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Abstract: The most common method for in situ measurement of saturated hydraulic conductivity
(Ksat) of the vadose zone is the constant head well permeameter method. Our general objective is to
provide an empirical method for determining volume of water required for measuring Ksat using
this procedure. For one-dimensional infiltration, steady state reaches as time (t) → ∞. For three-
dimensional water flow from a cylindrical hole under a constant depth of water, however, steady state
reaches rather quickly when a saturated bulb forms around the hole. To reach a quasi-steady state for
measuring Ksat, we assume an adequate volume of water is needed to form the saturated bulb around
the hole and increase the water content outside of the saturated bulb within a bulb-shaped volume of
soil, hereafter, referred to as wetted soil volume. We determined the dimensions of the saturated bulb
using the Glover model that is used for calculating Ksat. We then used the values to determine the
volume of the saturated and wetted bulbs around the hole. The volume of water needed to reach a
quasi-steady state depends on the difference between the soil saturated and antecedent water content
(∆θ). Based on our analysis, between 2 and 5 L of water is needed to measure Ksat when ∆θ varies
between 0.1 and 0.4 m3 m−3, respectively.

Keywords: constant head well permeameter method; Glover model; saturated bulb; saturated
hydraulic conductivity; vadose zone; water flow

1. Introduction

Of all the processes that occur in soil, water flow is perhaps the only phenomenon
that directly or indirectly affects all other processes. These include, but are not limited
to, infiltration and percolation of water in the vadose zone, groundwater flow, transport
of dissolved and suspended materials, and evaporation. The Buckingham–Darcy law
(generally known and, hereafter, referred to as Darcy’s law) governs water flow through soil
under saturated and unsaturated conditions [1]. In Darcy’s law, the flux (v, dimensional unit
L/T) is directly related to the soil hydraulic conductivity (K, L/T) and hydraulic gradient,
dH/dX (L/L), where H is the total soil hydraulic head (total soil water potential expressed
on weight basis), and X is the distance along the flow path. Hydraulic conductivity,
defined as a measure of the ability of soil to transmit water [2,3], is a soil property that
depends not only on the soil pore size distribution and geometry, but also on the quantity
(i.e., soil water content, θ) and quality of water (e.g., solute content, temperature) flowing
through the soil [4]. Under saturated conditions, when soil water pressure head (h) = 0, soil
water content (θs) is equal to total soil porosity, and the saturated hydraulic conductivity
(hereafter, denoted as Ksat) is a constant at any given time or space. The unsaturated
hydraulic conductivity (hereafter, denoted as Kunsat), on the other hand, depends on θ and
h and is generally written as a function of soil water content, K(θ), or pressure head, K(h).

Both Ksat and Kunsat of the vadose zone can be measured in the field or laboratory
using a number of procedures [5–12]. In addition, a number of empirical approaches
(e.g., pedotransfer functions) are available for estimating Ksat and Kunsat [13–21]. These
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empirical approaches, however, may require accurate knowledge of other soil properties,
therefore, may have limitations for determining K for practical applications [22]. For exam-
ple, only someone with a great deal of expertise in soil mapping can properly determine
soil particle size distribution (which is required by some of the approaches) via feel method
in the field. Zhang and Schaap [23] presented a review of pedotransfer functions for
estimating soil saturated hydraulic conductivity and offered suggestions for improving
their capabilities. Due to difficulties associated with determining Kunsat and analysis of
water flow under unsaturated conditions, Ksat is often used as a proxy for a number of
environmental and engineering purposes. These include designing large septic systems
for wastewater disposal and infiltration galleries for groundwater recharge, storm water
management, and bioremediation of contaminated soil and groundwater [24–26].

The most widely used method for in situ determination of Ksat from the soil surface to
a few meters in depth (e.g., 4 m) in the vadose zone is the constant head well permeameter
(also known as shallow well pump-in or borehole permeameter) method [5,27–30]. In
the original method, Ksat was measured using a relatively large hole (e.g., 30 cm dime-
ter) requiring a large volume of water (e.g., 200 L) [2,31,32]. Based on theoretical and
experimental evaluations showing that a steady state is reached rather quickly, for most
applications, Ksat can be measured in a hole with a small diameter (e.g., 6 cm) using a few
liters of water [30,33–36].

To measure Ksat, a cylindrical hole of known radius (r) is bored to the desired depth. A
constant depth of water (L) is maintained in the hole, and the flow rate of water from the
hole to the soil (Q, L3/T) is measured after reaching a quasi-steady state [5,30]. Saturated
hydraulic conductivity is calculated using Q, r, and L via the equation

Ksat = Q/A (1)

where A is a factor that must be determined by a model using r and L. All the models
developed for determining the factor A are based on the idealized assumptions that Darcy’s
law is valid and the soil under consideration is homogeneous and isotropic.

For cases where the distance from the bottom of the hole to a restrictive layer is >2 L,
Zangar [37] presented the model developed by R. E. Glover (commonly referred to as the
Glover model), in which

A = 2πL2/[arcsinh(L/r) − (1+ r2/L2)1/2 + (r/L)] (2)

where arcsinh is the inverse hyperbolic sine function, and r and L are as defined before.
[Note: USBR [32] presents the Glover model by expressing arcsinh (L/r) by (natural log) ln
(L/r).] This model was developed based only on the saturated flow from a hole within a
cylindrical volume with a limited radius under a dome above the level of water in the hole
(see Figure 57 of Zangar [37]). Water that leaves the hole sidewall in the horizontal direction
due to hydrostatic pressure inside the hole, however, changes its course due to gravity into
vertical flow lines within the saturated cylindrical volume around the hole. Therefore, the
model takes into account both pressure head and gravity. Philip [38], Reynolds et al. [39],
and Stephens and Neuman [40] developed models for A by considering both saturated and
unsaturated flow around the cylindrical hole. These models are based on the assumption
that the unsaturated hydraulic conductivity can be described via the exponential function
given by [41]

K(h) = Ksatexp(αh) (3)

where h, as defined before, is the soil water pressure head, and α (L−1) is an empirical
parameter, referred to as the capillary factor or sorptive number. Amoozegar [33] compared
the Glover model with the models presented by Philip [38], Reynolds et al. [39], and
Stephens and Neuman [40] and showed that the Glover model is the most suitable one for
calculating Ksat based on Q, r, and L from field measurements.
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2. Objectives

As stated earlier, based on theoretical evaluations and practical measurements, steady
state reaches relatively quickly for three-dimensional water flow from a cylindrical hole,
and using a relatively small diameter hole, Ksat can be measured in situ via the constant
head well permeameter method using a few liters of water in a few hours. However, to
our knowledge, no procedure has been offered to determine the amount of water and the
required time for an in situ measurement of Ksat via this method. Our objectives here are
(1) to present a simple analysis of water flow from a cylindrical hole within the vadose
zone, and (2) to provide a protocol based on a conceptual model for estimating the volume
of water required to reach a steady state condition for measuring Ksat via the constant head
well permeameter method using the Glover model.

3. Methods

There are major differences between one-dimensional vertical infiltration and three-
dimensional water flow from a cylindrical hole. To demonstrate their similarities and
differences, we first compare one-dimensional vertical infiltration with three-dimensional
flow from a cylindrical hole in a homogeneous, isotropic, and uniformly dry infinitely
deep soil.

3.1. One-Dimensional Infiltration under Constant Depth of Ponding

The soil water profile during one-dimensional infiltration in an idealized soil system
composed of a homogeneous, uniformly moist, and semi-infinite soil is composed of a
saturation zone, saturation front, transmission zone, transmission front, wetting zone,
and wetting front (Figure 1A,B). Within the bottom part of the transmission zone and
in the wetting zone, water content and pressure head decrease rapidly to the initial soil
water content (θi) and pressure head (hi), respectively. As explained by Hillel [4], despite
relatively low Kunsat within the wetting zone, due to a rather large hydraulic gradient
across the wetting front, the wetting front advances more rapidly than the saturation front,
and the flux (v) decreases rapidly to the background level ahead of the wetting front. In
addition, the saturation zone grows (i.e., thickness of the saturated zone increases) while
the infiltration rate declines with time.

To assess infiltration rate (i) for a homogeneous, initially uniform moist soil, we take
the origin of the Cartesian coordinate system at the soil surface with positive z-axis going
upward (see Figure 1A). Within the saturation zone, soil water content is at saturation
(a constant, θs), the hydraulic conductivity is equal to Ksat (a constant value), but the
pressure head decreases from d at the soil surface to zero at the saturation front. Under a
constant depth of ponding (d), pressure head at the soil surface is h(0, t) = d, gravitational
head is hz(0, t) = 0, and total hydraulic head is H(0, t) = d. At the saturation front, where
the depth zs = −G(t) (see Figure 1), the pressure head is h(G, t) = 0, gravitational head is
hz(G, t) = −G(t), and total hydraulic head is H(G, t) = −G(t). According to Darcy’s law, the
flux at the soil surface (i.e., infiltration rate i) can be estimated by

v(0, t) = i = −Ksat[H(G, t) − H(0, t)]/G(t) = Ksat[d + G(t)]/G(t) (4a)

or
i = Ksat + Ksat[d/G(t)] (4b)

For one-dimensional infiltration under a constant depth of ponding, steady state will
be reached only as t → ∞ (see Philip [42]) when d/G(t) → zero (i.e., when G(t) >> d).
Therefore, according to Equation (4b), infiltration rate decreases asymptotically, reaching a
final value that is often taken as the Ksat of the soil [5].
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Figure 1. Idealized schematic diagram of the wetted regions (A) and water content distribution with
depth (soil water profile) (B) for vertical infiltration under a constant depth of ponding, and wetted
regions (C) and water content distribution as a function of distance (D) around a cylindrical hole
under a constant depth (head) of water in the hole.

3.2. Three-Dimensional Infiltration from a Cylindrical Hole under a Constant Depth of Water

Similar to one-dimensional infiltration, we consider water flow from a cylindrical hole
of radius r under a constant depth of water (L) in an idealized, unsaturated, homogeneous,
and isotropic soil system. Under a constant depth of ponding, the soil water regime around
the hole is composed of a saturation zone (h > 0), saturation front (h = 0), transmission
and wetting zones (h < 0), and wetting front (h < < 0) (Figure 1C). Unlike one-dimensional
infiltration, however, water that leaves the sidewall of the hole in the horizontal direction
moves along curvilinear streamlines that diverge both radially and vertically due to gravity
(see Figure 1C). These streamlines form paraboloid surfaces (hereafter, referred to as
streamline surfaces) that expand with time. Since water flow from a cylindrical hole is
three-dimensional, as infiltration continues, the surface area of flow bounded by any two
neighboring streamline surfaces increases with distance from the hole, resulting in a rapid
drop in soil water content (Figure 1D), Kunsat, and flux. Therefore, the quantity of water that
enters the soil through the sidewall and bottom of the hole cannot fill all the air-filled pores
beyond a relatively short distance from the wall or bottom of the hole, and the saturation
zone stops growing. Stephens [43] and Stephens and Neuman [40] recognized that a tear-
shaped saturation zone (referred to as saturated bulb) of limited size forms around the
hole once steady state is reached. While, for one-dimensional vertical infiltration, both
saturation zone and transmission zone grow indefinitely, and steady state reaches as t→ ∞,
for three-dimensional flow, the rate of water flow into the soil from a cylindrical hole
reaches steady state when the saturated bulb is formed while the transmission zone and
wetting front continue to advance.
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Considering a reference elevation at the bottom of the hole, the total hydraulic head
H (i.e., h + hz) at any point on the sidewall and bottom of the hole is equal to L, as shown in
Figure 2 (4, 33, 43). Following water application to the hole, the rate of water entry into the
soil and the rate of advance of the saturation front and wetting front are controlled by the
hydrostatic pressure head on the hole sidewall and bottom and the matric potential in the
transmission zone and across the wetting front. At steady state, the gradient at any point
on the wetted wall or bottom of the cylindrical hole is greater than 1, therefore, the flux
at any point on the wetted wall and bottom is numerically greater than Ksat but decreases
continuously along any streamline surface in the saturated zone, while the hydraulic
conductivity remains the same (i.e., Ksat). As discussed above, outside of the saturated
bulb, both the flux and Kunsat decrease rapidly because the soil water content decreases
exponentially due to the three-dimensional nature of the flow. Moving on any streamline
surface starting from the hole wall, there is a point at which the flux is numerically equal
to Ksat. These points on the streamline surfaces form a surface area that bounds a soil
volume around the hole that is similar in shape to the saturated bulb. Amoozegar [33]
presented a rather simple analysis of water flow from a cylindrical auger hole under a
constant depth of water and stated that the volume of the saturated bulb is independent
of the initial soil water content and soil texture. In addition, he showed that the surface
where the flux is numerically equal to Ksat lies directly over the surface of the saturated
bulb. After reaching steady state, the flow rate of water infiltrating from the hole to the
soil (i.e., Q) is the same as the flow rate of water passing through the surface area of the
saturated bulb (SSB). Therefore, we can write

Q = SSB × vSB (5)

where vSB is the flux through the saturated bulb surface. Considering that at the surface of
the saturated bulb vSB = Ksat, and comparing Equations (1) and (5), we determine that SSB
is numerically equal to the factor A determined by the models for calculating Ksat.
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Figure 2. Schematic diagram of the three-dimensional representation of the saturated bulb around a
cylindrical hole of radius r showing the pressure head (h), gravitational head (hz), and total hydraulic
head (H) on the sidewall and bottom of the hole under a constant depth of water (L). Adapted from
Amoozegar [33].
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Outside the saturated bulb, the pressure head and soil water content decrease in
tandem reaching the background (initial condition) levels away from the hole. The points
for any constant pressure head (hereafter, referred to as the equipressure head surfaces)
form a bulb-shaped volume, as shown by Amoozegar [33] and represented in Figure 3.
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Figure 3. Cross-sectional area of the saturated bulb surrounded by bulb-shaped equipressure head
surfaces (adapted from Stephens [43], as presented by Amoozegar [33]).

4. Water Requirements to Reach Steady State for Measuring Ksat

At an initial water content of θi, the smaller pores contain water while the larger pores
contain air. As water moves from the hole to the soil, the large pores conduct water at a
faster rate than the small pores, but water in the small pores also moves outward as water
from the hole enters the soil. In addition, as described by Hillel [4] for one-dimensional
flow, the relatively high rate of infiltration after application of water to the soil depends on
θi. The volume of water required to reach steady state and determine Ksat at a given site
depends on the soil total porosity (taken to be saturated water content, θs) and the initial
soil water content, θi. The time to make a measurement depends on this volume, initial
infiltration of water into soil, and Ksat of the soil.

To estimate the required volume of water that is needed to determine Ksat for practical
applications, we consider that the rate of water entry from the cylindrical hole to the
soil is measured after reaching a quasi-steady state condition. To reach a quasi-steady
state condition, we assume an adequate volume of water is needed to form the saturated
bulb and increase the water content outside of the saturated bulb within a bulb-shaped
volume of soil (hereafter, referred to as wetted soil volume) where the water content at the
corresponding equipressure head surface nearly reaches the background (i.e., initial) soil
water content. Furthermore, we assume the water content in the wetted soil volume (θwv)
can be estimated using the average water content between saturation and background soil
water content, i.e., θwv = (θs − θi)/2. This is a reasonable assumption when considering
the soil water content decreases exponentially with distance from the cylindrical hole (see
Figure 1D). To measure the flow rate (i.e., Q) for calculating Ksat, we increase this volume
by a minimum of 100 to 400 cm3, depending on the quasi-steady state rate of water flow
into the soil (i.e., depending on Ksat).
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4.1. Surface Area and Volume of the Saturated Bulb

As presented by Amoozegar [33], we recognize that the saturated bulb resembles the
shape of an egg. We then use one of the techniques used for determining the surface area
and volume of an egg in the poultry industry [44] to determine the volume of water needed
to reach a quasi-steady state.

Inspecting the shape of the saturated bulb and wetted soil volume, we visualize that
each can be divided into two half-spheroids (also known as ellipsoid of revolution) where
they meet at the middle sharing their axes that are equal (Figure 4). Due to the requirement
of H/r ≥ 5 suggested for using the Glover model by Amoozegar [45], we postulate that the
upper spheroid is a prolate for both bulb volumes. For the bottom half, we can choose a
prolate or oblate spheroid for one or both volumes.
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Figure 4. Schematic diagram of the saturated bulb composed of two half-spheroids forming around a
cylindrical hole under a constant depth of water after reaching steady state flow rate. Adapted from
Amoozegar [33].

For the saturated bulb, following Amoozegar [33], we set the upper half prolate
spheroid with axes B1 and D in such a way that it touches the perimeter of the surface of
the water in the hole (Figures 2 and 4). We then set the distance from the water level in the
hole to the top of the crown (upper vertex) of the spheroid as p and set the distance from
the centers of the two spheroids to the bottom of the hole as k, as shown in Figure 4. Under
this setup, we have

B1 = L + k + p (6)

We chose the lower half to be an oblate spheroid, with axes B2 and D, and selected
the length of B2 such that the ratio of (B2 + k)/D < 1.0. This ratio is in agreement with the
analysis conducted by Stephens [43]. The surface area of the saturated bulb is the sum of
the surface areas of the upper and lower half-spheroids minus the surface area of the cap
above the water level in the hole.
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There are a number of analytical equations for determining the surface area of prolate
and oblate spheroids. For our analysis, we used the equations presented by Tee [46]
for determining the one-half of the surface areas of the upper prolate and lower oblate
spheroids to determine the surface area of the saturated bulb via

SSB = πD[2D + B1arcsin(e1/2)/e1/2 + B2arcsinh(f 1/2)/f 1/2] − π(r2 + p2) (7)

where e = 1−D2/B1
2 for the upper prolate and f = D2/B2

2 −1 for the lower oblate spheroid.
As an alternative, the surface area of the saturated bulb can be determined using the general
empirical equation for ellipsoid S = 4π[(anbn+ ancn +bncn)/3]1/n where a, b, and c are half
the length of the principal axes of the ellipsoid and the constant n = 1.6075 [47]. For surface
areas of the two one-half spheroids, two of the axes are the same and the surface area of the
saturated bulb can be estimated using

SSB = 2π{[2(B1D)1.6075/3 + D3.215/3]1/1.6075 + [(2(B2D)1.6075/3 + D3.215/3]1/1.6075} − π(r2 + p2) (8)

The volume of the saturated bulb is the sum of the volumes of the two half-spheroids
minus the volume of cap and volume of water in the hole, as determined by the equation

V = (2/3)πD2(B1 + B2) − πr2L − (πp/6)[3r2 + p2] (9)

As stated earlier, the surface area of the saturated bulb is numerically equal to factor
A in Equation (1). By selecting values for k, p, B1, B2, and D through the trial and error
method, we can exactly match the surface area of the saturated bulb to be equal to factor A.
We then use the values of B1, B2, and D to calculate the volume of the saturated bulb. We
conducted our analysis for measuring Ksat using 15 cm depth of water in a 6 cm diameter
hole, as recommended for practical applications. Values for k, p, B1, B2, and D for matching
the surface area of the saturated bulb with factor A in the Glover model, Equation (2), are
presented in Table 1.

Table 1. Dimensions, volume, and surface area of the saturated bulb and wetted volume after
reaching a quasi-steady state for water flow from a cylindrical hole with r = 3 cm and L = 15 cm.
Factor A is from the Glover model presented by Equation (2).

p k B1 B2 D S V

---------------------------------------cm----------------------------------------- cm2 cm3

Saturated Bulb 1.46 1 17.46 5.48 7.5 947 2256
Wetted Volume 0.31 3 18.31 16.44 16.5 3515 19,386

4.2. Volume of the Wetted Bulb

To reach a quasi-steady state, we assumed distances k, B2 + k, and D − r for the
saturated bulb (see Figure 4) to increase by a factor of three for the wetted bulb, as presented
in Table 1 and Figure 5. This is a reasonable assumption when we consider that the volume
of equipressure head bulbs (see Figure 3) increases approximately with R3, where R is the
horizontal distance from the center of the bulb. Consequently, the average water content
near the equipressure head surfaces is also inversely related to R3. Based on the above
assumptions, the volume of the wetted bulb is composed of one-half prolate and one-half
oblate spheroids. We adjusted the length p so the surface of the wetted bulb touches the
perimeter of the surface of the water in the hole to obtain the major axis of the upper prolate
spheroid (see Table 1). We followed a similar method as used for the saturated bulb and
determined the surface area and volume of the wetted bulb around the saturated bulb
using Equations (7) and (9), and the results are presented in Table 1.
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Figure 5. Schematic diagram of the saturated and wetted bulbs (A), and the soil water content
distribution with distance from the center of the bulbs (B).

4.3. Example Calculation

Here, we present example calculations for determining Ksat in a 6 cm diameter cylindri-
cal hole under 15 cm of depth (head) of water (the most common type of Ksat measurements
for using the Glover model). For these calculations, the volume of the saturated bulb is
2256 cm3, and the volume of the wetted bulb associated with D = 16.5 cm is 19,386 cm3.
As stated earlier, the quasi-steady state flow rate should be determined three or four times
while applying 100–400 cm3 of water to the soil depending on the flow rate into the soil.
The volume of water needed for measuring Ksat is

1. Volume of water to fill the hole to 15 cm depth, π × 9 × 15 cm3;
2. Volume of water to increase the water content within the saturated bulb from θi to θs,

2256 × (θs − θi) cm3;
3. Volume of water to increase the water content of the wetted volume outside of the

saturated bulb, (19,386 – 2256) × (θs − θi)/2 cm3;
4. Volume of water to reach the quasi-steady state is the sum of the three values deter-

mined above, and volume of water to be applied to soil to measure the quasi-steady
state rate, Q, is 100–400 cm3.

Based on the example values, we estimated the volume of water that must be applied to
the soil to reach a quasi-steady state and measure Ksat for four θs − θi scenarios (Table 2). We
should note that the quasi-steady state flow rates for different Ksat values were determined
using the Glover model (Equations (1) and (2)). The values in Table 2 can be used to
estimate the volume of water for in situ measurement of Ksat for various porosity (θs) and
initial water content (θi) combinations.

We should note that due to the soil micro variability and other factors (e.g., presence
of air entrapped in soil pores), the initial rate of water flow into the soil as well as the
steady state rate do not follow a smooth declining curve. Often, the rate of water flow after
reaching a quasi-steady state fluctuates slightly around an average value. Also, considering
soil spatial variability, particularly with respect to soil hydraulic conductivity [48], reaching
a quasi-steady state condition is adequate for measuring Ksat for most practical applications.
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Table 2. Estimated volume of water needed to reach a quasi-steady state flow rate (Q) and make
measurements for different Ksat values measured in a 6 cm diameter cylindrical hole under 15 cm
depth (head) of water in a soil with saturated water content θs and initial soil water content θi.
Volume of water to fill the cylindrical hole to 15 cm depth is 424 cm3.

Ksat, cm h−1 0.1 0.25 0.5 ≥0.75
Required Q, cm3 h−1 95 237 474 ≥710
Volume to Measure Q, cm3 100 200 300 400

Reaching †

θs− θi Quasi-Steady State Making Measurement

cm3 cm−3 cm3 -------------------------cm3---------------------------
0.4 4750 4850 4950 5050 5150
0.3 3670 3770 3870 3970 4070
0.2 2590 2690 2790 2890 2990
0.1 1510 1610 1710 1810 1910

† Volume of the saturated bulb, VSB = 2256 cm3. Volume of the associated wetted bulb, VWB= 19,386
cm3. Volume of water to reach quasi-steady state = VSB × (θs − θi) + (VWP − VSB) × (θs − θi)/2 +
424 cm3.

Since the quasi-steady state flow rate of water from a cylindrical home to the soil
depends on Ksat, a pre-determined set of time periods or volumes of water entering the soil
cannot be prescribed for making Ksat measurements for all cases. Instead, the individual
making measurements must allow enough time for the flow to reach a quasi-steady state
condition and obtain accurate measurements for determination of the quasi-steady state
rate of water flow for calculating Ksat. To determine if a quasi-steady state has been reached,
the individual making measurements must either plot the rate of water infiltration into the
soil or make an adequate number of measurements to confirm that required quasi-steady
state has been reached. In general, for most practical applications, measurements must be
continued until 3–5 consecutive rates of water entry into the soil are not on a continuous
declining trend, but instead vary within a reasonably small range of their average value. The
analysis presented in this paper provides general guidelines for determining reasonable
bounds on the volume of water that should be used to measure these nearly constant
flow rates.

5. Summary and Conclusions

The constant head well permeameter method is used around the world to measure
soil saturated hydraulic conductivity (Ksat) in the vadose zone. Since water flow from a
cylindrical hole in this method is three-dimensional, steady state reaches quickly when
a saturated bulb forms around the hole. Although it has been reported that Ksat can
be measured in a relatively short time using a few liters of water, no analysis has been
performed to estimate the volume of water needed to make measurements. At steady state,
the rate of water flow from the hole to the soil depends on Ksat, height of water in the
hole (L), and radius of the hole (r). For a given r and L, the minimum volume of water
required to reach a quasi-steady state depends on the volume of the saturated bulb, soil
total porosity, and antecedent (i.e., initial) soil water content. Using an innovative approach,
a protocol is developed to estimate the volume of water required to reach a quasi-steady
state condition for measuring Ksat for practical applications. In this approach, the volumes
of the saturated bulb and wetted volume of the soil around it are determined using the
Glover model for calculating Ksat based on r, L, and quasi-steady rate of water flow into
the soil (Q). The time of measurement and volume of water required to infiltrate the soil
for measuring Q depends on Ksat. Based on our analysis, using a 6 cm diameter hole and
15 cm depth of water in the hole, for most practical applications, Ksat of the vadose zone
can be measured via the constant head well permeameter method using 2 to 5 L of water.
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