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Abstract: In the present work, a review for the methodologies that have been proposed to calculate
the main soil hydraulic properties, hydraulic conductivity (K) and sorptivity (S), at negative pressure
heads near to saturation of the soil using a tension infiltrometer is presented. These hydraulic
properties can be calculated either from the analysis of steady flow or from early time observations.
In particular, the main steady state methods described here are those of Ankeny et al., Reynolds and
Elrick, and White and Sully, which are all based on Wooding’s equation. As for the transient flow,
the approaches of Haverkamp et al. (complete, two-, three-, four-, five-terms expansions), Zhang
and two different linearization methods are examined for the estimation of S and K. Generally, in
steady state methods studied, a sequence of pressure heads is applied on the same disc (Ankeny et al.,
Reynolds and Elrick) or a unique pressure head is applied on a single disc radius (White and Sully),
while in transient methods, a unique pressure head is applied on a single disc radius (Zhang and
Haverkamp et al.). The conditions of their application and the way of calculating the soil parameters
included into each method are critically commented. This gives to the researchers the opportunity to
choose the appropriate method and a way to analyze the experimental data.

Keywords: infiltration; steady-state flow; non-steady flow; soil hydraulic conductivity; soil sorptivity

1. Introduction

Knowledge of the hydraulic properties of the upper soil layer, which control the water
infiltration into soil, such as hydraulic conductivity (K) and sorptivity (S), is mandatory for
the rational application of irrigation, calculation of the soil surface runoff and transport of
soluble substances into soil.

There are various apparatuses for measuring the infiltration of water into the soil. The
first one is the double-ring infiltrometer [1], which is similar to the single-ring infiltrom-
eter [2] and allows the measurement of cumulative infiltration (i) versus time (t) and in
particular the soil’s infiltration capacity. With the development of technology and science,
tension disc infiltrometers (TI) were introduced for measuring the infiltration of water into
soil [3,4] either in one-dimensional [5] or in three-dimensional flow in saturated (H = 0)
or unsaturated (H < 0) conditions. Many types of TI have been commonly used over the
past decades to identify, especially in the field, the hydraulic conductivity and sorptivity as
a function of the pressure head (H) using three-dimensional cumulative infiltration data.
The TI is used, mostly, for measuring K and S in the field, near to saturated conditions;
that means pressure heads in a range of −200 ≤ H ≤ 0 mm [6–8]. In addition, TI has been
widely used to study the spatial and temporal variability of K. Specifically, it has been
usually used to study the effect of macropores on the water flux and the effect of cultivation
treatments on soil porosity [9–13].

Additionally, the TI can be used to determine the hydraulic properties of soil surface
crust by applying specific procedure. Vandervaere et al. [14] developed a field method to

Soil Syst. 2022, 6, 63. https://doi.org/10.3390/soilsystems6030063 https://www.mdpi.com/journal/soilsystems

https://doi.org/10.3390/soilsystems6030063
https://doi.org/10.3390/soilsystems6030063
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/soilsystems
https://www.mdpi.com
https://orcid.org/0000-0001-5541-6837
https://orcid.org/0000-0002-1741-1493
https://doi.org/10.3390/soilsystems6030063
https://www.mdpi.com/journal/soilsystems
https://www.mdpi.com/article/10.3390/soilsystems6030063?type=check_update&version=2


Soil Syst. 2022, 6, 63 2 of 19

determine the soil surface crust hydraulic conductivity and sorptivity near saturation using
a TI and minitensiometers.

There are many types of tension infiltrometer, which differ in design and size, but
all include three main components: (i) a Mariotte-type bubble tower, which controls the
pressure head at the soil surface (H ≤ 0), (ii) a water reservoir, which supplies water to the
soil through a porous disc and (iii) a porous disc, which is placed on the soil surface and
establishes hydraulic contact with the soil (Figure 1). The water reservoir supplies water
to the porous disc and the bubble tower determines the pressure head at the bottom of
this disc. This occurs through an air-entry tube that can be moved vertically to control the
pressure head and an air-exit tube that determines the pressure head set into the bubble
tower at the water reservoir (Figure 1).
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Figure 1. Types of tension infiltrometers: (a) minidisc infiltrometer; (b) tension disc infiltrometer with
assembled disc; and (c) tension disc infiltrometer with separate base-plate unit.

The disc of the TI can be an independent baseplate unit [15] or an assembled baseplate
unit (Guelph tension infiltrometer-constant head infiltrometer) [16]. The porous disc
diameter commonly ranges from 50 to 200 mm. The TI with the separate baseplate unit
might be more desirable than the assembled one with small disc diameter (e.g., 50 mm)
in field experiments because the latter could lose the hydraulic continuity with the soil
during the experiment due to strong winds [6]. Another advantage of the disc infiltrometer
with base separated from the water reservoir is that it drastically reduces the weight of the
infiltrometer on the soil, a very important factor in freshly tilled soils. However, recently,
Latorre et al. [17] developed a new TI with a compact design of 100 mm diameter and
height that is very stable under strong winds. On the other hand, compared to the compact
TI, the infiltrometer with separate disc has the disadvantage that is more difficult to fix the
tension on the disc when the soil surface is not completely flat.

In most field experiments, where the soil surface is often not flat and rough, it is
necessary to use a thin layer of contact material to ensure hydraulic contact between the
disc of TI and the soil surface. The contact material should be used even in the cases where
the soil surface has been smoothed, leveled or left undisturbed [3,6,18]. However, the
layer of contact material can introduce a difference between the pressure head set on the
porous plate and that applied on the soil surface. This difference must be considered in
the analysis of the TI data [19]. In the case of TI, the contact sand layer between disc and
soil surface can have an important influence on K and S estimates. To ensure that the flow
impedance by the contact sand is minimized, the contact sand should satisfy the following
criteria: (a) the Ks value of sand should be greater than or equal to the maximum measured
K value of the soil at the imposed pressure head; (b) the water entry pressure head of
sand should be smaller (more negative) than the minimum pressure head set on the TI
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disc; (c) and both aforementioned values should be stable with time and highly repeatable
among measurement sites [19]. To eliminate the influence of the contact sand layer on
K and S estimates, two procedures have been presented. Firstly, Vandervaere et al. [6]
presented a linear fitting technique in differentiating the cumulative infiltration data with
respect to the square root of time (differentiated linearization method, DL) which visually
detects the experimental points referred to the thin layer of contact material at early times.
Later, Latorre et al. [20] applied a numerical procedure by using a layered flow model
where the water does not infiltrate the soil until the contact sand layer is fully saturated.

The advantages of the TI are that it is portable, simple to use, and it can easily be used
in both field and laboratory experiments. A small type of TI that is commonly used is
the minidisc infiltrometer (Figure 1a) which is very easy to transport but can be used for
pressure heads very close to saturation (−70 ≤ H ≤ 0 mm) [21]. The minidisc infiltrometer
can be used both for one- and three-dimensional infiltration experiments. Additionally, it is
worth noting that tension infiltrometers are used without causing any disturbances in the
soil during the experiment as others infiltrometers, e.g., ring infiltrometers, and therefore
their measurements can be considered more reliable.

The TI can be used in both one-dimensional (1D) and three-dimensional (3D) flow
experiments. In the case of 3D flow in unsaturated soil, the infiltration occurs with axial
symmetry from the center of the TI disk. The soil water movement is due to the effect of
capillary and gravity driven forces. Compared to 1D vertical infiltration, the effect of capil-
lary forces, relative to gravity ones, on the 3D flow are greater. The steady-state infiltration
rate is greater for the three-dimensional axisymmetric flow than for the corresponding
one-dimensional vertical infiltration, but the infiltration time required to reach steady-state
is smaller for the 3D flow [22].

During the soil water infiltration, after a transient phase during which the infiltration
rate decreases with time, the flow approaches a steady-state condition. The duration of the
experiment with a TI can vary from a few minutes to several hours depending on the soil
type, the number of selected applied pressure heads and the type of flow to be achieved
(non-steady state or steady state flow).

Various methodologies have been proposed to calculate hydraulic conductivity and
sorptivity, some based on the steady-state flow and others based on the non-steady flow
when a pressure head is applied [21,23–28]. Significant research works have been carried
out to compare the results from various methodologies for the estimation of K and S [28–31].

This work aims to evaluate different methods of soil hydraulic parameters calculation
presenting a means of analysis of the steady-state and non-steady flow data obtained by
tension infiltrometers under constant negative pressure heads and the advantages and
disadvantages of each method.

2. Theory

The flow of water in unsaturated soils under a circular source, i.e., disc, was described
by Richards’ equation [32] using cylindrical coordinates. Richards’ equation considers
the soil isotropic but not necessarily homogeneous. The water flow can be described as
three-dimensional and axisymmetric from the center of the circular source [7,33]:

C(H)
∂H
∂t

=
∂

∂z

[
K(H)

(
∂H
∂z
− 1
)]

+
∂

∂r

[
K(H)

∂H
∂r

]
+

K(H)

r
∂H
∂r

(1)

where C(H) (L−1) is the soil water capillary capacity function (C(H) = dθ/dH), θ (L3 L−3)
is the soil volumetric water content, H (L) is the water pressure head, K(H) (L T−1) is the
hydraulic conductivity function, r (L) is the radial coordinate and z (L) is the depth.

The Equation (1) is solved by the following initial and boundary conditions. Assuming
an initial uniform water content in the soil, the pressure head will be:

H(r, z, t) = Hn, z ≥ 0, r ≥ 0, t < 0 (2)
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The boundary condition refers to the TI disc and the pressure head that is applied
from the moment that infiltration starts:

H(r, 0, t) = Ho, z = 0, r ≤ rd, t ≥ 0 (3)

where rd (L) is the disc radius of the TI. Also, in the area beyond the edge of the disc, it is
assumed that no vertical flow is observed:(

∂H
∂z
− 1
)
= 0, z = 0, r > rd, t ≥ 0 (4)

Finally, there are some subsurface boundary conditions that can affect the infiltration
process, but they are assumed to be located quite far away from the device and can therefore
be considered negligible.

The study of water flow can be carried out from infiltration data in either the steady-
state flow or non-steady flow part. In both cases, the soil hydraulic properties could
be estimated.

2.1. Steady-State Flow

In the case of steady flow, with a constant negative pressure head applied to the
infiltration soil surface, Wooding’s equation [34] is mostly used to analyze the experimental
data as follows [7]:

Qs = πr2K0 +
4K0

K0 −Ki
Φ0r (5)

where Qs (L3 T−1) is the flow volume per unit time, r (L) is the disk radius, K0 (L T−1) is the
soil hydraulic conductivity corresponding to the applied pressure head, H0 (L), Ki (L T−1)
is the soil hydraulic conductivity corresponding to the initial pressure head, Hi (L), and
matric flux potential Φ0 (L2 T−1) is defined as:

Φ0 =
∫ H0

Hi

K(H) dH (6)

In Equation (5) the soil is considered to be homogeneous, isotropic and with uniform
initial water content.

The first term on the right-hand side of Equation (5) represents the effect of grav-
ity, while the second term represents the effect of capillary flow. Wooding’s solution of
steady flow from a circular source, in an unsaturated porous medium, uses the following
exponential hydraulic conductivity function [35]:

K0 = KseαH (7)

where Ks (L T−1) is the saturated hydraulic conductivity and α (L−1) is a soil texture/structure
parameter that expresses the relative importance of the gravity and capillary forces during
water movement in unsaturated soil [36].

Combining Equations (6) and (7), and assuming that the initial hydraulic conductivity
(Ki) is negligible compared to K0, it follows that:

Φ0 ≈
K0

α
(8)

If we combine the Equations (5) and (8), we obtain the steady-state infiltration rate
under a TI:

is = K0

(
1 +

4
πrα

)
(9)

where is (L T−1) is the steady-state infiltration rate (is = Qs/(πr2)) for the applied pressure
head. In Equation (9), the is is measured during the experiment and the parameters K0 and α
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can be determined by three different experimental procedures using a tension infiltrometer
with (i) various disc radii under the same pressure head, (ii) a specific disc radius under
various pressure heads, and (iii) a specific disc radius under a specific pressure head.

The first method, proposed by Smettem and Clothier [24], is based on the measurement
of steady flow from a TI with two or more different discs under the same imposed pressure
head. They suggested that the radius of the large disc should be twice than that of the
small disc to obtain reliable results. Logsdon and Jaynes [29], using two different discs
in size, a small (76 mm diameter) and a large (230 mm diameter), obtained unreasonable
values in more than half of the samples due to the rapid infiltration observed from the
small-based infiltrometers. The replication of the experiment on close, distant but different
soil surfaces with slightly different structures and porosity led to the influence of spatial
variability on the results [28]. Alternatively, Thony et al. [37] suggested that by fitting the
Equation (9) to the data of more than two disc sizes to an I vs. 1/r diagram, values of K0
and 1/α (or Φ0) can be found. Despite the advantage of calculating the S in short times,
where other methods fail, this method has many limitations, making it sometimes difficult
to implement.

The second method that can be used to calculate K0 and α of Equation (9) is based on
infiltration experiments with one disc radius at different successive pressure heads. Three
approaches will be presented below, which usually require more than two measurements
of is with the same tension disc, i.e., different pressure heads are successively applied to the
same disc at the same infiltration surface. The experiment is carried out at the same location
and by applying different consecutive pressure heads, the problem of spatial variability
is avoided.

The following equation can be derived from the Wooding’s equation (Equation (5)) by
considering Ki negligible:

Qs = πr2K0 + 4Φ0r (10)

The variables K0, Φ0 and Qs in Equation (10) are dependent on the imposed pressure
head. If we apply the equation for two pressure heads (H1 and H2) and assume that α is
constant (Equation (8)) for the pressure range ∆H = H1 − H2 then we obtain:

Q1 = K(H1)

[
πr2 +

4r
α

]
(11)

Q2 = K(H2)

[
πr2 +

4r
α

]
(12)

Ankeny et al. [25], also, showed that:

K(H1)−K(H2)

α
=

∆H[K(H1) + K(H2)]

2
(13)

In Equations (11)–(13), it can be observed that there are three unknowns variables
(K(H1), K(H2) and α) which can be calculated by solving simultaneously the abovemen-
tioned equations at two different pressure heads.

Specifically, Ankeny et al. [25] presented a method where the steady-state flow rate is
measured to at least two different consecutive pressure heads (H1 and H2) to calculate the
values of K. The values of K1 and K2 can be calculated as follows [38]:

K1(H1) =
Q1

πr2 + 2∆Hr
(

Q1+Q2
Q1−Q2

) (14)

K2(H2) = K1
Q2
Q1

(15)

where Q1 and Q2 (L3 T−1) are the steady volumetric flow rates corresponding to H1 and
H2, respectively, and ∆H = H1 −H2 < 0. If measurements of more than two different
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consecutive pressure heads have been carried out, then the corresponding K values per two
pressure heads, e.g., (−150, −100 mm), (−100, −70 mm), (−70, −30 mm) are calculated
from Equations (14) and (15). Thus, at each pressure head, e.g.,−100 mm, two K values will
be obtained, one from the pair (−150, −100 mm) and one from the pair (−100, −70 mm).
The value of K in this situation will be taken as the arithmetic average of the two values
of K.

For the accurate estimation of K, both S and θ measurements are not needed. In
addition, Ankeny et al. [25] showed that similar values of unsaturated hydraulic conductiv-
ity (e.g., K(−30 mm)) are estimated from different pairs of data (e.g., K(−30 mm)0,−30 ≈
K(−30 mm)−30,−60). Cook and Broeren [38] showed that the methods of Ankeny et al. [25],
Scotter et al. [39] and White et al. [40], which are derived from Wooding’s equation, gave
similar values of K using a TI at different pressure heads. Logsdon and Jaynes [29] com-
pared the K estimations by Ankeny et al.’s [25] method with the measured one-dimensional
K values and found a weak correlation between estimated and measured ones, which
became worse as the pressure head was decreasing.

Reynolds and Elrick [23] presented another method where the soil hydraulic con-
ductivity, K(H), can be estimated by a piecewise exponential relationship at the range of
−∞ < H ≤ 0:

K(H) = Ks1,2eα1,2H (16)

where the values of Ks1,2 and α1,2 between a small interval of pressure heads, H1 and H2,
can be calculated by:

α1,2 =
ln Q1

Q2

H1 −H2
(17)

Ks1,2 =
Ga1,2Q1

r(1 + Ga1,2πr)
(

Q1
Q2

)p (18)

where G = 0.237 and p = H1
H1−H2

. This method is also derived from Wooding’s equation
assuming that the soil is homogeneous, isotropic and the Ki is negligible.

After calculating α1,2 and Ks1,2 from Equations (17) and (18), the value of K at each
pressure head can be calculated from Equation (16). If the steady flow rates have been
calculated at more than two successive pressure heads, e.g., (−150, −100 mm), (−100,
−70 mm), (−70, −30 mm), then the K must be calculated from two different values of α
and Ks. Thus, at each pressure head, e.g., −100 mm, two K values will be obtained, one
from the pair α1,2 − Ks1,2 and one from the pair α2,3 − Ks2,3. In conclusion, the value of K
should be taken as the arithmetic average of the two piecewise values.

In the aforementioned method, as in the method of Ankeny et al. [25], the estimation of
S and the measurements of θ are not needed. In contrast to the previous method, the method
of Reynolds and Elrick [23] this one can be applied both to disc and ring infiltrometers.
This gives to the researcher the opportunity to compare the effectiveness of this method
by using two different devices (TI and ring infiltrometers). The limitation of this method
refers to the assumption that Ki << K0 which means that the estimation of K will be more
reliable in dry soils than in wetted ones because if the soil has high initial water content,
then Ki might not be as negligible as we assume. Furthermore, in case that a high accuracy
of the estimated parameters is needed, a small range of consecutive pressure heads should
be applied, i.e., ∆H0 ≈ 10 mm [23].

Reynolds and Elrick [23] claimed that their method has better accuracy than that
of Ankeny et al. [25] because the values calculated by the Ankeny et al. method were
obtained by solving three equations simultaneously (Equations (11)–(13)) which is prone
to errors due to the soil heterogeneity and the adjustment of the coefficient matrix [23].
However, in practice, both methods gave similar results when a disc infiltrometer was
used. Angullo-Jaramillo et al. [41] presented a multi-potential infiltrometer experiment [41]
(example 3.1, pp. 201–205) with an ascending sequence of pressure heads. The methods of
Ankeny et al. [25], Reynolds and Elrick [23] and Logsdon and Jaynes [29] were examined.
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Logsdon and Jaynes [29] developed a nonlinear regression method where all experimental
measurements at different pressure heads are used simultaneously to calculate the param-
eters Ks and α of Equation (7). The results showed that similar hydraulic conductivities
values were calculated by the three methods at all applied pressure heads, indicating a
similarity between these methods.

White and Sully [42] proposed a third different method of calculating the parameters
from a single disc radius by using a unique pressure head at the infiltration surface (single
steady-state flow experiment). They proposed an alternative expression for Φ0 ≈ K0

α :

Φ0 ≈
K0

α
=

bK0S0
2

(θ0 − θi)(K0 −Ki)
(19)

Inserting Equation (19) into Equation (9), assuming that the Ki is negligible, and the
parameter b is equal to 0.55 [42,43] the following equation is obtained:

is = K0 +
2.2S0

2

πr(θ0 − θi)
(20)

Therefore, if a TI experiment is carried out with a negative pressure head until the
steady-state flow is obtained and S0 is calculated from the early time flow rates (non-steady
flow) of the same experiment, or by a linearization method, then the K0 can be calculated
from Equation (20). In other words, the method of White et al. [40] (Equation (20)) requires
the measurements of S0 and θ0 to calculate K0. Logsdon and Jaynes [29] reported a good
agreement of the unsaturated hydraulic conductivity results obtained by the White and
Sully method and the nonlinear regression procedure. The disadvantage of this method is
that no measurements can be taken from prewetted soils, i.e., this method will fail if there is
high initial water content [29]. Jacques et al. [31], after a thorough analysis, concluded that
methods such as those of Ankeny et al. [25] and Reynolds and Elrick [23] have difficulty
calculating accurately the K value for a single pressure head. In contrast, the White et al. [40]
method is considered more desirable due to its simplicity and non-repetitiveness (single
disc radius—single pressure head).

2.2. Non-Steady or Transient Water Flow

The study of transient three-dimensional (3D) flow has several advantages over the
steady-state flow. The study of non-steady flow leads to shorter time experiments and
requires a smaller volume of soil sample, which leads to better fulfillment of the hypothesis
of homogeneity and uniform initial water content. In addition, the uncertainties about the
time at which steady infiltration flux is attained are overcome [6,14,44–46].

Based on the model of Parlange et al. [47], who presented a quasi-exact implicit solu-
tion of Richards’ equation to model 1D cumulative vertical infiltration into a homogeneous
soil with uniform water content, Haverkamp et al. [8] redefined this equation as:

(Ks −Ki)
2

S02 (1− β)t =
(Ks −Ki)(i(t)−Kit)

S02 − 1
2

log
(

1
β

exp
(

2β(Ks −Ki)(i(t)−Kit)
S02

)
+

β− 1
β

)
(21)

where Ki (LT−1) is the soil hydraulic conductivity at the initial soil water content θi (L3L−3),
Ks (LT−1) is the soil hydraulic conductivity at saturation, S0 (LT−0.5) is the soil sorptiv-
ity corresponding to the imposed pressure head H0 (L), and β (−) is an integral shape
parameter. This equation is valid for the whole infiltration time, i.e., t = 0 to t→∞.

Haverkamp et al. [8], seeking an analytical solution for 3D infiltration by TI, substituted
Equation (21) into the equation of Smettem et al. [48] which relates I3D to I1D as follows

I3D = I1D +
γS0

2

r(θ0 − θi)
t (22)
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where I3D (L) and I1D (L) are the 3D and 1D cumulative infiltration, respectively, K0 (LT−1)
is the soil hydraulic conductivity corresponding to H0, γ (−) is a constant approximately
equal to 0.75 [8,48,49], θ0 (L3L−3) is the volumetric soil water content corresponding to H0
and θi (L3L−3) is the initial water content, and r is the radius of the disc.

Equation (22) shows that the difference between the three-dimensional axisymmetric
cumulative infiltration and one-dimensional vertical infiltration, I3D − I1D, is linear with
time [48,49].

2
(
K0 −Ki

)2

S0
2 t =

2
1−β

(
K0 −Ki

)[
I3D −Kit−γS0

2/
((
θ0 − θi

)
r
)
t
]

S0
2 − 1

1−β
ln

 1
β

exp

 2β
(
K0 −Ki

)[
I3D −Kit−γS0

2/
((
θ0 − θi

)
r
)
t
]

S0
2

+
β− 1
β

(23)

From the aforementioned substitution, the complete Haverkamp et al. [8] 3D model is
given by the following equation, which is valid for the whole infiltration time.

The constant parameter γ shown in Equations (22) and (23), is a proportionality
constant firstly introduced by Smettem et al. [48]. The “theoretical value” of γ is equal
to
√

0.3 but seems to underestimate the slope of the linear relationship (I3D − I1D) − (t).
Smettem et al. [48], suggested as a better approximation for the γ parameter the value of
0.75 due to good fit with experimental data. Haverkamp et al. [8] used Quadri et al. [46]
experimental data and showed that the γ parameter can take values between 0.6 and 0.8,
which includes the value given by Smettem at al. [48]. A new experiment, conducted
by Smettem et al. [50], showed that the value of γ parameter in Redlands sandy loam
soils using a double-disc tension infiltrometer device (with no contact material) is equal
to 0.726, a value close to 0.75, justifying the assumption of Haverkamp et al. [8] to take
the parameter γ as a constant value. Lassabatere et al. [51] after conducting their own
experiments using four soils from ROSETTA database [52] and then implementing them
into HYDRUS code [53,54], showed that the value of γ parameter depends on the soil type
and that the range varies between 0.75 and 1. Specifically, they showed that γ was close
to 0.75 for loam and silty soils, i.e., for medium-textured soils, and close to 1 for sand and
silty clay soils, i.e., for coarse- and fine-textured soils. Warrick and Lazarovitch [55] and
Warrick et al. [56] reported the same findings, i.e., smaller values of γ for medium-textured
soils and larger values for coarse- and fine-textured soils, and that the value of γ parameter
is affected by the infiltration source geometry. However, Lassabatere et al. [51] showed,
by using the Fuentes et al. [57] equation, that γ is ranged between 0.575 and 0.593 for the
same tested soils which contradicts the previous findings. Similar results were presented
by Kargas et al. [49] in research conducted on three disturbed soils (sandy loam, loam, and
silty clay loam) using a mini disc infiltrometer (disc radius 22.5 mm). They showed that
the (I3D − I1D) − (t) relationship is linear and the value of the parameter γ ranged from
0.538 to 0.615 (Figure 2), close to the range shown by Lassabatere et al. [51]. In addition,
they claimed that γ was not seriously affected by the soil type and any difference observed
might be attributed to various factors, such as the initial conditions, as well as the radius
of infiltrometer.

The constant parameter β shown in Equation (23), is a dimensionless integral shape
parameter and can be expressed as follows [8]:

β = 2− 2

∫ θs
θi

(
K(θ)−Ki

Ks−Ki

)(
θs−θi
θ−θi

)
D(θ)dθ∫ θs

θi
D(θ)dθ

(24)

where D(θ) (L2T−1) is the soil water diffusivity function.
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Haverkamp et al. [8], applying the Equation (24) using the Quadri et al. [46] experi-
mental data, found a value of β equal to 0.563, while other researchers [20,58,59] used an
average constant value of β = 0.6 in all studied soils. In the early stages of infiltration, β has
a small impact through the process of infiltration due to the fact that soil water movement is
more affected by water pressure gradient than soil texture. Thus, β affects the flow of water
into the soil only at very long times, and only then can be truly calculated [60]. Several
experiments have been conducted in recent years which show that fixing the β parameter
at a constant value (β = 0.6 or β = 1.1), can satisfactorily predict the parameters Ks and S
as they are not significantly affected by it [20,59–61]. Furthermore, some researchers have
tried to determine the range over which β varies and found that it ranges between 0.3 and
2 [51,62]. Coarse-textured soils tend to have smaller β values than fine-textured ones.
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Although the complete Haverkamp et al. [8] model is valid for all infiltration times,
it is very complex to solve, for which reason Haverkamp et al. [8] proposed a two-terms
expansion model. This expansion is derived from the complete Haverkamp et al. [8] model
after applying the Taylor series [8] with β = 0.6 and given as follows

I3D = S0
√

t +
7

15
K0t +

γS0
2

r(θ0 − θi)
t (25)

The two-terms expansion model has the advantages of simple resolution and interpre-
tation of 3D infiltration, but has the disadvantage that it is only valid for short-to-medium
infiltration times. The first term of the right-hand side of Equation (25) corresponds to
the vertical capillary flow, which dominates in the initial stages of infiltration, the second
term corresponds to gravity-driven vertical flow and the third term corresponds to lateral
capillary flow. The last two terms of Equation (25) are proportional to time. In addi-
tion, the lateral capillary flow term decreases with increasing disc radius (r). In practice,
when r→∞ the Equation (25) is converted to the corresponding one-dimensional vertical
infiltration equation.

The two-terms expansion model for studying the non-steady flow [7,8,26,27] are
similar to the two-term cumulative 1D infiltration equation of Philip’s [63]. That is, the 3D
infiltration can be described by an equation similar to that of Philip [63] for 1D infiltration:

I3D = C1
√

t + C2t (26)

where I3D (L) is the 3D cumulative infiltration, t (T) is time and C1 (L T−0.5) and C2 (L T−1)
are coefficients that differ according to the considered model.

For the two-terms expansion model (Equation (25)), the expressions of the coefficients
C1 and C2 of Equation (26) and their relationships with the sorptivity and hydraulic
conductivity are:

C1 = S0 (27)

C2 =
2− β

3
K0 +

γS0
2

r(θ0 − θi)
(28)

For most soils, the β parameter has an average value of 0.6 [8,48]. Thus, if the coef-
ficients C1 and C2 of a 3D infiltration experiment have been calculated, and θ0 has been
determined, the parameters S0 and K0 can be calculated from Equations (27) and (28). From
Equations (27) and (28) we can also see that the value of coefficient C1 is independent of the
radius of the TI disc, while the value of C2 is inversely proportional to the disc radius. This
means that if we carry out an infiltration experiment in the same soil surface with different
disc sizes (r) under the same pressure head (H0), then C1 values should be the same (not
affected from disc radius) while the C2 values will be different. Specifically, smaller values
of C2 should be obtained from infiltration data as the disc radius of the TI increases.

According to Haverkamp et al. [8], Equation (25) can sufficiently describe the infiltra-
tion data from a TI as long as the time of the experiment (texp) is less than or equal to a
characteristic time scale, tgrav (T) [36] (texp ≤ tgrav), where:

tgrav =

(
S0

K0

)2
(29)

tgrav (T−1) is the time at which gravitational forces are equal to the capillary ones.
However, Rahmati et al. [64] reformulated the tgrav using the analytic implicit model

proposed by Parlange et al. [47] valid for all times and related time series expansion:
tgrav = F(β)S2/(Ks −Ki), where F(β) is a β-dependent function.

For the calculation of coefficients C1 and C2 from the Equation (26), two linearization
methods have been proposed [65]. The first one is proposed by Smiles and Knight [66] who
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suggested the linearization of Equation (26) by dividing both sides with t0.5 (cumulative
linearization—CL method):

I√
t
= C1 + C2

√
t (30)

By checking the linearity of the inputted data in a diagram I/t0.5 vs. t0.5, we can
evaluate the adequacy of Equation (26) and easily determine C2 as the slope and C1 as the
intercept of the regression line.

The second linearization method refers to differentiating the cumulative infiltration
data with respect to the square root of time (differential linearization—DL method) [28]:

dI
d
√

t
= C1 + 2C2

√
t (31)

If Equation (26) describes appropriately the experimental data, then the relationship
between the plotting data in a diagram dI/dt0.5 vs. t0.5 should be linear, with C2 equal to
half the slope and C1 equal to the intercept of the regression line.

The DL method compared to CL has the advantage that it can visually detect the data
referred to the layer of contact material between soil surface and IT at early times.

Although the two linearization Equations (30) and (31) have been derived from the
same equation (Equation (26)), the estimation of C1 and C2 differs between the two meth-
ods [30,44]. To test the coefficients differences between the CL and DL methods we con-
ducted a short time experiment (less than an hour) with a TI into a disturbed loam soil
(H = −100 mm), with no contact material (Figure 3, unpublished data).
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Figure 3. The application of (a) the cumulative linearization (CL) and (b) differential linearization
(DL) methods using infiltration data obtained from a tension disc infiltrometer under pressure head
−100 mm for a loam soil.

As shown in Figure 3, both methods can be used to check the adequacy of Equation (26),
by linear correlation, from data collected with a TI. Although the two linearization meth-
ods (CL and DL) are derived from the same equation (Equation (26)), there are notable
differences between the coefficients C1 and C2 (Table 1), depending on the method used,
leading to different estimation of S and K. The results are in agreement with those of other
researchers [30,44] as regards the correlation of the methods.

It is worth noting that a TI run conducted with a single pressure head fixed at zero can
also be analyzed using the BEST (Beerkan Estimation of Soil Transfer parameters) method
developed by Lassabatere et al. [67]. The method allows simultaneous estimation of the soil
water retention and hydraulic conductivity curves using the particle-size distribution of the
soil, the dry soil bulk density, the cumulative 3D infiltration data, and initial and final soil
water contents [68]. BEST estimates the sorptivity from the fitting of transient infiltration
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data on the two-term equations and the hydraulic conductivity from the steady-state
infiltration data.

Table 1. Coefficients C1 and C2 calculated by the cumulative linearization (CL) and differential
linearization (DL) methods using infiltration data obtained from a tension disc infiltrometer in a loam
under pressure head H = −100 mm.

Coefficients CL Method DL Method

C1 (mm min−0.5) 3.9267 4.9331

C2 (mm min−1) 0.3198 0.18115

Given the time-limitations of the 2-terms expansion, Latorre et al. [20] proposed es-
timating K and S from the numerical solution of the quasi-exact implicit (QEI) analytical
Haverkamp et al. [8] (Numerical Solution of the Haverkamp equation, (NSH) method),
which is valid for the entire infiltration time. The NSH method was compared to the stan-
dard differentiated linearization procedure (DL), which estimates the hydraulic parameters
using the simplified two-term Haverkamp et al. [8] equation (Equation (25)), valid only
for short to medium times. The results showed that the infiltration time was an important
factor for estimating K. Both methods estimated comparable S values; however, the NSH
method, which is not limited to short times, estimated more accurate values of K. Also,
Latorre et al. [20] developed a webpage (http://swi.csic.es/infiltration-map/ (accessed
on 2 March 2022)) to compute S and K from the quasi-exact implicit (QEI) analytical equa-
tion of Haverkamp et al. [8] using the NSH method. Lattore et al. [60] found that even
small infiltration times (i.e., 100 s) are sufficient to predict S accurately, while longer times
(i.e., 1000 s) are required to predict Ks and very long times (i.e., 10,000 s) for the prediction
of β.

On the other hand, given the complexity of solving the implicit quasi-analytical
equation of Haverkamp et al. [8] (QEI), Rahmati et al. [59], Moret-Fernández et al. [69]
and finally Rahmati et al. [70] presented the 3-terms, 4-terms and 5-terms expansions,
respectively, which are valid for long infiltration times, for estimating S and Ks. Since
the work of Moret-Fernández et al. [69] is focused on analyzing transient flow with TI,
infiltration times of 500 and 2000 s, which are commonly used in TI measurements, were
selected for sand, clay and loamy soils. To calculate S and Ks, the corresponding three-
, four- and five-terms expansions of QEI were fitted to the synthetic or experimental
infiltration curves and the coefficients of the expansions were calculated using a non-linear
(weighted) least-squares model implemented in R statistical software [69]. The results
showed that the parameters γ and β cannot be estimated simultaneously with S and Ks
with the methodology implemented using the QEI extensions (3-, 4- and 5-terms) and
should be considered to have fixed values. The application of the three-term and four-term
expansions to experimental data using constant values of the β and A = γ/(r∆θ) parameters
resulted in the most robust estimates of S and Ks. The differences between the mean values
of estimated S and Ks and those calculated with QEI were lower than 2% in all cases.
These expansions facilitate the extension of the analyzed infiltration time and simplify
the calculus for estimating the hydraulic properties compared to the two-terms and QEI
equation. However, more research into the influence of the infiltration time and the disc
radius on the estimation of S and Ks is needed.

Recently, Moret-Fernández et al. [71], using QEI and four-term expansions models,
developed the Sequential Infiltration Analysis (SIA) method for analyzing infiltration
curves measured on layered soil profiles. The method considers a sequence of increasing
time series from the cumulative infiltration data to estimate Ks and S, and its corresponding
RMSE characterizing the quality of the fit. Laboratory experiments on layered soils and
field measurements showed robust estimates of Ks and S by applying the SIA method,
making it a promising and useful tool for characterizing the hydraulic properties of layered
and heterogeneous soils.

http://swi.csic.es/infiltration-map/
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Warrick [7] proposed empirical expressions of coefficients C1 and C2 by assuming a
constant diffusivity [6,33] and used the finite element program “Disc” in order to overcome
any numerical problem. The program is capable of processing infiltration data from TI
by estimating some parameters. “Disc” is based on solving the Richards’ equation either
in saturated or unsaturated water flow. The governing flow equation is solved by using
Galerkin-type finite element schemes and the program assumes that the flow under the
disc is three-dimensional and axisymmetric along the vertical axis. It also has the capability
of inverse solution and estimation of hydraulic parameters, which is based on optimization
algorithms (Marquardt–Levenberg type) that programs such as Excel and Origin still use
to this date.

The method proposed by Zhang [26] correlates coefficient C1 with capillary forces,
i.e., sorptivity (S0), and C2 with gravitational forces, i.e., hydraulic conductivity (K0), and
suggests linear relationships between the coefficients of Equation (26) and sorptivity, as
well as hydraulic conductivity for values close to saturation (e.g., for pressure heads from
−200 to −50 mm). These relationships are:

C1 = A1S0 (32)

C2 = A2K0 (33)

where A1 and A2 are dimensionless coefficients that depend on soil water content, soil
water retention and infiltrometer parameters.

After a series of numerical experiments, Zhang proposed empirical relationships to
calculate the coefficients A1 and A2. The relationships of coefficients A1 and A2 are:

A1 =
1.4b0.5(θ0 − θi)

0.25 exp[3(n− 1.9)aH0]

(ar0)
0.15 (34)

A2 =
11.65

(
n0.1 − 1

)
exp[2.92(n− 1.9)aH0]

(ar0)
0.91 , n ≥ 1.9 (35)

A2 =
11.65

(
n0.1 − 1

)
exp[7.5(n− 1.9)aH0]

(ar0)
0.91 , n < 1.9 (36)

where n and a (mm−1) are the soil water retention parameters of the van Genuchten [72]
equation, H0 is the applied negative pressure head and r0 is the radius of the infiltrome-
ter disc.

The hypothesis of Zhang [26] was criticized by Vandervaere et al. [6], who showed that
the lateral capillary flow term, which is developed under a circular source in 3D infiltration,
is proportional to time and therefore should be incorporated into the coefficient C2. Despite
the criticism of Zhang’s method [6,33], it is often used to calculate K0 from infiltrometer
measurements. Decagon devices manual [21] recommends the Zhang [26] method for
estimating those parameters since it is simple to use, is accurate for dry soils, and does not
require soil water content measurements. In addition, it simplifies the abovementioned
procedure by providing tables which contain the values of the A1 and A2 coefficients for
each soil type at a specific range of pressure heads.

The use of Zhang’s method requires the knowledge of the cumulative infiltration (I) vs.
time (t), as well as the soil type or the soil characteristic retention curve. The I(t) relationship
is needed for the calculation of C1 and C2. Knowing the van Genuchten parameters (n and
a) from the soil type or the soil water retention curve, the A1 and A2 are calculated from
Equations (34)–(36) and then the K0 and S can be estimated by Equations (32) and (33).

Dohnal et al. [58] conducted an experiment using synthetic infiltration data from
12 soils and data from two Cambisols and compared the Haverkamp et al. [8] two-term
expansion, White and Sully [42] and Zhang [26] methods. Using the two-term expansion
of Haverkamp et al. [8], Dohnal et al. [58] found that it provides quite poor K0 estimates or
completely fails in most soils due to the fact that soil water movement was mostly driven
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by strong lateral capillary forces that eliminate the effect of gravity. White and Sully [42]
method showed to overestimate K0 due to the same reasons and failed to estimate K0 only
once. As regards to the method of Zhang [26], in most soils studied, an overestimation
of the K0 values was observed. According to Dohnal et al. [58], the overestimation of K0
values in their study using Zhang’s method may occur due to the use of a different disc
size and a smaller range of pressure heads compared to the study of Zhang [26]. Also, they
extend the range of applicability of Zhang’s K0 estimation procedure, for soils characterized
by n < 1.35.

Vandervaere et al. [28] stated that Haverkamp et al. [8] and White and Sully [42]
methods were unable to estimate the hydraulic conductivity when the soil water movement
was dominated by lateral capillarity. Even negative values have been observed that have
no physical meaning [58]. Which term dominates in Equation (25) can be identified by
comparing S with the value of the Sopt parameter. Sopt is the sorptivity value for which
gravity and capillary terms have equivalent weights in the flow process [28]:

Sopt =

√
r(θ0 − θi)(2− β)K0

3γ
(37)

If S > Sopt the flow is dominated by lateral capillarity and the calculation of K0
is expected to be inaccurate, i.e., even negative values of K0 can be obtained by solving
Equation (28) using C1 and C2, which have no physical meaning. In contrast, the calculation
of C1 = S from Equation (27) is reliable. In this case, Vandervaere et al. [28] recommended
the steady-state flow method using the Ankeny et al. [25] and Reynolds and Elrick [23]
equations to calculate K0. A similar problem is presented by the Equation (20) of the White
et al. [40] method, which is conceptually similar to the Equation (25). Usually, the problem
of calculating K0 values occurs in laboratory experiments with disturbed soils and with
very low initial soil water content. One way to improve the calculation of K0 is to work
under conditions of higher initial θ to reduce the value of S. Bagarello et al. [73] carried
out numerical experiments on two soils with different initial water content, which are
classified in the lateral capillarity domain. The results showed that the Haverkamp et al.
method gave reliable results for the prediction of K0 in the case of high initial soil water
content, while the White et al. method (Equation (20)) overestimated the values of K0.
Additionally, they noted that the longer the infiltration time, the more accurate the results
by the Haverkamp et al. method.

If the value of S is similar to Sopt, then the calculation of both S and K0 is reliable.
In the case where S < Sopt, the value of K0 can be considered reliable because gravity

dominates over lateral capillarity, while the value of S is unreliable. In this case, it is not
recommended to use the steady-state flow method.

Vandervaere et al. [28] proposed a condition under which the Haverkamp et al. [8]
and White and Sully [42] methods can predict sufficiently the K0 value, due to the increase
in the gravitational forces:

γC1
2

r(θo − θi)
<

C2

2
(38)

Dohnal et al. [58] found out that the Vandervaere et al. [28] criterion (Equation (34))
might be too restrictive and revised it as:

γC1
2

r(θo − θi)
< C2 (39)

In addition, Dohnal et al. [58] detected that in the Zhang [26] method, for n < 1.35 (van
Genuchten soil parameter), Equation (36) negatively affects the estimation of K0. That is
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why they optimized the Zhang method by inserting a similar equation to (36) for soils with
n ranging between 1 and 1.35:

A2 =
11.65

(
n0.36 − 1

)
exp[6.9(n− 1.3)aH0]

(ar0)
0.87 , 1 < n < 1.35 (40)

In conclusion, although the presented transient flow methods can be considered
very powerful tools for estimation of hydraulic properties, they have some limitations
in terms of their accuracy. Specifically, the two-terms equation of Haverkamp et al. [8]
can be considered unreliable when the lateral flow (i.e, γS2/(r0∆θ) term) acquires values
higher than C2, leading to negative values of K0 from Equation (23). In addition, this
method requires the measurements of water content (θ0) at the end of the experiment.
White et al. [42] method faces similar problems even though it is a steady-state method.
Although the Zhang method is practically the most used method, mainly in the case of
the mini disc infiltrometer, it requires the knowledge of the soil type in addition to the 3D
infiltration data to evaluate the hydraulic parameters.

Overall, taking into consideration the presented criteria for selecting the appropriate
method of calculating the S0 and K0, the following graphical overview might be a helpful
tool (Figure 4).
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3. Some Special Case Studies and Reports

Although the tension infiltrometer is intensively used for the determination of hy-
draulic properties, the influence of the hysteresis phenomenon should be considered. Even
though studies have been performed on that, there is not agreement between their results
and therefore this field of research is open for further investigation. Bagarello et al. [74],
after conducting an experiment in a sandy loam soil with a hysteretic behavior, showed
that the sequence of the pressure head has a small impact on the values of the unsatu-
rated hydraulic conductivity which can be considered negligible. Bagarello et al. [75],
confirmed their results by demonstrating, in the same soil, that the order of the pressure
head sequence (ascending or descending) that is going to be applied to the soil does not
significantly affect the TI results. The discrepancies between K from ascending pressure
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heads and K from descending ones are mostly dependent on the imposed pressure heads
and usually considered negligible, especially for pressure heads close to saturation [75].
The ascending (dry to wet) sequence is recommended because drainage is occurring close
to the disc while wetting continues at the infiltration front, reducing the hysteresis effect
of the soil [23,76]. Logsdon et al. [29], reported, in a silty loam soil, that the pressure head
sequence (ascending or descending) significantly affects the steady infiltration rate. In
addition, Mckenzie et al. [77], after conducting their own experiment, showed that the
hysteresis phenomenon affects the measurements of a TI as long as the desorption and
adsorption curves are considered comparable.

Bagarello et al. [78], also, compared the unit hydraulic gradient (UHG) method with
the TI method on a hysteretic sandy loam soil. The UHG method is a laboratory method
based on 1D vertical infiltration. Both methods were able to detect the hysteresis effect on
the hydraulic conductivity values. The methods also gave similar measurements when
the experiment started from ponded conditions but statistically significant differences in
any other case, with the UHG method overestimating the K, especially in higher pressure
heads, making the TI a more reliable method.

Several researchers have been focused on calculating the hydraulic properties through
analytical or numerical solutions and/or the use of programs such as DISC or HYDRUS in
order to obtain the best estimation of the soil parameters [20,79,80]. However, programs
that have the inverse solution capability, such as Solver in Excel, can be proven fast, easily
accessible, and reliable tools for accurate parameter estimation [22,59,61].

4. Concluding Remarks

This non-exhaustive review has shown that tension disc infiltrometers are useful
instruments for simple and fast estimation of soil hydraulic properties at the soil surface.
Tension infiltrometers are simple, portable, and inexpensive apparatuses. They can be
easily used in both field and laboratory. Tension infiltrometers compared to others, e.g., ring
infiltrometers, are used without causing any disturbances in the soil during the experiment,
require small volumes of water, and are more suitable for studies in areas with difficult
access and largescale surveys. On the other hand, problems may be presented in particular
soils, e.g., hydrophobic, crusted and swelling soils where discs must be well leveled during
the experimental procedure for uniform application of pressure head across the soil surface.
Additional limitations and restrictions are related to the assumptions made during the
analysis of the infiltration data whether the data are from early time observations or from
steady-state ones. The most notable example is the calculation of negative values of K in
the case where the soil water flow is dominated by the lateral capillary flow. In this context,
the role of the initial soil water content should be investigated in depth, since experiments
have shown that for high values of initial θ reliable K values can be predicted in the case of
the transient method.

Finally, there is no clear answer to the infiltration time required for reliable estimation
of the soil parameters, especially of K. The accuracy of the equations used to calculate the
parameters, among others, strongly depends on the infiltration time.

Furthermore, the influence of the radius of a tension disc infiltrometer for the calcula-
tion of the S and K parameters, in the case of transient flow, needs to be studied deeper.
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79. Šimůnek, J.; Van Genuchten, M.T. Estimating unsaturated soil hydraulic properties from tension disc infiltrometer data by
numerical inversion. Water Resour. Res. 1996, 32, 2683–2696. [CrossRef]

80. Ramos, T.B.; Goncalves, M.C.; Martins, J.C.; Van Genuchten, M.T.; Pires, F.P. Estimation of soil hydraulic properties from
numerical inversion of tension disk infiltrometer data. Vadose Zone J. 2006, 5, 684–696. [CrossRef]

http://doi.org/10.1097/00010694-195709000-00010
http://doi.org/10.1029/2021WR031600
http://doi.org/10.1016/j.jhydrol.2009.12.049
http://doi.org/10.1071/SR9760103
http://doi.org/10.2136/sssaj2005.0026
http://doi.org/10.1016/j.jhydrol.2019.06.007
http://doi.org/10.1002/hyp.13966
http://doi.org/10.1002/vzj2.20068
http://doi.org/10.1016/j.jhydrol.2021.126542
http://doi.org/10.2136/sssaj1980.03615995004400050002x
http://doi.org/10.1016/j.biosystemseng.2003.11.007
http://doi.org/10.2136/sssaj2000.6441203x
http://doi.org/10.13031/2013.18457
http://doi.org/10.2136/sssaj1995.03615995005900010004x
http://doi.org/10.1071/SR99136
http://doi.org/10.1016/j.geoderma.2006.08.031
http://doi.org/10.1029/96WR01525
http://doi.org/10.2136/vzj2005.0076

	Introduction 
	Theory 
	Steady-State Flow 
	Non-Steady or Transient Water Flow 

	Some Special Case Studies and Reports 
	Concluding Remarks 
	References

