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A Comprehensive Model for Single Ring Infiltration
I: Initial Water Content and Soil Hydraulic Properties

Single ring infiltration tests are commonly used to understand soil hydraulic
properties. While a number of models have been developed to describe three-
dimensional infiltration from single ring sources, these expressions are often
restricted to cases where the soil is initially dry and the source pressure head
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Blacksburg, VA 24061 is negligible. These conditions may restrict the use of these expressions in real

' field settings. In this study we modified a set of infiltration models to explic-
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ric heads. Specifically, as initial matric head increases, infiltration becomes
increasingly one-dimensional due to a decrease of the soil capillary force.
However, for most realistic situations (i.e., moderately wet to very dry ini-
tial conditions) the model can be simplified by assuming a constant capillary
length. The resulting expressions compared well with numerical results from
HYDRUS-3D for five different soils, including both dry and wet initial condi-
tions, two ring insertion depths, and two ponding depths. Overall, the model
provides further insight on the variations in soil capillarity (as sorptivity) and
infiltration across a range of soil types and initial conditions, and can be used
to describe single ring infiltration under nearly every scenario.

nfiltration tests are often used to determine soil physical properties such as
field-saturated hydraulic conductivity, K, which has led to the development
of numerous approaches to measure infiltration rates in the field. Examples
of infiltration methods include single ring (Castellini et al., 2016; Reynolds and
Elrick, 1990) and double ring (Fatchnia et al., 2016; Pollalis and Valiantzas, 2014)
infilerometers that use a circular ponded water source at the soil surface; tension
infilerometers (Reynolds and Elrick, 1991; Shuster et al., 2015) that use a cylindri-
cal water source under negative pressure at the soil surface; borehole permeam-
eters that allow water to infiltrate from within an auger hole (Elrick and Reynolds,
1992; Hinnell et al,, 2009); and the air-entry permeameter (Bouwer, 1966), in
which the soil capillary force is quantified during the infiltration process. Each ap-
proach requires a distinct set of assumptions and supplementary information to
decipher hydraulic properties from the infiltration results.
Core Ideas Single ring infiltration tests offer the advantages of being easy to conduct and

i L . requiring minimal and inexpensive equipment. However, interpreting or predict—
¢ New single ring infiltration model
accounts for a wide range of
experimental conditions.

ing infiltration from single ring infiltrometers requires solutions that account for
the three-dimensional flow patterns in the soil. In particular, knowledge of the soil

. L . . capillary force is needed to interpret early-time and steady infiltration behavior
¢ Soil capillarity as function of initial

water content was explored. and predict infiltration (Stewart et al., 2013).

Two main groups of solutions have emerged that explicitly predict infiltra-

¢ Model closely matched HYDRUS-
3D simulations for thirty infiltration
scenarios.

tion and infiltration rates as functions of time (Table 1). The first, developed by
Haverkamp et al. (1990), Haverkamp et al. (1994), uses the soil water diffusivity to

predict three-dimensional wetting behaviors as encapsulated by a shape parameter .
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The Haverkamp solution is valid for all time, and has subsequently
been modified to interpret soil hydraulic properties from slightly
ponded ring infiltration tests, in a process known as the Beerkan
Estimation of Soil Transfer Properties (BEST). BEST analyses
have successively been used to analyze infiltration tests and pre-
dict hydraulic properties such as K. However, the solutions do
not allow flexibility in the choice of soil hydraulic model (i.e., wa-
ter retention is specified using van Genuchten parameters while
unsaturated hydraulic conductivity is prescribed with the Brooks
and Corey parameter set). The BEST methods, as developed by
Braud etal. (2005); Lassabatere et al. (2006), also require measure-
ment of a particle size distribution to be fully utilized. Finally, the
Haverkamp model was developed for tension infiltration sources,
where the source pressure head is less than zero and the disc source
rests on the soil surface, making it less accurate in situations where
source pressure or depth of ring insertion are positive.

The other family of three-dimensional infiltration mod-
cls are similar in form to the Wooding (1968) solution, and
are valid for steady-state infiltration conditions. For example,
Reynolds and Elrick (1990) developed a steady-state model that
accounts for differences in ring geometries, insertion depths, and
water supply ponding depths. This infiltration model was later
modified using two additional empirical parameters to predict
carly- and transient-time infiltration behaviors (Wu et al,, 1999),
which removed the requirement of steady-state conditions. The
ability to account for different ponding depths allows the model
to reflect various experimental configurations, where relatively
high supply heads may be used to optimize analysis stability,
reduce measurement times (Reynolds et al., 2002), and better
mimic natural rainfall (Di Prima et al., 2017).

In this study we build on the Wu etal. (1999) and Reynolds
and Elrick (1990) solutions to propose a comprehensive infil-
tration model for single ring sources, with the ultimate goal of
being able to describe infiltration into a range of soil types and
initial conditions with minimal auxiliary data. The proposed
model accounts for different ring sizes and depths of insertion,
initial water content and matric pressure head, transient and
steady-state infiltration behaviors, and non-zero water supply
pressures. As such, it has considerable flexibility when com-
pared with other models.

Theory
Infiltration Model

Based on two-term Philip type solutions matched for short
and long times (Philip, 1987), infiltration 7 [L] from a single ring

source can be described as:
I=c Jr +c,t

I=c,+c,t 2T [1b]

= Tcrit

2
T R
crit 4 ,—c, [ IC]

where ¢, [L T05], oL T, ¢y [L]and ¢ [L T~1] are constants,
and T

F<T e [1a]

i L T] represents the time of transition between early-time

and steady-state infiltration behaviors. Note that in Eq. [1c] T_;,
is defined as the time when the infiltration rate (dI/dt) is equal
between Eq. [1a] and [1b].

In many formulations, such as those of Haverkamp et al.
(1994) and Philip (1969), the ¢, term is taken to be equal to the
soil sorptivity, S [L T-%%]. Using the White and Sully (1987) ex-

pression for sorptivity, we obtain:

6, =5=J0,20) (ho ¥ VK, /b 2)

where ei and 95 represent the respective initial (i.e., background)

and saturated soil water contents, /

source 13 the pressure head at the
source [L], K is the field-saturated hydraulic conductivity [L T,
and 4 is a parameter (White and Sully, 1987) that varies between
1/2 and 1/4 depending on the shape of the soil water diffusivity
function. A value of 4 = 0.55 is often assumed (Haverkamp et al,,
1994; Reynolds and Elrick, 1990; White and Sully, 1987). X is the
capillary length [L] (a measure of the soil capillary force), which we

define as being equal to the matric flux potential, A, scaled by K:
N=A/K, [3)

Note that the capillary length term defined in Eq. [3] can be
considered to be the reciprocal of the o parameter used in other
studies (Angulo-Jaramillo et al., 2016; Reynolds et al.,, 2002).

The matric flux potential [L? T~1] is a macroscopic measure
of the averaged capillary force acting through the wetted soil,
and can be found by (Gardner, 1958; Philip, 1984):

Table 1. Saturated water content (0,), residual water content (6,), saturated hydraulic conductivity (K., bubbling pressure head
(hy), pore size index (n), and empirical fitting parameters (o, m, and n) for the eight soils used in comparisons and analysis.

Original source: Fuentes et al. (1992).

No. Soil 0 ot Ks hy M o m n
cm min~! cm cm™!

1 Guelph loam 0.52 0.17,0.22 0.022 —45.82 3.56 0.0115 0.51 2.04
2 Yolo light clay 0.50 0.0, 0.0 0.00074 -16.56 2.62 0.0325 0.21 1.26
3 Grenoble sand 0.31 0.0, 0.0 0.26 -11.43 5.86 0.0432 0.51 2.04
4 Columbia siltf 0.40 0.0, 0.0 0.0035 -6.657 5.45 0.0176 0.26 1.34
5 Hygiene sandstone 0.25 0.13, 0.15 0.075 -105.35 10.84 0.00793 0.90 10.4

6 Touchet silt loam 0.47 0.12,0.19 0.21 —148.80 7.23 0.00505 0.87 7.63
7 Silt loam G.E.3 0.40 0.013,0.13 0.0035 —128.48 3.16 0.00423 0.51 2.06
8 Beit Netofa clay 0.45 0.089, 0.29 5.7 x107° —208.04 2.39 0.00202 0.37 1.59

t The first value is Brooks and Corey model, the second value is van Genuchten—-Mualem model.

¥ hy, and n were set so that the maximum capillary length (\
and Corey and van Genuchten-Mualem parameters.

max

) and maximum matric flux potential (A

may) Were equivalent between the Brooks
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A= j K (b)dh 4]

b

where K(b) is hydraulic conductivity [L T1] as a function of
matric head, 5 [L], integrated between the initial condition bi
(where 4, < 0) and saturated conditions (b = 0).

In the case of three-dimensional ponded infiltration from
a single ring source, Wu et al. (1999) determined an empirical
infiltration equation with the general form of Eq. [1]. In their

solution, the ¢, term is equal to:

¢, =afK,, (5]

where 4 is a constant and fis a factor related to the three-dimen-
sional wetting shape. Using the analysis of Reynolds and Elrick
(1990), fcan be described as:

+X

f= hsourcc +1 [6]
d+r /2

where d is the depth of ring insertion [L] and 74 is the single ring
disk radius [L].
The original Reynolds and Elrick (1990) analysis, done for

steady-state conditions, suggested the ¢4 term can be defined as:
C/l :f](fs [7]

Because cumulative infiltration must be continuous at time
T (i€ Eq. [1a] and [1b] must equal each other at the time of
transition), we can substitute Eq. [2], [5] and [6] into Eq. [1] and

solve for ¢;. Equation [1] then becomes:

1:\/(93 _Gi ) (bsourcc +>\)Kfs /b\/;+d.}(](fst 1< Tcrit [821]

0.-0.) (b _+N)
[: s i source } > . 8'3
4-}%(1_4) fost 4 Terit [ ]

_ (es _ei ) (hsourcc +>\)

Terie = 2 2 [8C]
4K, [*(1-a)

In the original development of the Wu and Pan (1997)
model, 2 was determined through curve-fitting to be approxi-
mately equal to 0.91. Here, we instead use the definitions of
Eq. [2] and [6] to rewrite Eq. [8a] as:

S?ab
I=S\/;+4Kfsz‘} ¢ F< T e
(0,0 (d+7,/2)

In Eq. [8d], as the depth of ring insertion, 4, and/or the disk

radius, 74, go to infinity, the last term of the right hand side be-

(8d]

comes 0, while at the same time water flow from the disk source
becomes one-dimensional. In that case, /=S5 \/; +aKt, which
corresponds to the first two terms of the Philip (1957) model for
one-dimensional vertical infiltration. Real soils have been shown
to have values of 0.4 < 2 < 0.5 (Philip, 1990), so based on this
result and our subsequent analysis we recommend using a mean
value of 2 = 0.45. Thus, our recommended 4 value is approximate-

ly one half of the value recommended by Wu and Pan (1997).

Capillary Length

While the capillary length, \, can be determined experi-
mentally, such as by using two rings with different radii (Scotter
ctal,, 1982) or by assuming a value dependent on soil texture and
structure (Reynolds et al., 2002), here we focus on quantifying
X via an analytical approach. To solve Eq. [4], we need a model
for K(h); we choose the Brooks and Corey (1964) model, noting
that other hydraulic models can instead be used but may require
numerical integration to solve. The Brooks and Corey (1964)

solutions for water content 0 and K(4) as functions of pressure

head 5 are:

0=(0,-0,)(h, /b)) +0,  h<h, [9a]

0=0_ hzh, [9b]
and

K(h)=K (h,/h)" bh<hy, [10a]

K(h)=K, h=h, [10b]

where A is the bubbling pressure head [L] (with the constraint
hy, < 0), M is a pore size index (with the constraintm > 2), and 0,
is the residual water content.

Evaluating Eq. [3] using Eq. [4] and [10] gives:

hm_hi(hb /bi)n

0 hy
X:Idh+j(bb/h)"dh=( j h.<h, [11a]
b h

1-m
0
xzjdh:—loi h.=hy [11b]
b
As the soil becomes very dry, X will converge to a maximum
value N
>\max: bn/(l_n) [12]

The validity of the assumption that X\ & X ___ can be evalu-
ated by examining how the ratio of \/X_ varies as a function
of initial matric head. Combining Eq. [11] and [12], we define
this ratio as:

1-n
A :[ hyn=h,(h,/h,)" jzl_l(ﬂj b <hy [13a]
b n\ A,

A

max

X h _n—l(ﬁj
>\max hbn/(l_[ﬂ) n hb

Note that the ratio N/\ .. also provides a relative indica-

b= b, [13b]

tion of the extent of three-dimensional flow: as b, goes to zero
(i.e., as the initial soil water content increases toward saturation),
NNy also goes to zero, thus indicating one-dimensional ver-
tical flow. This condition is more theoretical than practical, as
such conditions would only occur with saturated yet draining
conditions (e.g., rain falling on the soil surface at a rate equiva-
source 0). Still, this analy-

sis reveals that the capillary length decreases from a maximum in

lent to K and a water supply value /

very dry soils toward small values in nearly-saturated soils.

www.soils.org/publications/sssaj



Three-dimensional Wetting Shape Factor

Here we again use Brooks and Corey parameters to develop
an expression for the three-dimensional wetting shape factor, f;
noting again that other hydraulic models can be used instead.
Substituting Eq. [10] into Eq. [6] results in:

f:hsourcc(l_n)+hbn_hi(hb /hi)n F1
(d+r,/2)(1-)

ho<hy, [l4a]

f — hsourcc i +1

hosh, [14b]
(d+7,/2)

In very dry conditions, Eq. [14] can be simplified, as fwill
converge to a maximum value £, :
b 1-m)+h,
fmax: source( n) bn ; 1
(d+r/2)(1-n)

METHODS
Numerical Simulations with Synthetic Soils
Relative capillary length (A\/X

[15]

nay) Was quantified for four
synthetic soils, with Brooks and Corey parameter 1 = 2.5, 4, 8,
and 16, by evaluating Eq. [13] over the range of scaled initial
matric head 0 < /,/hy < 1000. We also explored how X\ var-
ies as a function of the Brooks and Corey parameters bb and 1),
by calculating Eq. [12] for a wide range of parameter values. To
provide additional context, we included eight well-characterized
soils as summarized by Fuentes et al. (1992) (Table 1).

We also evaluated the infiltration model and its associated
parameters using the van Genuchten (1980) water retention and

hydraulic conductivity models:

0=(0,-0,)(1+]ch]") " +0, [16]

”]m)z([1+|ub”]m/2) [17]

where o, 72, and 7 are empirical parameters. To our knowledge,

K(h)=K, (l—|0c19

- [1+|0ch

there is not a simple closed-form analytical solution for capil-
lary length using the van Genuchten-Mualem function (e.g.,
the equivalent of Eq. [11]). To determine the applicable values
for \ based on van Genuchten-Mualem parameters, we nu-
merically integrated Eq. [4] using Eq. [17] as the K(/) function.
We accomplished this using the default integrate option in the

No flux

-dzlcm

Fig. 1. Screenshot of HYDRUS-2D/3D model of a single ring
infiltration source (blue dots on upper left surface), with simulated
ring insertion depth of 1 cm.

software package R (version 3.3.1); note that we evaluated the
precision of the numerical integration tool by specifying abso-
lute tolerances of 0.001, 0.00001, and 0.0000001 for the same
parameter set, which showed no differences in the result (to at
least 6 significant figures).

For the subsequent analysis, 7 was set to 1.1, 1.5, 2, and 4,
and 7 was constrained using the Mualem constraint 2 =1—1/»
(van Genuchten, 1980). b, was scaled by multiplying it by o over
the range 0 < ab; < 1000. The diffusivity shape parameter & was
again set equal to 0.55.

Numerical Simulations with HYDRUS-3D

The proposed infiltration model (Eq. [8]) was evaluated
using numerical simulations, created within HYDRUS-3D
(Version 2.05.0250), of single ring infiltration experiments. The
model domain was an axisymmetric (x-z) plane of 100-cm radius
by 200-cm depth. 47,739 nodes were used, ranging from a node
spacing of 0.25 cm near the origin to 1.5 cm at the far edge of
the domain. A single ring infiltration source of 10-cm disk radius
(74=10 cm) was modeled at the upper origin with depth of inser-
=0cm

source
at the top. A no-flux boundary condition was used to simulate

tion 4 = 1 cm, using a constant head condition of »

the thickness of the inserted ring (Fig. 1). The remaining bound-
ary nodes were set to no flux conditions. The first four of the
soils from Table 1 (Guelph loam; Yolo light clay; Grenoble sand;
Columbia Silt) and the Silt loam G.E.3 soil were modeled us-
ing the Brooks and Corey and van Genuchten hydraulic func-
tions. For the Guelph loam, Yolo light clay, and Grenoble sand
soils, we used the parameters quantified by Fuentes et al. (1992).
With the Columbia silt, we used the van Genuchten parameters
from Fuentes et al. (1992), but then set the Brooks and Corey
hydraulic parameters such that the maximum capillary length
Ninax Was equivalent between the two hydraulic models (using
least-squares fitting on Eq. [12], whereby the parameters 4 and
m were adjusted). We also performed additional simulations
where the depth of ring insertion o was set equal to 5 cm and
h g uree Was set to be 0 cm and 25 ¢m, using only the Brooks and
Corey parameter sets.

The predicted infiltration for every hydraulic parameter set
was evaluated under both initially dry (b, = —5000 cm) and wet
(}Ji = —50 c¢m for the first four soils; hi =—130 cm for the Silt loam
G.E.3 soil) conditions. Each run simulated a 500-min infiltration
event. For the case of the Brooks and Corey parameters, we evalu-
ated Eq. [8] using the expressions developed in Eq. [11] and [14],
assuming & = 0.55 and 2 = 0.45. The van Genuchten-Mualem
parameters again required numerical integration in the software
package R (version 3.3.1) to determine the capillary length X for
each simulation. We then used those estimated X values to calculate

/ (Eq. [6]), and substituted that value into Eq. [8].

To quantify the relative error of our infiltration model com-
pared with the HYDRUS results, we used the coefficient of vari-
ation of the root mean square deviation, CV(RMSD):

ngl(j/i_.yi)z/n
.ytoral

(18]

CV(RMSD)=
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where y_is the cumulative infiltration predicted by the proposed
model at time 7 y; is the cumulative infiltration predicted by
HYDRUS at time 7, 7 is the number of predicted values, and y,
wal 18 the total cumulative infiltration at 500 min. Note that we
selected y, .| to normalize RMSD values since total infiltration
depths varied over two orders of magnitude between soil types.
The CV(RMSD) values thus approximated overall model error
as a fraction of total infiltration. In other words, a CV(RMSD)
value of 0.1 indicated the model error was ~10% of the total in-
filtration amount.

We also compared infiltration predictions from both
HYDRUS and Eq. [8] with the carly-time solution of Haverkamp
etal. (1994):

I =S J;{K,, S ,(z-@)(zqs—m} ”

Y (0.-9) 3

where ~ and 3 are constants, with the common assumptions that
N =0.75and B = 0.6, and K is the hydraulic conductivity cor-
responding to initial pressure head /.. Brooks and Corey param-
eters were used to determine sorptivity § (by Eq. [2]) and K; (by
Eq. [10]). The above form of the Haverkamp solution is only valid
carly on, that is, when time # <z, , where 7, =5%/K;* (Philip,
1969); therefore, values of CV(RMSD) were calculated based on
cumulative infiltration (y,,,;) that had occurred at the lesser of

time #=500 min or 7, . Note that z,__differs from the T_; term

crit
defined in Eq. [1], as discussed at the end of the next section.

RESULTS AND DISCUSSION
Synthetic Soils

Scaled capillary length parameter (N/X_, ) was analyzed
for eight synthetic soils, four having Brooks and Corey hydrau-
lic parameters and four having van Genuchten parameters. The
capillary length X remains relatively constant and equal to the
maximum capillary length (X ) for much of the dry soil range
(Fig. 2a and 2b). When plotted as degree of saturation [©,, where
o, :(Qi_er)/( 0.-0, )], the ratio N/X\ . _is greater than 0.9 for the

a)

A
250 il

500

200

100

50

Fig. 3. Predictions of X

max
hy. Soils numbered 1 to 8 in Table 1 are plotted in (a) for reference.
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Fig. 2. Relative capillary length O\/X,.,) for four synthetic soils as a
function of (a, b) scaled initial matric head and (c, d) initial degree of
saturation. Panels (a) and (c) show soils that are characterized using
Brooks and Corey hydraulic parameters h,, and m. Panels (b) and (d)
show soils characterized with the van Genuchten-Mualem hydraulic
parameters o and n.

range 0 < O, < 0.7 (Fig. 2c and 2d). Previous studies have suggested
that X is constant when soils are initially drier than field capacity
(e.g. Scotter et al., 1982); the analysis shown here supports this as-
sumption for most initial conditions and soil types, with the more
specific constraints that N\~ X, for b, > 2/, (Brooks and Corey
parameters) or b, > 2/a (van Genuchten-Mualem parameters).

The magnitude of X changes as a function of the Brooks
and Corey hydraulic properties 4, and 7 (Fig. 3a). Based on Eq.
[12] and the limitation that m > 2, X\ varies between by /2 (as
m approaches 2) and 4, (as 1) becomes large; Fig. 3b). Thus, the
magnitude of X is primarily controlled by the soil bubbling
pressure head 4.

b)
250 Prmax /hbz.o

200

~h, (cm)

100

2

1.0

(@) in cm and (b) relative to the Brooks and Corey bubbling pressure head hy, as functions of pore-size parameter n and
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HYDRUS-3D Simulations

Equation [8] provided estimates of cumulative infiltration
that were similar in magnitude to the HYDRUS results, with all
values of CV(RMSD) less than 0.08 for Brooks and Corey pa-
rameters (Fig. 4 and 5) and less than 0.25 for van Genuchten pa-
rameters (Fig. 4). The Brooks and Corey parameter model there-
fore provided predictions that better matched the HYDRUS
results, with RMSD values that represented less than 8% of the
total infiltration amounts. Further, the van Genuchten model
predicted less infiltration than the Brooks and Corey model by
up to a factor of 4.5 (as seen in Fig. 4d) and with a typical differ-
ence of ~2x. This discrepancy is potentially due to differences in
predicted hydraulic conductivity near saturation, where the van

Genuchten—Mualem hydraulic conductivity has been previously
shown to under-predict K(/) (Schaap and van Genuchten, 2006;
Vogel and Cislerova, 1988).

This difference in near-saturated hydraulic conductivity
also resulted in the Brooks and Corey model systematically pre-
dicting higher values for fand \ (Table 2) compared with the van
Genuchten—Mualem model (Table 3). The only exception is the
Columbiasilt soil, where we altered the soil hydraulic parameters
to obtain equivalent \ . values between the Brooks and Corey
and van Genuchten models (Fig. 4f and 4 g). In this instance,
Eq. [8] gave similar infiltration predictions for the case when
h; =-5,000 cm (Fig. 4f). Moreover, those predictions were near-
ly identical to the HYDRUS results with the Brooks and Corey

a) 200 b) 200 o °
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T 160 T 160 —
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Fig. 4. Predicted infiltration from the tested models for d = 1 cm and h

200
Timi

source

van Genuchten
CV(RMSD) = 0.11

van Genuchten
CV(RMSD) = 0.028

100
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e (min)

400 500 200 300

Time (min)
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=0 cm. Solid lines show HYDRUS-3D simulations (black, Brooks and

Corey parameters; gray, van Genuchten-Mualem parameters); dashed lines represent Eq. [8] with Brooks and Corey hydraulic parameters (black)
and van Genuchten-Mualem parameters (gray). Dotted gray lines in (f) and (g) represent the van Genuchten-Mualem parameters with the “air-

entry = -2 cm” option enabled in HYDRUS.

Soil Science Society of America Journal



parameters. However, the HYDRUS predictions using the van
Genuchten model again showed less infiltration than the Brooks
and Corey or semi-analytical models. When we instead enabled
“with air entry value of =2 em” in HYDRUS, which recreates the
modified van Genuchten function recommended by Vogel et al.
(2000), the HYDRUS model then predicted the most infiltra-
tion in the initially dry conditions (Fig. 4f),and a similar amount
of infiltration as the semi-analytical model with van Genuchten
parameters for the initially wet conditions (Fig. 4g). This finding
provides additional evidence that the van Genuchten model may
have considerable uncertainty, particularly for the K(») function
in near-saturated conditions.

The Columbia silt soil tests also revealed that the choice of
hydraulic model will affect infiltration predictions in wet condi-

tions, even with an approximately equivalent values for capillary
length X\ and matric flux potential, A. This discrepancy exists
because the van Genuchten and Brooks and Corey hydraulic
models differ in their estimates of initial water content, which
in turn influences the estimates of soil sorptivity. The effect is
minor when the soils are initially dry, as the initial water con-
tent is generally much smaller than the saturated water content;
however, for the wet initial conditions, the two models can di-
verge in their predictions by a substantial margin. For example,
in the aforementioned Columbia Silt experiment, where we
matched the matric flux potential term between models, the
Brooks and Corey model predicted an initial water content of
0.04 for b, = =50 cm, while the van Genuchten model predicted
an initial water content of 0.34 (nearly an order of magnitude
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HYDRUS-3D simulations, while dashed lines represent Eq. [8], all using Brooks and Corey hydraulic parameters.
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Table 2. Calculated values for capillary length X (cm; Eq. [3]) and three-dimensional shape factor f (Eq. [6]) at various initial

pressure heads (h;) using the Brooks and Corey hydraulic model (Eq. [11] and [14]). The relative capillary length (\/X\,.,) is also
presented for the high initial water content simulation.

>\ f M Amax
Soil Max. h;j =-5000 cm  h; = -50 cm Max. h;j=-5000cm  h;=-50 cm h; = -50 cm
Guelph loam 63.6 63.6 49.5 11.6 11.6 9.23 0.78
Yolo light clay 26.8 26.8 25.1 5.46 5.46 5.18 0.94
Grenoble sand 13.8 13.8 13.8 3.30 3.30 3.30 1.0
Columbia silt 8.15 8.15 8.15 2.36 2.36 2.36 1.0
Silt loam G.E.31 188 188 130 32.3 32.3 22.7 0.69

t h; =-130 cm for the high initial water content simulation.

Table 3. Calculated values for capillary length X (cm; Eq. [3]) and three-dimensional shape factor f (Eq. [6]) at various initial pres-

sure head (h;) using the van Genuchten-Mualem hydraulic model. The relative capillary length \/X

high water content simulation.

max) i also presented for the

\ f A Amax
Soil Max. h; =-5000cm  h;=-50 cm Max. h;j=-5000cm  h;=-50 cm h; = -50 cm
Guelph loam 36.2 36.2 28.2 7.04 7.04 5.70 0.78
Yolo light clay 3.12 3.12 291 1.52 1.52 1.49 0.92
Grenoble sand 9.65 9.65 9.56 2.61 2.61 2.59 0.99
Columbia silt 8.15 8.15 6.88 2.36 2.36 2.15 0.84
Silt loam G.E.3% 99.8 99.8 76.2 17.6 17.6 13.7 0.76

t h; = =130 cm for the high initial water content simulation.

greater). Thus, even in cases where the capillary lengths are set to
be equivalent, the models may predict different infiltration rates
due to other discrepancies between the hydraulic parameter sets.

Next, we compared Eq. [8] with the Haverkamp et al. (1994)
carly-time model. The two solutions gave similar predictions for
the simulations with shallowly inserted rings (i.c., 4 = 1 cm). In
this case both models matched well with the HYDRUS results,
with low to very low CV(RMSD) values (Table 4). However, the
Haverkamp et al. (1994) model gave poor predictions for the
deeply inserted rings (ic., d = 5 cm), with CV(RMSD) values
compared with the HYDRUS solution of between 0.13 and 0.80
(indicating that the RMSD represented 13 to 80% of predicted
infiltration). The Haverkamp et al. (1994) model was originally
developed for tension disk sources placed on the soil surface, and
does not have the ability to account for increasing ring insertion
depths. On the other hand, the relatively low CV(RMSD) values
for the d = 1 cm tests suggest that the Haverkamp et al. (1994)
solution can be applied to shallowly installed ring infiltrom-
eters, such as when using the BEST analysis (Braud et al., 2005,
Lassabatére et al., 2006).

Next, to test the validity of our assumption that 2 = 0.45,
we analyzed the sensitivity of the model results to that parameter
(Fig. 6). While some differences existed between the exact 4 value
that minimized the CV(RMSD) for each simulation, in all in-
stances except the Grenoble sand the optimal values occurred over
therange 1/3 < 2 < 2/3. These values are much lower than 2= 0.91
recommended by Wu and Pan (1997), and also better align with
the range of potential 4 values suggested by Philip (1990) for one-
dimensional infiltration (i.c., 0 < 2 < 2/3, corresponding to the
non-shaded region in Fig. 6). The optimum  value, as determined
taking the mean of the optimal z values for the five soils and two
insertion depths, was 0.45 if the Grenoble sand was constrained to
a <2/3,0r 0.5 if the Grenoble sand was left unconstrained. Thus,

while variation in optimal 4 values exists between different soil

types (and likely between different soil water diffusivity functional
shapes), 2 = 0.45 works as a suitable first approximation.

Last, the transition time of the model (T_,;; Eq. [8c]) was
defined to ensure continuity in cumulative infiltration and
infiltration rate between the early-time and steady-state regimes.

In certain soils and conditions, T ;. predicts transition times

on the order of seconds or minutes, though the exact value of T

can vary widely depending on the chosen value of the parameter
a. For example, with the Silt loam G.E.3 soil simulations (assum-
ing 2 = 0.45), T_; was found to be 23 min when A, = —5,000 cm
and less than 1 min when A, = =130 cm. In contrast, other infil-
tration models (Haverkamp et al., 1994, Lassabatére et al., 2006)

typically rely on a term (deemed #,___ ) that approximates the time

grav
at which transient infiltration solutions begin to diverge. Using

the common definition of tgmv = Sz/l(fsz, is always larger

z,

graV
than T_, (often by two or more orders of magnitude) because
in the latter /> 1 and 4 < 1. For example, Loray for the Silt loam

0.25
[ — Guelph Loam
— Yolo light clay
02 ¢ — Grenoble sand .
_ — Columbia silt Y
3 15 — Silt loam G.E.3 i
=
T
> 041
(@]
0.05 -
0
0 0.2 0.4 0.6 0.8 1
a

Fig. 6. Sensitivity of the model to parameter 4 in terms of CV(RMSD)
values for five soils analyzed using HYDRUS-3D, with h,,, . = 0
cm and h; = -5,000 cm. Solid lines indicate ring insertion depth of
d =1 cm; dashed lines indicate d = 5 cm. The shaded region indicates
a values >2/3, which are not physically possible (for one-dimensional

vertical infiltration) based on the analysis of Philip (1990).
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Table 4. Comparison of coefficient of variation of the root mean square deviation, CV(RSMD), between cumulative infiltration
predicted by HYDRUS and by Eq. [8] versus the “early-time” version of the Haverkamp et al. (1994) model. Brooks and Corey

parameters shown in Table 2 were used.

CV(RMSD)

Soil h; d hsource Terit torav Eq. [8] Haverkamp et al.

cm min
Guelph loam -5000 1 0 10.3 1.68 x 103 0.028 0.0015
Guelph loam -5000 5 0 255 1.68 x 103 0.012 0.27
Guelph loam -5000 5 25 19.8 2.37 x 103 0.0098 0.28
Guelph loam =50 1 0 0.614 63.3 0.0028 0.033
Guelph loam =50 5 0 1.48 63.3 0.033 0.23
Guelph loam -50 5 25 1.11 95.4 0.013 0.97
Yolo light clay -5000 1 0 627 2.26 x 10* 0.029 0.070
Yolo Iight clay -5000 5 0 1380 2.26 x 10* 0.035 0.21
Yolo |ight clay -5000 5 25 949 4.38 x 10* 0.046 0.29
Yolo light clay =50 1 0 193 6.26 x 103 0.040 0.078
Yolo light clay -50 5 0 421 6.26 x 103 0.043 0.31
Yolo light clay -50 5 25 286 1.25x 104 0.027 0.36
Grenoble sand -5000 1 0 2.32 30.5 0.030 0.041
Grenoble sand -5000 5 0 4.46 30.5 0.018 0.14
Grenoble sand -5000 5 25 2.98 85.8 0.011 0.20
Grenoble sand =50 1 0 1.97 26.0 0.029 0.039
Grenoble sand =50 5 0 3.79 26.0 0.019 0.13
Grenoble sand =50 5 25 2.54 73.0 0.012 0.059
Columbia silt -5000 1 0 252 1.69 x 103 0.079 0.0092
Columbia silt -5000 5 0 425 1.69 x 103 0.027 0.13
Columbia silt -5000 5 25 306 6.88 x 103 0.015 0.30
Columbia silt =50 1 0 227 1.53 x 103 0.064 0.020
Columbia silt =50 5 0 383 1.53 x 103 0.0083 0.16
Columbia silt =50 5 25 276 6.21 x 103 0.025 0.33
Silt loam G.E.3 -5000 1 0 22.7 2.87 x 10* 0.029 0.054
Silt loam G.E.3 -5000 5 0 60.6 2.87 x 10* 0.0046 0.36
Silt loam G.E.3 -5000 5 25 54.1 3.26 x 10* 0.0045 0.37
Silt loam G.E.3 -130 1 0 0.191 119 0.064 0.0085
Silt loam G.E.3 -130 5 0 0.502 119 0.0037 0.25
Silt loam G.E.3 -130 5 25 0.431 142 0.011 0.80

G.E.3 soil was calculated to be 2.8 x 10% minutes for the dry ini-
tial conditions and 119 min for the wet conditions. Similarly, the

Yolo light clay soil with initially wet conditions had a T__value

crit
value of 6.3 x 103 minutes. Alrogether,
nine of the ten simulations had T

of 190 min versus a Loray

oric Values less than 500 min

(the length of the simulation period), meaning that the steady-
state solution was applicable in nearly every instance. The low
CV(RMSD) values given between Eq. [8] and the HYDRUS

simulations indicate that T__ is an appropriate parameter to es-

crit
timate time to steady -state flow, and that fine-textured soils may
reach steady-state conditions in relatively short time-scales (min-
utes to hours).

The water supply ponding depth also influenced the values
of T, and Lgray I OPPOSite ways. Specifically, higher . values
caused T_, to decrease and 7, to increase (Table 4). This result
source N the numerator
in the denominator (being implicit within the £2

is because T_, , as defined in Eq. [8c], has »
and (}jsourcc)z

term), whereas in 7, the b term only affects the numera-

source

tor (being implicit to the S term). As a consequence, T_. may be

crit
particularly useful in determining time to a steady state when high

water supply pressures are used.

SUMMARY AND CONCLUSIONS

In this study, we modified and combined two infiltration
models (Reynolds and Elrick, 1990, Wu et al., 1999) to generate
a new comprehensive model for single ring infiltration (Eq. [8]).
Cumulative infiltration predictions were compared with results
from HYDRUS-3D using both the Brooks and Corey and the van
Genuchten-Mualem hydraulic parameter sets. With either param-
eterization, the infiltration model gave accurate results for different
initial conditions (i.c., wet and dry soil) and experimental settings
(i.e., varying ring insertion and water ponding depths). We also ex-
amined predictions of the capillary length (\) and wetting shape
parameter (f) using both hydraulic parameter models. The van
Genuchten—Mualem parameters provided relatively low predictions
of X and f(and, as a result, low predictions for cumulative infiltra-
tion), due to underestimation of near-saturated hydraulic conduc-
tivity. The van Genuchten-Mualem model also required numerical
integration to use, whereas the Brooks and Corey parameterization
resulted in explicit expressions for X\ and f, thus facilitating ease of
use. Still, certain soils may not be well described using traditional hy-
draulic models (e.g., Brooks and Corey or van Genuchten-Mualem),
which will limit the accuracy of analytical solutions for estimating
X (and ). In such instances it may be preferable to parameterize X

using in situ measurements, such as those given by the Bouwer in-
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filtrometer (Bouwer, 1966), or based on suggested values per soil
texture and structure (Reynolds et al., 2002).

The proposed analytical expressions were also valuable for
exploring the role of soil hydraulic properties and initial water con-
tent/matric potential in determining cumulative infiltration from
a single ring source. We showed that the capillary length (X) is ap-
proximately constant for dry initial conditions. Specifically, when
the scaled initial matric head (e.g., 4;/4, using Brooks and Corey
parameters, or b, using van Genuchten parameters) is greater than
approximately two, the capillary length is within 10% of its maxi-
mum value (X ) regardless of soil properties. In terms of degree
of saturation (0,), the capillary length is within 10% of X, for all
soils so longas ©, is less than 0.7. This finding means that when ana-
lyzing most infiltration tests (which are typically conducted during
moderately wet to dry conditions), the capillary length and matric
flux potential can be assumed constant. As such, we proposed a sim-
plified expression that requires only estimates of the soil water re-
tention parameters, hydraulic conductivity, and information about
the single ring source (ic., radius, depth of insertion, ponded depth)
to use. Altogether, the infiltration model developed in this study is
simple, casy to parameterize and interpret, applicable to most initial
conditions and soil types with minimal error, and capable of describ-

ing both early-time and steady-state infiltration behaviors.
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