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Modeling effect of initial soil moisture on sorptivity and infiltration

Ryan D. Stewart,' David E. Rupp,” Majdi R. Abou Najm,* and John S. Selker'

Received 14 February 2013; revised 23 August 2013 ; accepted 27 August 2013 ; published 28 October 2013.

[1] A soil’s capillarity, associated with the parameter sorptivity, is a dominant control on
infiltration, particularly at the onset of rainfall or irrigation. Many mathematical models
used to estimate sorptivity are only valid for dry soils. This paper examines how sorptivity
and its capillary component (as wetting front potential) change with initial degree of
saturation. We capture these effects with a simple modification to the classic Green-Ampt
model of sorptivity. The modified model has practical applications, including (1) accurately
describing the relative sorptivity of a soil at various water contents and (2) allowing for
quantification of a soil’s saturated hydraulic conductivity from sorptivity measurements,
given estimates of the soil’s characteristic curve and initial water content. The latter
application is particularly useful in soils of low permeability, where the time required to
estimate hydraulic conductivity through steady-state methods can be impractical.
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1. Introduction

[2] Because infiltration affects water availability for vege-
tation, groundwater recharge, overland flow, and solute trans-
port, it has been the focus of considerable study over the
previous century [e.g., Green and Ampt, 1911; Philip, 1957b;
Wooding, 1968; Brutsaert, 1977]. Under normal conditions,
gravity and capillarity drive vertical infiltration, whereas
capillarity alone drives horizontal infiltration [Philip, 1957b].

[3] Under constant head conditions, one- and three-
dimensional vertical infiltration into a uniform soil has
been adequately described using Philip’s [1957b] two-term
approximation:

I=S8Vt+Ct (1)

where [ is cumulative infiltration over time ¢ and S is the soil
sorptivity. For one-dimensional vertical infiltration, C is pro-
portional to the soil’s saturated hydraulic conductivity (Kj).
The ratio C/Kj is < 1, depending on soil type and soil mois-
ture [Philip, 1990], with proposed ranges of 1/3 < C/K, < 2/3
[Fuentes et al., 1992] or 0.3 < C/K;<0.4 [Philip, 1990].
In the case of three-dimensional infiltration, C incorporates
both saturated hydraulic conductivity and sorptivity [Smettem
etal., 1995; Touma et al., 2007].
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[4] At early times (i.e., t << S%C?) sorptivity dominates
the infiltration behavior, and for very early times (¢t — 0) the
second term on the right hand side may be neglected [White
et al., 1992]. Conversely, the second term dominates as time
increases, subject to the limit of /= S%C?, when the series
expansion from which equation (1) was derlved is no longer
accurate. Alternate expressions have been developed to
describe long-time (steady-state) infiltration behavior [Philip,
1957a, 1957b; Wooding, 1968; Haverkamp et al., 1994],
which lend themselves to estimations of K. However, the
time required to reach late-time or quasi-steady state condi-
tions may be impractical, particularly for soils with low hy-
draulic conductivity, and assumptions of homogeneity are
typically violated for long infiltration experiments.

[5] Infiltration typically occurs over intermediate or tran-
sient timescales (neither exclusively early- nor late-time) and
is three-dimensional. One such example is infiltration from
an axisymmetric single ring source, which can provide a
rapid and low-cost measurement of soil hydraulic properties
[Braud et al., 2005]. However, interpretation of these infiltra-
tion tests often requires that the S and C terms both be con-
sidered. Methods to differentiate between sorptivity and
saturated hydraulic conductivity for such infiltration condi-
tions have been proposed [Smiles and Knight, 1976 ; Smettem
et al., 1995; Vandervaere et al., 2000], but may be inad-
equate for estimating small K values [Smettem et al., 1995].

[6] Sorptivity represents the soil’s ability to draw water
[Philip, 1957b; Touma et al., 2007], which is a function of
the capillarity (the driving force) and the soil’s hydraulic
conductivity (the dissipation). This dual-dependence is evi-
dent in Parlange [1975]’s precise solution for sorptivity (as
modified for positive ponded conditions by Haverkamp
etal. [1990]):

§? = 2K, (65 — 6,)(1 — Op)hguy
0
+ (6, —6,) / (146 —200)K (h)dh 2)
ho
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where © is the degree of saturation

3)

[7]1 6o, O, and O, are the initial, saturated, and residual
volumetric soil water contents, respectively, K(%) is the hy-
draulic conductivity as a function of soil matric potential,
hy is the initial matric potential, and /g, is the depth of
ponding at the surface.

[8] Hydraulic conductivity also appears in the simpler or
“traditional” definition of sorptivity provided by the Green
and Ampt [1911] model:

2K, (0 — 6,)(1 — ©g) (hyy + hyuy)
@

§? =

(4)

where £,,,is the wetting front potential, which is also referred
to as the effective capillary drive [Morel-Seytoux et al.,
1996], capillary pull, or macroscopic capillary length [White
and Sully, 1987]. The correction factor ¢ accounts for devia-
tions from a sharp wetting front and/or viscous damping
effects. For example, o = 1 for a Green and Ampt [1911] so-
lution, 1.1 for the White and Sully [1987] solution, and 1.1-
1.7 for the Morel-Seytoux and Khanji [1974] solution.

[9] Because hydraulic conductivity is embedded in sorp-
tivity, certain measurements of the latter can be used to
infer the former. One such approach is to utilize field-based
sorptivity measurements in conjunction with variations of
the traditional sorptivity model [equation (4)] to quantify
K, [White and Perroux, 1987, 1989]. However, estimates
of initial soil moisture and the soil’s wetting front potential
are needed for this approach. Solutions exist to quantify
wetting front potential in dry soils (when ©,=0) [Rawls
et al., 1992 ; Morel-Seytoux et al., 1996], given that the pa-
rameters of a water retention function are known. For
instance, Morel-Seytoux et al. [1996] approximated the
wetting front potential of a dry soil as

o — (L) (0-046m +2.07m* +19.5m’ 5)
" \a 1 +47m+ 16m

where o and m are parameters of the Van Genuchten
[1980] water retention curve, based on the Mualem [1976]
water retention model, fora>0and 0 < m < 1.

[10] hyws is recognized to change with the initial moisture
state of the soil [Green and Ampt, 1911], and the aforemen-
tioned solutions for estimating wetting front potential do not
include corrections for this variation. In a different approach,
Bouwer [1964] and Neuman [1976] described /¢ at early
infiltration times as a function of soil matric potential, 4, by

hll

1/ 0—0
b =5 / (1 +o— Q‘L)K,(h)dh (6)
0

where K,(h) is the relative hydraulic conductivity function
K(h)/K,. While it is possible to put equation (6) in terms of
O, by using a characteristic curve relationship [Brooks and
Corey, 1964; Van Genuchten, 1980], the resulting equa-
tions are cumbersome.

[11] In this paper, we propose an alternative formulation
of wetting front potential as a function of initial degree of
saturation. This allows for a modification to the traditional
(Green and Ampt) sorptivity model so that it better approx-
imates sorptivity throughout the soil moisture range,
including nearly saturated soils (© < 0.96). This modified
expression can then be used to interpret short-term constant
head infiltration measurements, to quantify the magnitude
and variability in time and space of a soil’s saturated hy-
draulic conductivity, even in wet soils.

2. Theory

2.1.

[12] The Parlange [1975] expression for sorptivity in
terms of soil diffusivity (D) and degree of saturation (©)
is:

Sorptivity and Wetting Front Potential

O

S = (0, — 0,)? / (O, 10— 20.)D(©O)dO ()

(SN

where 0is the final volumetric soil water content.
[13] Soil diffusivity (D) is defined as

dh
D=K—
70 (8)

and was approximated in terms of © by Van Genuchten
[1980], using the Mualem [1976] water retention model, as:

D) = L& giz-iym [(1-e"m) "

~am(f; — 6,)
+<1 - @‘/”’)m - 2]

[14] It should be noted that using the Mualem [1976]
model allows for estimation of the parameter m using the
more commonly referenced parameter » through the rela-
tionship m = 1 — 1/n. By combining equations (7) and (9),
sorptivity can be expressed for a soil with any initial water
content as

©)

O

(1 —m)
S? =K, (0, — 0, O, +06-20
0, —0) "~ e/O(f+ 0 o

o/ nl(1-e!m) "+ (1-0'")" 2|40

[15] For positive (ponded) pressure head [Haverkamp
et al., 1990], (10) can be modified as

1

/(1+@-2@0)

SN

o[ (1 - ) " (1 - o) - z]de}
(11)

[16] Equations (10) and (11) allow for accurate quantifi-
cation of sorptivity throughout the soil moisture range. We

- 3 3 (1 —m)
S§°=K; (0\ er) Zhsmjf(l 80) + am
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are now able to express the wetting front potential as a
function of initial degree of saturation by equating equa-
tions (11) with (4) and then solving for /A:

(1-m)p

oy = g (0 =D+ | 360y

/ (1 + 6 — 2@0)
& (12)

Ql/2-1/m [(] _ @1/m>7m + (1 _ @1/’”)”1 — 2] d@)

[17] As an alternate approach, equations (10) and (11)
can also be expressed in terms of the Van Genuchten
[1980] equation based on the Burdine [1953] water reten-
tion model as

o
2am k
o (13)

—m=1 m—=1

CEa {(1 —elm) - (1-etm)”

or for ponded conditions as

}d(—)

(1—m)

2am

§? = K, (0 — 9r){2hm,-(1 — Q) +

1

/

CN)

—m—1

(1+6 —20)0™" {(1 - @‘/'")T - (1 - @'/"')m;l}d@}

(14)

which is subject to the constraint m = 1 — 2/n.

[18] The van Genuchten-Burdine model has been shown
to be more accurate for fine-textured soils (with low values
of m) [Fuentes et al., 1992]. However, the van Genuchten-
Maulem model enjoys widespread usage, serving as the ba-
sis for equation (5) and for numerical simulation models
such as HYDRUS-1D [Simunek et al., 2005]. Thus, we will
primarily make use of the sorptivity model based on the
van Genuchten-Maulem parameters [equation (11)]
throughout the remainder of our results and discussion.
Analysis of the effect of water retention model choice on
the calculation of wetting front potential is included as an
Appendix A.

2.2. Nondimensional (Scaled) Sorptivity

[19] Numerous sorptivity solutions exist based on ini-
tially dry conditions, where ©¢ =0 [e.g., Brutsaert, 1976].
This makes it advantageous to characterize soils in non-

dimensional terms, where a soil’s actual sorptivity is scaled
relative to its maximum (dry) sorptivity. Whereas the non-
dimensional forms of equations (11)—(14) require numeri-
cal evaluation, Haverkamp et al. [1998] provided an
analytical function for relative sorptivity:

_ 05 - 90 Ks - KO
2 - 95 KS
where K| is the initial (unsaturated) hydraulic conductivity.
Using the common assumption that 6, =0 [Van Genuchten

et al., 1991; Haverkamp et al., 2005 ; Canone et al., 2008],
equation (15) can be rewritten as

o1 5)

[20] We now look to the Brooks and Corey [1964]
expression for relative hydraulic conductivity

S2
Sinax

(15)

SZ
Snax

(16)

Ko

=07 forh < h (17)

s

where 7 is a pore size distribution index and 4., is a param-
eter commonly associated with the air entry pressure.
[21] Combining equations (16) and (17) gives us:

S2
Sax 2

= (1-0)(1—0y") forh < h, (18)

3. Results and Discussion

[22] Equations (11) and (12) were integrated numerically
to solve for sorptivity and wetting front potential, respec-
tively, over the range 0 <O, < 1. Table 1 lists the seven
soils analyzed, and their properties. The depth of ponding
hgurr Was assumed to be 0, which is a typical assumption for
a single-ring infiltration test of short duration. The correc-
tion factor ¢ (used to account for deviations from a sharp
wetting front and/or viscous damping effects) was set equal
to 1, which corresponds to the Green-Ampt model. It
should be noted the effect of ¢ on sorptivity and wetting
front potential throughout the soil moisture range is beyond
the scope of this work, but merits further exploration.

3.1 The Nature of Wetting Front Potential

[23] A soil’s wetting front potential diminishes as its
degree of saturation increases, with different rates of
decrease between soil types (Figure 1). This results in a

Table 1. Parameters of the Seven Theoretical Soils Used for Comparison (From Fuentes et al. [1992])

Soil 0, 0, a(em™) m n n K, (emh™h
Grenoble Sand 0 0.312 0.0432 0.5096 2.039 4.553 15.37
Guelph Loam 0.2183 0.52 0.0115 0.5089 2.036 6.842 13167
Columbia Silt 0 0.401 0.0176 0.256 1.344 10.29 0.21
Yolo Light Clay 0 0.495 0.0324 0.208 1.263 12.64 0.0443
Beit Netofa Clay 0.2859 0.4460 0.00202 0.3725 1.594 1833 0.0034
Touchet Silt Loam G.E.3 0.1903 0.4690 0.00505 0.8690 7.634 4.148 12.625
Hygiene Sandstone 0.1531 0.2500 0.00793 0.9035 10.363 3.678 4.5
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1.0

—— Hygiene Sandstone
Touchet Silt Loam

—— Guelph Loam

— Beit Netofa Clay

— Yolo Light Clay
Columbia Silt
Grenoble Sand

09

Scaled wetting front potential
08

) 01 o2 03 04 3 06 07 08 0o 10
Degree of saturation

Figure 1. Scaled wetting front potential as a function of
degree of saturation for the seven soils of Table 1. Values
were calculated using equation (12).

>50% difference in scaled wetting front potential as the
soils neared saturation (0,=0.96). However, at the dry
end of the curve (0 <Oy <0.5), the scaled wetting front
potential is nearly constant for the soil types, with a
decrease from maximum values of <4% for all soil types.
As such, the Morel-Seytoux et al. [1996] approximation
(equation (5)) provides a suitable estimate of wetting front
potential for this range (Table 2).

[24] The pore size distribution term (m) also strongly
influences the wetting front potential (Figure 2). Soils with
moderate pore size distributions (0.2 <m < 0.8) experi-
enced the most pronounced drop in wetting front potential
at high moisture content (Figure 2), with the largest effect
occurring at m=0.5 while soils with uniform pore size
(m=1) have a constant wetting front potential throughout
the entire moisture range, and thus will behave as Green
and Ampt soils. Since most soils have pore size distribu-
tions in the range 0.2 <m < 0.7, the assumption of constant
wetting front potential is poor, and equations such as (11)
and (14) will provide better estimates of soil sorptivity in
wet conditions.

[25] Traditionally, 4 has been considered to be a capil-
lary term, which would suggest that finer soils, having
smaller pore sizes, will have greater wetting front potentials
[Swartzendruber et al., 1954; Selker et al., 1999]. How-
ever, as can be seen in Figure 3 (where wetting front poten-
tial isolines are plotted as functions of van Genuchten
parameters « and m), increasing the pore size distribution
(decreasing m) reduces the wetting front potential. This is
particularly notable for m < 0.3, and is the reason that Co-
lumbia Silt soil can have both « and 4., which are smaller
than those of Grenoble Sand soil. Unlike the Green and
Ampt [1911] and Washburn [1921] conceptual model of a
bundle of tubes of varying radii, but with each individual

1.0

09

Scaled wetting front potential
08

r~ . . . ; . g ]
0.0 01 02 03 04 3 06 07 08 09 10
Degree of saturation

Figure 2. The effect of pore size distribution () on wet-
ting front potential and sorptivity. Equations (4) and (13)
give, respectively, the traditional and modified sorptivity
models.

tube having constant radii through its length, the Haines
model [Haines, 1930] of soil filling and draining—where
soil is idealized to be made up of a connected network of
pore necks and pore bodies—may provide a partial physi-
cal explanation of this phenomenon. In the Haines model,
capillarity will be controlled by the radii of the bodies of
the largest connected pores, since the wetting front will not
advance until those pore bodies have filled. Conversely, hy-
draulic conductivity will be governed by the necks of the
smallest connected pores [Hunt and Gee, 2002]. Thus, for
many soils, wetting front potential and sorptivity will both
be smaller than predicted by traditional formulations such
as the LaPlace and Poiseuille equations [ Washburn, 1921
Swartzendruber et al., 1954 ; Selker et al., 1999].

3.2. Soil Moisture-Sorptivity Relationship

[26] Unlike wetting front potential, which demonstrated
significant differences between soil textures, the scaled S
versus O, curves were similar throughout the range of ini-
tial soil moisture and across all soil types (Figure 4). Addi-
tionally, under relatively dry initial conditions (e.g.
O < 0.5) the traditional sorptivity model in equation (4)
accurately captures the proper sorptivity behavior. In soils
with high initial water contents, however, the traditional
model overestimates the value of sorptivity compared to
the more accurate equation (11). This overestimation can
exceed 50% for ©y < 0.9 over the range 0 < 0y < 0.9, and
approach 100% at ©,=0.95, due to the decrease in wetting
front potential observed at higher soil moistures.

[27] Therefore, to counter the overestimation of sorptiv-
ity in equation (4), we suggest multiplying the ©, term of
equation (4) by a correction factor y:

Table 2. Wetting Front Potential (in cm) of Seven Theoretical Soils at Five Different Degrees of Initial Saturation®

Soil 0y=0.0 0y=0.1 0y=0.3 0y=0.6 0y=09 M-S
Grenoble Sand 9.22 9.18 9.03 8.46 6.10 9.64
Guelph Loam 34.6 344 339 31.8 23.0 36.1
Columbia Silt 7.98 7.95 7.85 7.49 5.51 8.29
Yolo Light Clay 3.08 3.07 3.04 2.92 2.20 3.18
Beit Netofa Clay 125.1 124.4 122.7 115.4 80.3 130.7
Touchet Silt Loam G.E.3 162.4 161.9 160.6 156.0 137.5 166.1
Hygiene Sandstone 109.1 108.9 108.2 105.5 95.5 111.0

*The column M-S uses the approximation of Morel-Seytoux et al. [1996] (equation (5)) for initially dry soils.
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\ @

Touchet Silt Loam <o,
&

(cm)

o
eit Netofa Clay

Figure 3. Wetting front potential isolines (in cm) for ini-
tially dry soils as a function of van Genuchten parameters
« and m. The seven soils of Table 1 are plotted for
reference.

S

ene Sandstone
v

S2 = 2KY(0Y - 91)(1 - 760)(}"»‘[ + hsurf) (19)

or in nondimensional form:

2

Smax 2

— (1-40y) (20)

[28] When, for example, v=1.025, sorptivity estimates
from equation (19) differ from those of equation (11) by
<20% for all soils over the range 0<©,<0.9. At
09 =0.95 the maximum deviation between equations (11)
and (19) approaches 40%, although for most soil types,
including the fine-textured silts and clays, the difference
remains at <20% (Figure 4 inset).

3.3. Soil Matric Potential Relationships

[20] S* was also plotted as a function of the soil matric
potential, %, using the relationship proposed by Van Gen-

uchten [1980]:
1 m
0= (1 + (ah)”)

[30] The S* versus h curves vary in scale across soil
types (Figure 5). Further, as seen in Appendix A, the choice
of water retention model can affect the magnitude of the
scaled soil matric potential. Thus, for our application it is
preferable to describe sorptivity using O rather than 4.

21

3.4. Nondimensional (Scaled) Sorptivity

[31] Nondimensional (scaled) sorptivity was compared
for four of the theoretical soils (Yolo Light Clay, Beit Netofa
Clay, Guelph Loam and Hygiene Sandstone) using equations
(11), (14), (18), and (20). Each model predicted a different
behavior in wet soil conditions (Figure 6). The van
Genuchten-Maulem [equation (11)] and van Genuchten-
Burdine [equation (14)] models had similar curve shapes,

b
o |
o
<«
B
~
5

>

= o

=2 o

=

B B -

T —— Hygiene Sandstone

§ < | Touchet Silt Loam

»n ° —— Guelph Loam s
- —— Beit Netofa Clay S,
S || —— Yolo Light Clay N

Columbia Silt
4| — Grenoble Sand
== Equation (4)
— || === Equation (19)
o
o
o' T T T T T T T T T
00 01 02 03 04 05 06 07 08 09 10
Degree of saturation
Figure 4. Scaled sorptivity as a function of degree of sat-

uration for the seven theoretical soils. The inset highlights
the wet end of the curve, near saturation. Equation (4)—
i.e., the traditional Green-Ampt sorptivity model—and
equation (11), i.e., the modified Green-Ampt sorptivity
model, are also shown.

with an offset that increased as the pore size distribution pa-
rameter m became smaller. In the case of the Hygiene Sand-
stone soil, where m is near 1, the two curves were
indistinguishable.

[32] The modified Haverkamp model [equation (18)],
conversely, demonstrated the greatest offset in soils with
near-uniform pore size distributions (high values of m),
such as the Hygiene Sandstone. This is likely due to the air
entry pressure (/) being an important term in these coarse

Q
— Hygiene Sandstone
g . Touchet Silt Loam
—— Guelph Loam
& — Beit Netofa Clay f
o | | — Yolo Light Clay
Columbia Silt
r~ | | — Grenoble Sand
o
Z
2 21
g
=]
® 34
=}
°Q
® <
O o
%]
L]
i
o
i
51 j
g J JJ
1e-13 1e-10 1e-07 1e-04 1e-01

Scaled soil matric potential

Figure 5. Scaled sorptivity as a function of scaled soil
potential for the seven theoretical soils. Note that the
Guelph Loam and Grenoble Sand soils have nearly identi-
cal curves.
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"\\‘\ \\\
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a os 0.9 0 Sos8 09 1.0
- o 3
Q
8 AW Guelph Loam Hygiene Sandstone
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\\‘ -—-=- Equation (14) =—-= Equation (14)
N -=-= Equation (18) -=-- Equation (18)
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3
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Degree of saturation

Figure 6. Comparison of scaled sorptivity (52/S2max) predicted for four theoretical soils in wet condi-
tions (degree of saturation © >0.8). The four lines shown correspond to: equation (11), the van
Genuchten-Maulem model; equation (14), the van Genuchten-Burdine model; equation (18), the modi-
fied Haverkamp model; and equation (20), the modified Green-Ampt model.

soils, and implies that the Brooks and Corey relative hy-
draulic conductivity function [equation (17)] may be a poor
choice to predict the sorptivity of coarse soils as they near
saturation. However, as the pore size distribution became
wider (m becoming smaller), the modified Haverkamp
model predicted scaled sorptivity values which fell
between the two van Genuchten models. Thus, equation
(18) can be considered to be a suitable sorptivity approxi-
mation for fine-textured soils (m > 0.4).

[33] Although a simple linear function that is independ-
ent of soil type, equation (20) closely approximated the
scaled sorptivity predicted by the van Genuchten models
over the range of soils tested, including the coarse-textured
soils. Equation (20) therefore represents a suitable approxi-
mation for the scaled sorptivity of most real soils, with the
additional advantage of not requiring an estimate of the
pore-size distribution index.

4. Application—Determining Saturated Hydraulic
Conductivity From Sorptivity
[34] Sorptivity measurements can be used to quantify hy-

draulic conductivity by, for instance, combining equations
(5) and (19)

K — S avp 1 +4.7m + 16m? (22)
S \(Os — 0,)(1 —~Oq) ) \0.092m + 4.14m? + 39m3

where m is subject to the constraint m = 1 — 1/n (i.e., the
van Genuchten-Maulem model).

[35] Equation (22) allows for early-time infiltration data,
such as can be obtained with single-ring tests, to be used to
estimate K. This was verified through numerical simula-
tions of one-dimensional horizontal infiltration for five of
the soils listed in Table 1, at five different initial water con-
tents (0, = 0, 0.1, 0.3, 0.6, and 0.9) using the HYDRUS-
1D model. The model domain was 5 m in length, with a
node spacing of 0.01 m. The origin boundary condition was
set as 6 =0 and the far boundary was set as no flux. For
early times, when the water content of the far boundary
varied by <1%, sorptivity was calculated from the water
flux, i, through the origin by using S = 2i (°). The scaling
parameter ¢ was assumed to be 1 and v was assumed to be
1.025.

[36] Equation (22) predicted the K values for all five
soils under all five initial degrees of saturation (Table 3)
with errors under 20%. The error was minimal for the dry
soils, ranging from 0.6 to 4.6% for ©,=0.1 and 0.3. For
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Table 3. Saturated Hydraulic Conductivities (K;) Used as Input
Parameters, Versus Those Calculated by Equation (13), for Four
Different Initial Degrees of Saturation (Units Are in cm h™')?

K Calculated—Equation (13)

Material K, Actual ©,=0.1 0,=03 ©,=06 6,=09
Grenoble Sand 15.4 15.0 15.1 14.6 12.8
Guelph Loam 1.32 1.29 1.31 1.27 1.21
Columbia Silt 0.210 0.203 0.201 0.200 0.180
Yolo Light Clay 0.0443 0.0439  0.0423  0.0414  0.0388
Hygiene Sandstone 4.5 4.4 4.4 4.5 7.5

?Absolute error ranged from ~2% for dry soils to 17% for infiltration
into wet sand. The solution poorly estimated the hydraulic conductivity for
Hygiene Sandstone at ©,= 0.9, because of divergence in the sorptivity as
calculated by HYDRUS-1D and by equation (9).

the wettest soils (©9=0.9), the error increased (ranging
from 8.1 to 17%), but nevertheless would allow rapid deter-
mination of saturated hydraulic conductivity which typi-
cally spans an order of magnitude for multiple samples of
the same soil [Nielsen et al., 1973]. Using a soil specific
value of ¢ could also be used to account for deviations in
the wetting front shape between soils and improve esti-
mates of K. It should be noted that for the Hygiene Sand-
stone soil at ©y=0.9, equation (22) overestimated K, by
nearly a factor of two, due to the divergence of the analyti-
cal sorptivity solution [equation (11)] and the HYDRUS-
1D numerical solution. This can also be seen in Figure 7,
which shows sorptivity values predicted by both equation
(11) and HYDRUS-1D.

[37] Although equation (22) requires sorptivity and ini-
tial degree of saturation to be measured, as well as knowl-
edge of soil parameters 0, 6,, o, and m, this represents a
reduction of data needed compared to other methods. For
example, the Beerkan Method [Braud et al., 2005] requires
estimates of the initial and final volumetric water contents,
bulk density, and the final depth of wetting for each infiltra-
tion test.

[38] Further, K, has been shown to exhibit greater spatial
variability than a, m, 6,, or 0, with 65 and m possessing the
least spatial variability [Mallants et al., 1996]. This signi-

® Yolo Light Clay
= Columbia Silt

~ 60 + Guelph Loam
[
‘_T: ~ Grenoble Sand
. 50 o Hygiene Sandstone,
£
S wr—
2 a1
Zz _—
=
o 20
w

10 4 = u

0

0 0.2 0.4 06 0.8 1

Degree of saturation

Figure 7. Sorptivity versus initial degree of saturation for
five of the theoretical soils. The lines are calculated using
equation (9), while the points are based on HYDRUS-1D
simulations.

fies that for any single location, the denominator of equa-
tion (22) can be constrained using few soil samples relative
to the number of infiltration tests. This in turn makes it pos-
sible to use simple infiltration tests (such as the single ring
infiltrometer) to quantify the spatial distribution of K in a
single soil type.

5. Application—Sorptivity Isolines

[39] A practical application of equations (11), (13), (18),
and/or (20) is to generate theoretical sorptivity isolines
against which to compare sorptivity estimates taken at vari-
ous initial soil moisture contents. Deviations from theory in
soil properties under different moisture contents could
point to hysteresis in properties of a rigid soil, while in
swelling soils this could be used to examine the variability
of the effective hydraulic conductivity.

[40] To demonstrate the application of these methods, a
set of single-ring infiltration experiments were conducted
monthly from September 2011 to March 2013 near Corval-
lis, Oregon. Measurements were taken at 12 points within a
2 x 3 m open field area, with native pasture cover. The soil
was identified as a Waldo silty clay loam (fine, smectitic,
mesic Fluvaquentic Vertic Endoaquoll), with moderate to
high shrink-swell potential [Knezevich, 1975]; 0.09 m di-
ameter rings were installed to 0.01 m depth. The small di-
ameter of the rings allowed them to be placed away from
large surface-connected cracks and thereby infiltrate
through the soil matrix. Up to 1 L of water (with a mini-
mum of 0.4 L) was added to each ring in 0.1 L increments,
and the time between the 0.1 L pours were recorded.

[41] Sorptivity was estimated using the early-time
approximation for the first 0.4 L, where S=I(r°°) [White
et al., 1992], and is presented as a mean and standard devi-
ation of all 12 points on a single date. Due to the short du-
ration of the infiltration tests (lasting from >1 to ~20 min
in dry conditions and >1—4 h in wet conditions), it was
assumed that material swelling was not significant and that
the early time approximation was valid.

[42] Mean initial degree of saturation was determined
from six soil cores taken within the grid on each sampling
date, and was calculated for each sample by dividing the
moisture ratio, 1, by the void ratio, e.

0,7 _ <VW/VS) Y ((m()md/g)/l)) 23)

g B Vv/VS Vv VO'(’”dry/px)

where V7, is the volume of water; V the volume of solids;
V, the volume of voids; m, the mass; my,, the mass after
24 h drying at 105°C; p,, the density of water; V, the origi-
nal volume; and p; the density of the solids (assumed to be
2.67 gem ™).

[43] The initial measurements were taken in relatively
dry soils. It was observed that as the soils wetted the appa-
rent saturated hydraulic conductivity decreased, to ~50%
of the original (Figure 8). As the soil redried hysteresis was
observed, with the effective saturated hydraulic conductiv-
ity 2.5 greater than the original value, even at similar initial
degrees of saturation. This was likely due to hysteretic soil
shrinkage, including opening of new cracks within the
single-ring sampling areas. While more information about
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Figure 8. Sorptivity isolines based on the relationship
between sorptivity and initial degree of saturation (using
equation (10) and assuming A= 0). The isolines repre-
sent the expected sorptivity of a soil with a constant satu-
rated hydraulic conductivity. The field data come from a
soil with vertic (shrink-swell) properties, which has varying
effective hydraulic conductivity (K,;) as macropores open
and close. Sorptivity was estimated using the early time
approximation of White et al. [1992]. The arrows indicate
chronological progression of estimates sorptivity taken at
different times of the year (resulting in different initial soil
moisture contents).

the soil parameters would be needed to use equation (22),
the isolines generated by equations (11), (14), (18), or (20)
are useful for identifying qualitative shifts in soil proper-
ties, and in this example demonstrated that the effective
saturated hydraulic conductivity of a cracking soil was nei-
ther constant nor unique as the soils wetted and dried.

6. Summary and Conclusions

[44] Sorptivity can be calculated by use of a diffusivity
function, such as the Parlange [1975] formulation, or by
use of a combination of conductivity and capillarity terms,
such as the Green and Ampt [1911] sorptivity model.
Equating these two formulae allowed exploration of the
capillarity (as wetting front potential) term in Green and
Ampt-type models as a function of initial soil moisture and
the water retention function [Van Genuchten, 1980]. It was
determined that a soil’s pore size distribution greatly influ-
enced both the magnitude of the wetting front potential
term, as well as the rate at which the wetting front potential
decreased as soil moisture increased. For instance, soils
with wide pore size distributions had diminished wetting
front potentials relative to soils with more uniform pore
sizes, whereas soils with moderate pore size distributions
experienced the most rapid decrease in wetting front poten-
tial at higher water contents. However, the variability in
wetting front potential characteristics had little influence on
sorptivity, as it was determined that the relationship
between sorptivity and initial degree of saturation could be
predicted nearly independent of soil type. This observation
allowed for calculation of sorptivity even in wet soils, and

permitted a minor linear correction to the traditional (i.e.,
Green-Ampt) model of sorptivity to improve its accuracy
throughout the entire range of soil moisture.

[45] The modified Green-Ampt model was compared
with the Parlange [1975] and Haverkamp et al. [1998]
expressions, where the latter was modified through inclu-
sion of the Brooks and Corey [1964] relative hydraulic con-
ductivity expression. Sorptivity predicted by the modified
Green-Ampt model was accurate for the soil moisture
range 0 < © < 0.96, while the modified Haverkamp expres-
sion covered the entire moisture range, though with a diver-
gent behavior in coarse soils such as sand (likely due to
limitations of the Brooks and Corey expression). Since the
sorptivity of wet soils can be difficult to accurately mea-
sure, these expressions should prove useful for modeling
infiltration and flow in such conditions.

[46] These results also allow determination of saturated
hydraulic conductivity from simple single ring infiltration
tests, requiring only an estimate of the initial degree of sat-
uration and the soil’s water retention curve parameters.
This represents a simplification of standard methods for
interpreting such infiltration tests, and the solution is valid
even for wet soils, provided a satisfactory measurement of
the soil sorptivity can be made in such conditions. The for-
mulae proposed in this study are particularly useful for
fine-textured soils due to their tendency to retain moisture
(and therefore have non-zero initial water contents) and to
be restrictive to flow (making it difficult to attain the
steady-state conditions necessary to utilize many infiltra-
tion models).

[47] Altogether, the findings presented here enable us to
monitor changes in soil properties such as can occur during
wetting and drying, to examine rainfall-runoff relationships
in wet soils, and to better quantify and predict water move-
ment in many soil types.

Appendix A: Water Retention Model Influence on
Predicted Wetting Front Potential

[48] Van Genuchten [1980] described soil diffusivity, D,
using two different water retention models. The first, based
on the work of Mualem [1976], allows for diffusivity to be
written as:

welﬁ—l/’" [<1 B (_)1/,,,)7"1 N (1 _ @1/»,)"' 72]

D(®) = am(fs—0,)

(24)

which, when combined with the Parlange [1975] and
Green and Ampt [1911] sorptivity models, allows for wet-
ting front potential to be expressed as:

Py = hsuy (0 — 1) + (l_mhg)/(1+@—2ew

2am(1 — ©q
O

Ql/2-1/m [(1 _ @1/m>7m + (1 - @1/’”>m - 2} d@)

(25)

where m can be related to the more commonly referenced
parameter nby m = 1 — 1/n.
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Table Al. Parameters of the Seven Theoretical Soils (From Fuentes et al. [1992]), Along With Calculated Maximum Wetting Front
Potential, Based on the Mualem [1976] and Burdine [1953] Models

Maulem [1976] Burdine [1953]
Soil o (cm) m n Iy (cm) o~ (cm) m n Iy (cm) h,,r Difference”
Grenoble Sand 23.16 0.5096 2.039 9.22 16.39 0.2838 2.792 8.00 14%
Guelph Loam 86.96 0.5089 2.036 34.6 62.50 0.2888 2.812 31.1 11%
Columbia Silt 56.95 0.256 1.344 7.98 36.06 0.1248 2.285 9.44 17%
Yolo Light Clay 30.82 0.208 1.263 3.08 19.31 0.0995 2.221 4.16 30%
Beit Netofa Clay 495.81 0.3725 1.594 125.1 282.13 0.1198 2272 71.3 55%
Touchet Silt Loam G.E.3 198.04 0.8690 7.634 162.4 192.01 0.7297 7.399 157.0 3%
Hygiene Sandstone 126.13 0.9035 10.363 109.1 124.41 0.8123 10.655 107.9 1%

*h,, difference is calculated as 2 x 100 x (Maulem — Burdine)/(Maulem + Burdine).

[49] The second water retention model, based on the work
of Burdine [1953], enables diffusivity to be expressed as:

- %@_ {(1 - el/'")# -(1- @1/,,1)"'5'}

(26)

[50] Again, we will focus on seven distinct soil types,
whose properties were characterized by Fuentes et al.
[1992] (Table 3). Looking at initially dry soil conditions
(©y=0), subtle differences are seen in the wetting front
potential contour lines predicted by equations (12) and (27)
(Figure A1). Much of the deviation in contour line location
can be explained by the different definitions of the parame-
ter m used for either model. However, at low values of m
(representing soils with wide pore size distributions), the
wetting front potentials predicted by the two models
diverge. The Beit Netofa clay, for example, has a differ-
ence of >50% between wetting front potentials predicted
by the Maulem and Burdine models.

[s1] The two water retention models also predict different

D(©)

which in turn provides the following expression for wetting
front potential :

(I—mp

hyr = hur -1 1 Ao
o (e —1)+ Zam(1— 63)

1
/(1+@*2@0)

6, (27)

3m—1

m=1

O

{(1 —erm) T (1- @wﬂ d@>

where m can be related to the more commonly referenced
parameter nby m = 1 —2/n.

behaviors for the seven soils over the entire range of initial
soil moisture 0 <O,< 1 (Figure A2). In wet conditions
(9> 0.6), the Maulem model shows pronounced differen-
ces between the various soil types in both the amount and
rate of decreased wetting front potential. This translates to a
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Figure A1. Wetting front potential (drawn as contour lines, with units of cm) as a function of van Gen-

uchten parameters m and o — 1 using: (at left) the Maulem [1976] water retention model (equation
(12)); and (at right) the Burdine [1953] water retention model (equation (27)). The seven soils of Table

3 are plotted for reference.
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Figure A2. Scaled wetting front potential as a function of
degree of saturation for the seven soils of Table Al.

maximum difference between soil types of 30% at ©,=0.9
and 45% at ©)=0.95. The Burdine model predicts a more
uniform response between soil types, with a maximum devi-
ation approximately one-half that of the Maulem model
(14% at ©,=0.9 and 24% at ©,=0.95). Thus, the Burdine
water retention model may be more amenable to creation
and usage of a single-parameter function, which predicts the
scaled wetting front potential independent of soil type.

[52] In summary, the predicted magnitude and moisture-
dependent behavior of wetting front potential differ
between the Maulem and Burdine water retention models.
For most soils and practical purposes, the difference will be
negligible and either model should suffice. For fine-
textured soils with wide pore size distributions (low values
of m), however, the models begin to diverge, which can
have significant consequences on predicted wetting front
potential. The van Genuchten-Burdine retention model has
previously been demonstrated to be more accurate in soils
with low m values [Fuentes et al., 1992], while the van
Genuchten-Maulem retention model has previously been
more widely used, resulting in a number of relevant and
practical applications. We will leave it to the reader, then,
to decide which model to employ based on his/her specific
intent and desired outcome.
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