 <&>nl] N (&>nl ) Si = —Cl-
3 es,i es,i ’
1 1
C=———Inl=);
e
03<p<l7andy=0.75
Pi = St +aky it + — LY ¢
Yi = St s,iti (95,1*91',[)(‘1*%) i
(TR)
small t (TR) ti =ty
Early, Vi = lgry ti =t Ui = to
Stewart a_nd Transient yi = fiKs,iti + fl(l - a)Ks,itc,i (ST) Vi =l Vi =l
Abou Najm | t(ST : ,
(01g) | 2ndSteady arge t(ST) i = toy Kot = bi/f; Kyi = bi/f;
05,i—0i,i) (ho,i+4Ai —
- State tei = W Vi = Lsea 520 $=0
Rt A Ksi=0
= 5iz0
A=~ d="5cm,a = 045b = 055
; ti =ty ti = teog
P = 5;t,0% —7252/5 -erf (/Qwr,iti + b Itr'l ! = "t
2 o (Ai5i2+BiKs i)(l—efawr'it“) L= ttr,i i 2 Y=l 2
Di Prima et Non (48" + BiKs, )t = P Vi = Iy K., = b~ 15 K., = b~
al. (2021) - Transient uniform | Ai = —%—; Kg; =0 ' r;A6; ' 1;A0;
BESTWR z”“" IR 520 - b1 A6, b A,
5= - () ]+ () i 20 ossis [T 0ssis [T
3 S, s,i T
03<p<1l7andy=075 i > 0 i = 0
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4.3.4. Model performance parameters
To evaluate how accurately infiltration models predict cumulative infiltration I (cm) compared to

actual data across various scenarios, we estimated several statistical parameters:
¢ Normalized Root Mean Square Error (NRMSE)

NRMSE is the normalized version of RMSE, which scales the difference between predicted y; and
observed values y; at the j* data point within the experimental plot (i.e., RMSE) by the mean y of
actual values y;:

2
RMSE _ XJtam(9j-))
y y

NRMSE =

[10]

Lower NRMSE values, ideally approaching 0%, signify better predictive performance, indicating
smaller discrepancies between predictions and observations. Higher values, closer to 100%,
suggest larger discrepancies and poorer model performance. A 100% NRMSE would mean no

correspondence between predictions and actual infiltration data.
e Coefficient of Determination (R?)

R? quantifies how well a regression model fits the actual data points by measuring how much the
independent variable (y) explains the variability in the dependent variable (y) in a predicted
regression model.

~ 2
_2a0-y))

R?=1
Z}'n=1(37j_37)2

[11]

R? ranges from 0 to 1, with higher values indicating better predictive performance. However, a

high R? doesn't necessarily mean a perfect model; it could still overfit or have other issues, which
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justifies the need for at least one or two statistical measures of models’ performance in addition to

R?. Negative R? values typically indicate a poor fit for the data.
e Coefficient of correlation (CC)

CC measures the strength and direction of the linear relationship between two variables and is
calculated as follows:

Myl Viyi-Xit, Vi Xim V)

cC = : :
JmZ}-’ilﬁjZ—(Z}";lﬁ,-) \/mmlyﬁ—(z;-';lyj)

[12]

CC ranges from -1 to 1, with positive values(0 < CC < 1) indicating a positive linear
relationship, negative values (—1 < CC < 0) indicating a negative linear relationship, and values

near 0 suggesting no systematic association between the variables.
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4.4. Results and discussion

4.3.1. Variability in K and S estimates across 3D models

Here, we present insights learned from our metadata analysis applied on the 1724 out of 5023
infiltration curves to investigate the variability in infiltration characteristics, K (cmhr?) and S
(cmhr%9) across four one-dimensional (3D) infiltration models using the three extraction

techniques/scenarios.

The first exploration of the overall statistical variation of saturated hydraulic conductivity K
(cmhr?) and sorptivity S (cmhr®°) estimates was illustrated in Figures 4.3 and 4.4, respectively.
A notable observation was the significant similarity in K; and S estimates across the models
proposed by Haverkamp et al. (1994) and Lassabatere et al. (2006) (also known as BEST). This
similarity was consistent under both transient- and steady-state expressions (between 1 TR and 2TR
from one end, and 1ST and 2ST from another end), and across different extraction techniques.
This finding aligns with our expectations since BEST model is derived from Haverkamp et al.
(1994) model, sharing similar algorithms and underlying assumptions, thereby leading to similar
infiltration characteristic estimates.

Despite the overall similarity between Haverkamp et al. (1994) and BEST models, a significant
variability emerged in the estimated K, values when comparing transient- and steady-state
expressions across each individual model (Figure 4.3). This variability suggests that the equations
derived for specific behaviors of infiltration (either transient or steady state) within the same model
can lead to different predictions of K. This is likely due to the distinct nature of transient and
steady-state infiltration processes, each influenced by different soil and boundary conditions.

Additionally, in 3D infiltration models, the estimation of K is complicated by the radial flow
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component and the three-dimensional geometry of the wetting front, which differentiates between
how water moves during transient and steady state within the soil profile. Unlike K, the estimates
for sorptivity S under models proposed by Haverkmap et al. (1994) and BEST showed less
sensitivity to whether they were derived using transient or steady-state equation (Figure 4.4). As
well, the overall median of S estimates across different models demonstrated a slight degree of
consistency, potentially pointing to common trends or patterns across the models in different
scenarios. The relative stability of S estimates across different phases of infiltration or conditions
implies that sorptivity, which reflects the initial infiltration rate, is less affected by variations in
transient and steady-state 3D infiltration behaviors compared to K. In other words, as sorptivity
is primarily driven by the soil's capacity to absorb water initially, S can tend to be a more consistent

property across different phases of 3D infiltration compared to K.

The three extraction techniques employed, referred to as Scenario 1, Scenario 2-TR/ST, and
Scenario 3, demonstrate relatively small varying degrees of impact on the estimated values of K
when Haverkamp et al. (1994) and BEST were applied (Figure 4.3). Starting first with the
transient-state equations (i.e., 1TR and 2TR), Scenario 1 exhibited a similar overall spread of K
estimates compared to Scenarios 2-TR and 3 but with a slightly lower median, suggesting that
these equations might slightly underestimate K under scenario 1. Under this scenario, Haverkamp
etal. (1994) and BEST (i.e., 1TR and 2TR) optimized K directly from transient-state data focusing
primarily on the early/transient infiltration phase, without any anchor to steady-state conditions
(as used in Scenario 2-TR and 3), possibly leading to a more conservative estimate of K. Moving
to the steady-state expressions (i.e., 1ST and 2ST), predictions of K across all scenarios align

closely. This is expected as Haverkamp et al. (1994) and BEST developed steady-state expressions
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as linear equations that inherently converge to the steady-state slope b incorporating K, S, and

geometric considerations as defined in Equation [7] under Scenario 2.

Stewart and Abou Najm (2018) showed trends that are relatively like those observed in the models
by Haverkamp et al. (1994) and BEST, under different extraction techniques. Under scenario 1,
the three models (1TR, 2TR, and 3TR) exhibited a moderately similar spread in K, estimates, with
Stewart and Abou Najm (2018) showing a slightly higher median. Now under scenarios 2 and 3,
Stewart and Abou Najm (2018) behave similarly to the steady-state expressions developed by
Haverkamp et al. (1994) and BEST, which highlights a very interesting finding for K, predictions.
The close alignment in predictions suggests a high level of consistency in how K is defined as
function of the steady-state slope b, soil’s sorptive capacity (either sorptivity S or capillary length
A), and geometric considerations across these three models. While we ascertain that each 3D model
developed distinct relationships of K, to the steady-state slope b and geometric configurations, the

fundamental principles governing these relationships are aligned.

As for the model proposed by Di Prima et al. (2021) (also known as BESTWR), this model stood
out as distinct from the other models by incorporating water repellency and hydrophobicity into
infiltration modeling (i.e., integrating a third parameter a,,,, in addition to K; and S). This
additional parameter a,,,- models the impact of water repellency, distinguishing it from the classic
concave shape depicted by other models and instead describing a convex shape in cumulative
infiltration curves. From our analysis (Figures 4.3 and 4.4), Di Prima et al. (2021) fails in
estimating reliable values of K; and S when optimized simultaneously using the least square
technique (i.e., scenarios 1 and 3). However, they provided accurate and reliable predictions of K
and S under Scenario 2-TR where K is estimated as function of steady-state slope b, sorptivity S,

and geometric factors (Figure 4.3), reducing the system from three unknows (K, S, and «,,,-) to a
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simpler system with two unknows (S and «,,,-). This distinctive performance of Di Prima et al.
(2021) under varying extraction techniques highlight the influence of infiltration dynamics on the
complex interactions between K, S, and «a,,,. During the early stages of infiltration, water
repellency causes a delay in the wetting front advancement, leading to a convex shape in the
cumulative infiltration curve. This complexity makes it challenging to optimize K; and S
accurately using only transient-state data with the varying influence of water repellency. As
infiltration progresses, the impact of water repellency diminishes, allowing the soil to reach a more
stable infiltration rate. Under steady-state conditions, effects of hydrophobicity are minimized,
making it easier to estimate K accurately when related to the steady-state slope b, sorptivity S,
and geometry. Additionally, integration of geometric factors in steady-state expressions helps to

normalize effects of hydrophobicity, leading to more consistent and reliable K and S estimates.
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Figure 4.3: Boxplots illustrating the statistical variation of saturated hydraulic conductivity Ks (cmhr?)
estimated across the experimental plots of total N=1724 per each 3D infiltration model. Models are
ordered by the historical evolution of infiltration modeling attempts from the oldest (left) to the most

recent (right).
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Figure 4.4: Boxplots illustrating the statistical variation of sorptivity S (cmhr-%) estimated across the
experimental plots of total N=1724 per each 3D infiltration model. Models are ordered by the historical

evolution of infiltration modeling attempts from the oldest (left) to the most recent (right).

While the boxplots in Figures 4.3 and 4.4 effectively portrayed the degree of similarity and
variability in the estimated infiltration characteristics, K, and S, they do not capture every aspect

of the underlying data.

4.4.2. Variability in K¢ and S estimated values across 3D models and extraction methods

per each infiltration experiment

To gain a deeper understanding, we explored K and S estimates across the four 3D infiltration

models for each individual plot within the dataset, as depicted in Figures 4.5 and 4.6.
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This detailed analysis provided a multifaceted view of the K and S estimates in each scenario,
offering insights into the distributional characteristics, statistical variations, and outlier counts
associated with each of the 3D infiltration models at the plot level. In both figures (i.e., Figures
4.5 and 4.6), the density plots on the left depicted the distribution of z-scores. Each z-score explains
the distance from the mean (standard deviations) across four 3D infiltration models per infiltration
plot. The graphical plots in the right segment provided a detailed examination of statistical
variations within each experimental plot, with key statistical indicators including means (p)
highlighted in red, model-specific outliers highlighted in colors designated to each model, and +-
standard deviation (o) indicated by black horizontal lines. The barplots in the bottom summarized
the total number of outliers observed in estimates for each of the 3D infiltration models. An outlier
is defined as a data point (x) that deviates significantly from most other data points in the dataset.
This deviation is determined based on a z-score falling outside the range of -2 to +2 where z is

estimated using the following formula z = %

Figures 4.5 and 4.6 highlighted variability of K and S estimates across major experimental plots
in Scenarios 1 and 3, although major data points representing K and S estimates for each model
are clustered around the mean within the [-2,2] z-score range, with a minimal number of outliers
depicted. This clustering suggests that models might produce statistically consistent estimates, but
notable variability exists, which can be attributed to underlying physics behind each model. The
variability in K and S estimates can be primarily attributed to the model proposed by Di Prima et
al. (2021). The inclusion of the «,, parameter, which accounts for water repellency and the
resulting convex shape in cumulative infiltration curves, complicates the simultaneous
optimization of K; and S using transient-state data under Scenario 1 and 3, leading to greater
variability in K; and S estimates within each plot. As well, variability in predictions is more
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pronounced across K; compared to S estimates since, as stated before, estimates of K, can be
variable across the same model when using either transient- or steady-state equations/datasets;

however, this discrepancy is less significant for S.

Variability in K and S decreased among models under Scenario 2 (2TR and 2ST) especially when
predicting S, highlighting a more uniform behavior of the models in terms of K, and S estimates
under Scenario 2. Relating K, and S together transforms the problem from a system with two
unknowns (K, and S) to one unknown (S) for non-hydrophobic soils, and from a system with three
unknowns (K, S, and a,,,-) to two unknowns (S and «,,,,-) for water-repellent soils, mainly reducing
the complexity imposed on the optimization. On one hand, anchoring K; to steady-state conditions
ensures that the steady-state slope of the cumulative infiltration curve reflects K; dynamics. On
the other hand, relating sorptivity and geometric factors to K, play a significant role in K
estimation across 3D models, reflecting the soil's ability to absorb water initially and affecting the
shape of the wetting front. Therefore, our detailed plot-level analysis highlighted the importance
of steady-state conditions in providing consistent and accurate infiltration characteristics,

especially in complex soil conditions affected by water repellency.

Interestingly, we deciphered in Figure 4.5 a spike around K; = 1e~°¢ cmhr~1 across Haverkamp
et al. (1994), BEST, and BESTWR models under Scenario 2-TR, encompassing 457 plots (i.e.,
27% of plots). This spike suggests that the optimizer in Scenario 2-TR which is constrained by the

condition S; < bi%wi (as shown in the first two rows of Table 4.2 under Scenario 2-TR), was

consistently converging to this maximum value across these models, leading to K, to be equal to
minimal value set at 1e~°¢ cmhr~1. This indicates that the optimizer might be overly restrictive

when transient-state expressions were applied using transient-state data, constraining the
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predictions of a realistic range of K, values that reflect actual soil properties. However, we plotted
Figure 4.7 to check whether the extraction technique (i.e., Scenario 2-TR) is causing this spike,
which can point to potential limitations or biases when such models (i.e., Haverkamp et al. (1994),
BEST, and BESTWR) are applied. Figure 4.7 compared Scenarios 1 and 3 (i.e., conventional
optimization techniques) versus Scenario 2 (2TR and 2ST) regarding the estimates of K within
the 457 plots across the models developed by Haverkamp et al. (1994), BEST, and BESTWR. The
spike was again depicted under the other two scenarios, pinpointing potential limitations behind
the models' concepts and algorithms that depict the transient state infiltration behavior rather than
the extraction technique itself. In contrast, steady-state expressions of these models showed a more

realistic range of K, predictions, which can better reflect the actual soil-water structure.
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It is worth noting that the transient-state expressions of 3D models are applicable to transient data
comprising N=1674 experiment plots, compared to the total or steady-state data comprising
N=1724 plots. This discrepancy is due to 50 infiltration tests in our dataset that did not undergo a
transition phase and were already under saturation conditions. However, since this number
represents only a negligible 3% of the total dataset, it will not affect the statistical comparison
between transient- and steady-state expressions.

Another notable observation regarding the number of estimates is illustrated under Scenario 2-ST,
where the estimation of K and S from Haverkamp et al. (1994) and BEST models resulted in NA
values. This issue led to fewer estimates (N=1313) than the expected 1724 estimates (Figures 4.5
and 4.6). Upon investigation, we plotted corresponding cumulative infiltration curves and found
these curves to be convex or non-uniform in shape. Since these models were designed to depict
the classic concave shape of cumulative infiltration curves, they failed in generating finite
estimates of K and S. This is especially problematic because the intercept ¢ (Equation [6]) of the
linear cumulative curve at steady state is negative. Given that S is estimated using the intercept ¢
(as shown in the first two rows of Table 4.2 under Scenario 2-ST), the root mean square of a
negative value is infinite, leading to an inability of these models to produce valid estimates under
such conditions. This finding underscored the need to apply other models under these specific
conditions. Even if finite values of K; and S were estimated across these models using other
extraction techniques, limitations are evident from the classic models. At this stage, Scenario2-ST
has proved efficient in depicting the inability of models to produce valid estimates in cases where
infiltration curves deviate from the expected concave shape. For accurate and reliable estimation
of soil hydraulic properties under conditions of water-repellency, alternative models that can

handle such deviations are necessary.
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4.4.3. Performance of 3D infiltration models

Our analysis revealed that Scenarios 1 and 3 exhibited relatively better performance compared to
Scenario 2 in predicting cumulative infiltration I (cm) across Haverkamp et al. (1994), BEST, and
Stewart and Abou Najm (2018) models. Specifically, Scenario 1 demonstrated the lowest
Normalized Root Mean Squared Error (NRMSE), the highest value of R2, and the highest

Correlation Coefficient (CC) to estimate infiltration compared to Scenarios 2 and 3 (Figure 4.8).

However, when considering BESTWR model, Scenarios 1 and 3 led to infiltration predictions with
very low accuracy (NRMSE > 50 and R?<0). Interestingly, BESTWR showed significantly better
predictions under Scenario 2-TR. This indicates that for BESTWR model, estimating infiltration
using transient-state data and relating K, to the steady-state slope b, sorptivity S, and geometry

(Scenario 2-TR) resulted in better predictions compared to other scenarios.

Now one could suggest the following hypothesis based on the observed performance of these
models on cumulative infiltration I predictions: “Scenario 1 can be applied to estimate K and S
from Haverkamp et al. (1994), BEST, Stewart and Abou Najm (2018) models while Scenario 2-

TR can be used to estimate K and S from BESTWR”.

However, it's crucial to acknowledge that while key evaluation parameters provide valuable
insights into the overall performance of infiltration models under our analysis scenarios, they do
not capture whether K, and S adhere to the physical principles of infiltration theory. We observed
that if we follow the suggested hypothesis, a wider range of behaviors will be exhibited by
Haverkamp et al. (1994), BEST, Stewart and Abou Najm (2018) under Scenario 1 compared to
other scenarios, as illustrated in Figure 4.9. Specifically, 60% and 46% of the experimental plots

under Scenario 1 showed a magnitude (max-min) exceeding the mean value across K and S
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estimates, respectively. Convergence issues were encountered as previously discussed when

transient-sate expressions were applied to estimate K and S under this scenario. Therefore, while

the model's performance metrics might appear favorable, the underlying physical realism and

robustness of the parameter estimates could be compromised. Therefore, careful consideration and

possibly further refinement of the models and scenarios are necessary to ensure both accurate and

physically meaningful predictions of soil hydraulic properties.
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4.4.4. Infiltration models for water-repellent soils
Both, Abou Najm et al. (2021) and Di Prima et al. (2021) were developed as physical infiltration
frameworks to account for water repellency in soils that depict convex cumulative infiltration

curves.

Abou Najm et al. (2021) pioneered the addition of a soil water-repellency parameter a,,,,. (T™) and
thus proposed the scaling factor (1 — e ~%wr?t) that can be incorporated to any infiltration model as
an attempt to mimic infiltration behaviors of water-repellent soils. Abou Najm et al. (2021) further
developed a modified version of classic two-term Philip’s equation (Philip, 1957b) (also known
as WR) by integrating the scaling factor (1 — e~%*wrt) to develop an analytical equation describing

one-dimensional (1D) cumulative infiltration in hydrophobic soils.

Di Prima et al. (2021) expanded upon the existing BEST method (Lassabatere et al., 2006) and
developed an analytical equation (also known as BESTWR) by incorporating the scaling factor
(1 — e~%wrt) proposed by Abou Najm et al. (2021) as an attempt to mimic three-dimensional (3D)

infiltration behaviors of water-repellent soils.

At this level, we carried out a statistical analysis on the performance of these two models in terms
of their capabilities or limitations in estimating reliable values of the soil water-repellency
parameter a,,, (T?), and therefore characterizing the convex shape of cumulative infiltration

curves (Figures 4.10 and 4.11).

As shown in Figure 4.10, WR demonstrated a relative consistency in a,,, predictions across
varying extraction techniques. 84% to 93% of the infiltration plots showed favorable Normalized
Root Mean Squared Error (NRMSE) of less than 10% between Scenario 3, and Scenarios 1 and 2-

TR, respectively. Additionally, the WR model was able to effectively characterize the shape of
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cumulative infiltration curves. WR predicted lower values of «,, converging to zero for
infiltration plots exhibiting a convex shape, and relatively higher values converging to infinity for
infiltration plots exhibiting a concave shape (Figure 4.11). «,,,- parameter captures the initial
resistance of water-repellent soils to infiltration, with values approaching zero as the water
repellency effect dominates. In contrast, for non-repellent soils or soils where the water repellency
diminishes quickly, a,,, values are higher, reflecting the quicker transition from initial to steady-

state infiltration rates.

As for BESTWR, this model did not generate statistically significant values of «,,,,- under scenarios
1 and 3 with high NRMSE values indicating less reliable predictions. However, the model
succeeded in providing reliable and comparable predictions of «,,, with those obtained through
WR model under Scenario 2-TR, where the model was able to effectively characterize the shape
of cumulative infiltration curves, with 75% of the infiltration plots showing favorable NRMSE of
less than 10%. Therefore, while BESTWR model might struggle under certain extraction
techniques, the model can still provide reliable «,,, estimates under specific conditions (like
Scenario 2-TR), highlighting the importance of selecting appropriate scenarios for model

application.

These findings suggest that the scaling factor proposed by Abou Najm et al. (2021) could be a
versatile tool for characterizing soil water repellency and its impact on infiltration dynamics. The
addition of the soil-water repellency parameter «,,,- aligns well with the physical expectations of

how water-repellent and non-repellent soils behave under infiltration conditions.
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4.5. Conclusion

Compared to 1D models, 3D models offer greater accuracy in situations involving varied soil
textures, layering, or significant radial where infiltration is not strictly vertical such as in
heterogeneous soils. However, significant efforts have been dedicated to the development and
evaluation of 1D infiltration models compared to 3D modeling due to the greater complexity,
computational demands, and data requirements associated with 3D modeling efforts. To this end,
we carried out a metadata analysis to shed light on the strengths and limitations of 3D models to
depict the infiltration behaviors of both non-hydrophobic and water-repellent soils, while studying
the variability and uniqueness associated with estimated saturated hydraulic conductivity and
sorptivity in the context of four different 3D infiltration models and three different extraction
techniques illustrated by three scenarios. Scenario 1 optimized simultaneously for the two
parameters, K and S, using each model’s equation. Scenario 2 unified K across all models, as the
steady-state slope of the cumulative infiltration curve at end times, and further optimized for S
using each model’s equation. Scenario 3 represented a dual optimization which optimized for K
and S using each models’ equation while minimizing the infiltration error and the difference
between K, and the steady-state slope of the cumulative infiltration curve. Our detailed analysis of
3D models and the different scenarios with their impact on infiltration characteristics, K and S,
provided valuable insights into the trade-offs and considerations involved in 3D model’s selection

and extraction techniques for soil-water parameter estimation.

In summary, our analysis revealed both expected similarities and notable variabilities in the
infiltration characteristic estimates across different 3D models and extraction techniques. The
observed similarities and variabilities highlight the importance of understanding the specific

contexts and conditions under which 3D different models are applied. For instance, Haverkamp et
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al. (1994) and BEST models have provided similar estimates under varying extraction techniques,
underscoring their shared foundations. However, the variability within each model's transient and
steady-state expressions for K highlights the need for careful model selection based on specific
infiltration conditions. Sorptivity S proved to be more consistent across these variations, providing
a reliable measure of initial infiltration behavior. Compared to transient-state expressions, steady-
state expressions of Haverkamp et al. (1994) and BEST revealed greater consistency and thus more

reliable estimates of K, recommending their application in the context of K, estimation.

Furthermore, Scenario 2 (i.e., where K is related constrained by steady-state conditions and related
to sorptivity and geometry) has been shown to provide reliable estimates of K, and S across
different 3D models and is therefore recommended as an extraction technique. By relating K and
S together, the problem is transformed from a system with two unknowns (K and S) to one unknow
(S) for non-hydrophobic soils, and from a system with three unknowns (K, S, and «,,,) to two
unknowns (S and «,,,-) for water-repellent soils, reducing numerical complexity. In addition, the
close alignment in K predictions between 3D models describing homogeneous soils, including
ST-Haverkamp et al. (1994), ST-BEST, and Stewart and Abou Najm (2018), under Scenario 2-ST
suggests a high level of consistency in defining K as function of the steady-state slope b, soil’s
sorptive capacity (either sorptivity S or capillary length 1), and geometric considerations across
these three models. Scenario 2-ST has further demonstrated a remarkable capability in depicting
the inability of models including Haverkamp et al. (1994) and BEST to produce valid estimates
under conditions of water-repellency, enforcing researchers to apply alternative models, such as
the BESTWR model under such conditions, which can handle water-repellency. Concluding with
BESTWR, this model also shows more realistic predictions under Scenario 2, proving to be

suitable for soil water parameter estimation in hydrophobic soils.
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CHAPTER 5: How does soil structure affect water infiltration? A meta-data systematic
review

5.1. Abstract

Soil structure is a key attribute of soil quality and health that significantly impacts water
infiltration. Structure can be significantly altered by natural or anthropogenic drivers including soil
management practices and can in turn impact soil infiltration. Those changes in soil structure are
often complex to quantify and can lead to conflicting impacts on water infiltration into soils. Here,
we present a narrative systematic review (SR) of the impacts of soil structure on water infiltration.
Based on inclusion and exclusion criteria, as well as defined methods for literature search and data
extraction, our systematic review led to a total of 153 papers divided into two sets: experimental
(131) and theoretical (22) papers. That implied a significant number of in-situ and field
experiments that were conducted to assess the impacts of soil structure on water infiltration under
the influence of different land uses and soil practices. Analysis of the metadata extracted from the
collected papers revealed significant impacts of soil structure on water infiltration. Those effects
were further attributed to land use and management, where we demonstrate the impact of three
unique categories: soil amendments, crop management and tillage. Furthermore, significant
correlations were established between infiltration rate and soil structural properties, with R? values
ranging from 0.51 to 0.80 and for saturated hydraulic conductivity and soil structural properties,
with R? values ranging from 0.21 to 0.78. Finally, our review highlighted the significant absence
of and the need for theoretical frameworks studying the impacts of soil structure on water

infiltration.
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5.2. Introduction

Soil structure refers to the hierarchical grouping and arrangement of soil particles (sand, silt, clay,
organic and inorganic particles) into porous compounds forming aggregates which can vary in size
and shape from small clusters through to large blocks (Dexter, 1988; Lal, 1991; Kay and Angers,
2001). Some soils build a large, solid, structureless mass (referred to as massive); and others
consist of small, porous aggregates that tend to have a uniform rounded shape — referred to as
granular, a desirable structure for the growth of crops (Coughlan et al., 1991; Levine et al., 1996).
These aggregate arrangements develop a strong structural influence on the ability of soil to absorb
and hold water during irrigation and rainfall events (Franzluebbers, 2002; Pagliai et al., 2004; Di

Prima et al., 2021; Abou Najm et al., 2021).

Over the last 40 years, soil structure has received growing interest and broader audience as a
dynamic soil factor affecting soil-water movement at multiple scales (Hamblin, 1986; Abou Najm
et al., 2010; Sanders et al., 2012). Furthermore, expanded efforts in conservational practices, from
no-till to cover crops to soil amendments and others, have led to significant impacts on soil
structure. Those impacts, however, were the results of myriads of complex and interconnected
factors, often resulting in conflicting soil responses. As a result, several studies have investigated
the role of soil structure, with both its inherent and induced variations, on water infiltration (Lepore
et al., 2009; Rahmati, 2017). However, no studies, to our knowledge, have compared previous
findings in the structured approach of a “systematic review”. A systematic review is a review that
conducts a literature search to answer a clearly formulated question by applying predetermined
inclusion and exclusion criteria used to identify and eventually analyze the collected data from the

most relevant research.
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Here, we aim to conduct a meta-analysis systematic review (SR) that investigates the impacts of
soil structure on water infiltration. Therefore, the primary research question that best follows this

approach is: How does soil structure affect water infiltration?
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5.3. Methodology

Our systematic review follows the approach developed by the Center for Evidence-Based
Conservation (CEBC) which answers a research question through a literature search followed by
data extraction based on a defined set of ‘inclusion criteria’. The research question for this
systematic review (how does soil structure affect water infiltration?) was formulated according to
the PECO (Population/Exposure/Comparator and Outcomes) model as described by the CEBC’s
protocol. Three different database sources (Scopus, ScienceDirect and googlescholar.com) were
used in the review including peer reviewed journal articles and other scientific documents, but
only peer reviewed journal articles published in English were considered. Table 5.1 shows the data

sources and the keywords used in building the literature search.

Table 5.1: Literature search: publishing sources and keywords

Publishing sources Keywords Number of Records (on May 8,
2020)
Scopus ("soil structur*" OR "soil infiltra*" 1,524

OR "soil aggregate*") AND
(structur* OR aggregat*) AND
infiltra*

ScienceDirect ("soil structure” OR "soil 266
infiltration™" OR "soil aggregation™)
AND (structure OR aggregation)
AND infiltration

Google scholar Same as in ScienceDirect 228

Wildcard characters (*and?) are not supported in ScienceDirect and Google Scholar.

aUsing Google scholar, we included 22 out of 17,400 results which are the most relevant and unique retrieved
records.

Once collected, we exported all these references into Mendeley software which can also check for
any duplication in references. The first filtering process was carried out in Mendeley based on the

title of the database, followed by the second screening based on the reading of screened abstracts.
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At the end, the remaining literature went through a full-text review after being selected and
tabulated in MS Excel spreadsheets. As a result, the literature gathered consisted of 1,812 records,
narrowed down to a total of 1,544 references after duplicates were removed. The title-screening
lowered the number to 854 followed by the abstract-screening which led to a final of 462
references. Figure 5.1 provides a flow chart summarizing the screening process.

Among the 462 records that passed the title and abstract screening, 84% (387) of the literature
assessed the direct or indirect impacts of soil structure on water infiltration upon studying the
influence of different land uses on hydraulic and structural soil properties through in-situ and field
experiments. Furthermore, 7% (32) of the retrieved literature consisted of theoretical papers
relating water infiltration/flow to soil structure through previously or newly developed models;
and the remaining 9% (43) were review papers. Then, the screened papers were subjected to full
text reading and exclusion criteria. The exclusion criteria covered papers that did not have a clear
treatment/control system, did not report infiltration or soil texture data, and did not show a clear
concise description of models relating infiltration/flow to soil structure. Finally, a total of 153
papers passed the exclusion criteria and were analyzed. Those papers were divided into two sets,
experimental (131) and theoretical (22). Two comprehensive summary tables were built, one for
each set, including the title, the author, and the publication year of each paper in MS Excel

spreadsheets.
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Inclusion Criteria

Scopus, 8" May 2020
("soil structure” OR "soil infiltration" OR

"soil aggregation”) AND (structure OR
aggregation) AND infiltration (n=266)

ScienceDirect, 8" May 2020
("soil structur*" OR "soil infiltra*" OR "soil
aggregat*") AND (structur* OR aggregat®)
AND infiltra* (n=1,524)

Google Scholar, 8" May 2020
Same as in ScienceDirect (n=22)

(The most relevant references were
considered)

1%Filtering |—| Identification |

Eligibilty | 27 Filtering

Records identified through
database searching
(n=1812)

Records identified through
database searching after
duplicates were removed

(n=1544)

¥

Records screened by title
(n=854)

Mendeley

Title-screening

Abstrac

L 2

Records screened by abstract
(n=462)

l

Full-text articles assessed by
methods:
1) Experimental (n=387)
2) Theoretical (n=32)
3) Review (n=43)

Studies included in

analysis):
1) Experimental (n=131)

quantitative analysis (meta-

2) Theoretical (n=22)

]

|

Records excluded after
duplicates were
removed (n=268)

>

Records excluded by
title (n=690)

17 Exclusion Criteria —#

Records excluded by
abstract (n=392)

Full-text articles excluded:
1) Experimental (n=256)
2) Theoretical (n=10)
3) Review (n=43)

Figure 5.1: Flowchart of describing the steps of the literature search, the inclusion and exclusion criteria
and the quality assessment

240



5.4. Results and Discussion

Here, we present a summary of the lessons learned and different compilations and integrations of
data gathered from the 153 selected papers (131 experimental and 22 theoretical). We first
observed that the results were dominated by field-scale experimental studies comparing field
responses under different soil practices or treatments with the purpose of studying changes in water
infiltration and soil structure. We also noted a significant absence of theoretical efforts to describe
soil structural attributes as impacted by different land uses, and we will get back to this point

towards the end of this study.

To start, we plotted the historical distribution of the gathered research as identified by our inclusion
criteria (Figure 5.1), which goes back to 1953 (Figure 5.2). However, while reviewing the
research’s evolution over the years, we found that almost no literature on structure was published
between 1953 and 1980 (or the significance of structure was not highlighted at the Title or Abstract
levels). Most modeling effort in that period seemed clustered around modeling soil as a
homogeneous medium (no structure), possibly because the technology and computational
capabilities back then limited the ability to visualize or characterize soil structural features. After
1980, the frequency of research increased gradually, especially during the last decade, which can
be attributed to improvements in visualization and computational technologies, as well as
experimental capabilities across the years. Simultaneously, attention to soil structure and its impact
on important soil ecohydrological functions as well as on physical and biogeochemical interactions
related to water distribution in soils gained a lot of momentum, particularly with increased interest
in phenomena like preferential flow (Beven and Germann, 1982; Abou Najm et al., 2010) and the

biogeochemical cycling of carbon, nitrogen, and phosphorous among other elements.
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Figure 5.2: Historical distribution of the screened literature

Hereafter, we will assess the experimental efforts that demonstrated evidence of the impact of soil
structure on infiltration. Those efforts also led to the realization and need for the development of
theoretical frameworks assessing the role of soil structure on infiltration modeling. The assessment
first included the 131 experimental papers (Figure 5.1) and then was followed by a summary and
synthesis of all the other 22 modeling and theoretical papers that focused on incorporating structure

into infiltration modeling.

5.4.1. General Characteristics of the Experimental Set
Detailed analysis of the 131 experimental papers led to the extraction of 800 unique plot datasets
(N=800). A unique plot was extracted from a paper only when infiltration data was available on a

treatment (typically soil management) and a control. Each plot includes the results of soil physical
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and structural characterization as well as results from infiltration experiments (location, period,
and type of experiment).

First, we reported data descriptive of the location and the study period of the run experiments. The
review included case studies from 15 major countries (Figure 5.3) where most of the studies were

conducted in USA (22%), China (15%), Australia (8%), and Israel (7%).
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Figure 5.3: @) Combined Bar and line graph illustrating the geographical distribution of the screened
literature by the number of plots and papers per country, respectively (ND=Not Determined), b)
Geographical map illustrating the exact geographic location of all sampling plots based on latitude and

longitude coordinates extracted from the literature
According to the review, most experimental studies (35%) on soil structure were performed over
a period of less than 5 years (Figure 5.4). This is probably related to the fact that typical research
projects have a duration of less than 5 years. This is a major limitation to the advancement of our

understanding of soil structure as changes take much longer time to develop.
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