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Preferential flow commonly observed in unsaturated soils allows rapid movement of solute from the
ground surface or vadose zone to the groundwater, bypassing a significant volume of unsaturated soil
and increasing the risk of groundwater contamination. A variety of evidence indicates that complex
preferential flow patterns observed from fields are fractals. This paper discusses a macroscopic rela-
tionship for modeling preferential flow in the vadose zone. Conceptually, the flow domain can be di-
vided into active and inactive regions. Flow occurs preferentially in the active region (characterized by
fractals), and inactive region is simply bypassed. The portion of the active region was found to be a

power function of saturation.

The validity of this macroscopic relationship is demonstrated by its

consistency with field observations and the related numerical experiments.

preferential flow, constitutive relations, vadose zone hydrology

1 |Introduction

It has been recognized that preferential flow is common
for natural unsaturated soils. Preferential flow results in
that liquid water propagates quickly to significant depths
while bypassing large portions of the vadose zone, and
solute travel times from the contamination source (lo-
cated in soil surface or vadose zone) to groundwater are
shorter than a prior expected'®. Because of the important
effects of this flow process on groundwater contamina-
tion (a important issue for water resources management),
preferential flow has been a major research area in the
vadose zone hydrology community for many years".
Field-scale preferential flow is caused by a number of
well-known mechanisms. First, under flooding and/or
high-infiltration-rate conditions, water can flow very
quickly along macropores (such as cracks and fissures)

. . [2,3,6,7.21
in structured soils'

I Second, because of the high
nonlinearity of the unsaturated flow process, an infil-
trating water front can become unstable and split into
“fingers” even for relatively homogeneous, structureless
soilsi**!"*4 Third, the spatial variability of soil proper-
ties also causes highly non-uniform flow patterns corre-
sponding to preferential flow paths®*!. At the field scale,

a combination of these three mechanisms likely contrib-
utes to the observed preferential flow processes, al-
though one or two of them may be dominant mecha-
nisms for a given testing site.

Because of its complexity, preferential flow and the
associated solute transport are probably the most frus-
trating processes in terms of hampering accurate predic-
tions of contaminant transport in the vadose zone"®”.. We
believe that the major limitation of the commonly used
modeling approaches is their incapability to parameter-
ize the preferential flow process in an accurate, yet prac-
tical manner. To resolve this issue, we have developed a
macroscopic relationship describing preferential flow
pattern and other related parameters that allows for suc-
cessfully modeling large-scale unsaturated flow proc-
(3151 This paper discusses the
derivation for the relationship and its validation.

esses in vadose zone

Received April 5, 2008; accepted September 4, 2008
doi:
Corresponding author (email: hhliu@Ibl.gov)

2 Fractal flow patterns and preferential
flow process

Fractals have been shown to provide a common lan-



guage for describing many different natural and social
phenomena'®. While a vast literature exists on the va-
lidity of the fractal concept for a great number of fields,
fractals have been found to be useful for representing
many spatial distributions in subsurface hydrology, in-
cluding soil particle size distribution, roughness of frac-
ture surface, distribution of permeability in heterogene-
ous formations, and large-scale solute dispersion proc-
essegl18:19:2024.26.27.32]

Recent studies have also suggested that complex pref-
erential flow patterns in unsaturated systems can be
characterized by fractals. Ref. [10] may be the first au-
thors to report in the vadose zone hydrology community
that the geometry of dyed flow patterns in
two-dimensional images of soil profiles could be char-
acterized by fractals. Refs. [7,25] indicated that solute
leaching patterns, observed from field plots, could be
well represented by a diffusion-limited aggregation
(DLA) model™. It has been documented that DLA gen-
erates fractal patterns’®”'7). Refs. [21,22] also noticed
that the dye penetrations for two test sites (correspond-
ing to a clayey and a sandy soil) are characterized by
power-law mean power spectrum, a signature of fractal
pattern. Ref. [23] reported that a field observation of
dyed flow pattern in an unsaturated test site is charac-
terized by multi-fractals. This finding is consistent with
that in many cases spatial distributions of hydraulic
conductivity are multi-fractals''.

Related to preferential flow in unsaturated soils, frac-
tal flow patterns have often been observed in other un-
saturated and multi-phase flow systems. Ref. [9] first
showed that unsaturated flow in a single vertical fracture
is characterized by gravity-driven fingers, and the re-
sulting flow patterns could be modeled by an inva-
sion-percolation  approach!®®). Again, percola-
tion-based models generate fractal clustering patterns'.
Viscous fingering in porous media has been experimen-
tally shown to be fractal®. Ref. [29] reported that
DNAPL fingering in water saturated porous media, ob-
served from sandbox experiments, is fractal. Ref. [14]
demonstrated that a spatial distribution of fractures with
mineral coatings is also fractal, while fracture coating is
roughly a signature of water flow paths.

3 A macroscopic relationship

As discussed in Section 2, highly non-uniform (prefer-
ential) flow patterns in unsaturated soil (and other un-

saturated and multi-phase flow systems) are fractal.
Therefore, it is critical to incorporate fractal flow pat-
terns for modeling preferential flow behavior. To do so,
we have developed a macroscopic relationship. The
main idea is that flow domain can be divided into active
and inactive regions. Flow occurs preferentially in the
active region (characterized by fractals) and inactive
(immobile) region is simply bypassed. The macroscopic
relationship links the active region with related
large-scale flow parameters. This section presents the
derivation of the relationship based on the fractal flow
patterns.

The key parameter for a fractal pattern is fractal di-
mension. Fractal dimension, d, is generally a noninteger
and less than the corresponding Euclidean (topological)
dimension of a space, D. Different kinds of definitions
for fractal dimension exist (e.g., similarity dimension,
Hausdorff dimension, and box dimension), although
they provide very close fractal dimension values for
practical applications[s]. The most straightforward defi-
nition is the so-called box dimension, based on a simple
“box-counting” procedure. This dimension is determined
from Equation (1) (below) by counting the number (N)
of “boxes” (e.g., line segments, squares and cubes for
one-, two-, and three-dimensional problems, respec-
tively) needed to cover a spatial pattern, as a function of
box size (1)[5]:

df
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where L refers to the size of the entire spatial domain
under consideration. Figure 1 shows a box-counting
procedure for a spatial pattern with d = 1.6, in a
two-dimensional domain with size L"),

Obviously, if a spatial pattern is uniformly distributed
in space, the fractal dimension will be identical to the
corresponding Euclidean dimension. In this case, the
number of boxes that cover the pattern, N*, and the box
size [ have the following relation

D
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Figure 1 Demonstration of the “box™ counting procedure for several box
sizes.

A fractal pattern exhibits similarity at different scales.
When dr < D, the corresponding pattern does not fill
the whole space, but only part of it (Figure 1).

To incorporate the effects of fractal flow patterns, we
need to develop a simple scheme to characterize these
patterns in terms of parameters relevant to water flow
processes.  Consider Figure 1(a) to be a gridblock
containing an active flow region and the corresponding
flow pattern to be fractal. In this case, only a portion of
the medium within a gridblock contributes to water flow
(Figure 1). This is conceptually consistent with the
preferential flow process. Note that in Figure 1, a box is
shadowed if it covers the active flow region.

Combining Equations (1) and (2) yields

N = vy P 3)

The average active water saturation (S,*) for the
whole gridblock (Figure 1a) is determined to be

R — )

1PN * (1)
where V is the total water volume (excluding residual
water) in the active region for the gridblock (Figure 1a),
and ¢ is the effective porosity (corresponding to satu-
rated water content excluding residual water content).
Similarly, the average active water saturation (S,*) for
shadowed boxes with size of / is

__r
1P g\ (1)

From Figure 1, it is obvious that there exists a box
size /; <L satisfying:

Sp* ®)

=1 (©)

Based on Equations (3)—(6), the average saturation for

shadowed boxes with size /;, Sp;*, can be expressed by
af

Spi*=(S,*) P ™

Because a fractal is similar at different scales, the
procedure to derive Equation (7) from a gridblock with
size L can be applied to shadowed boxes with the
smaller size of /;. In this case, for a given box size
smaller than /;, the number of shadowed boxes will be
counted as an average number for those within the (pre-
viously shadowed) boxes with a size of /;. Again, we can
find a box size [, </, to obtain a saturation relation:

s A4
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The procedure to obtain Equation (8) can be contin-
ued until it reaches an iteration level, n* at which all the
shadowed boxes with a size of /, cover the active region
only. The resultant average saturation for these shad-
owed boxes is

Gl
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By definition, Sy, should be equivalent to the effective

water saturation (S,) within the active region. Using f to

denote the fraction of the active region within the grid-

block and based on Equation (9), we have

S, * y
f= = (S, *) (10)
a
with
d- Y
7=1—[3f) an

Parameter y is defined between zero and one. If flow
pattern is uniform and does not contain preferential flow,
y will be equal to zero (corresponding to dy= D or f=1).
Otherwise, y will be larger than zero and result in an f



value less than one. In this case, only a portion of the
flow domain corresponding to preferential flow paths
actually conducts liquid water. The y may be a com-
plex function of soil properties, flow conditions, and
scale. In this study, we assume it to be a constant for a
given test site. This approximation seems to suffice for
practical applications. Ref. [14] also demonstrated that
this approximation is valid for fingering flow in homo-
geneous porous media.

Equation (10) comprises our macroscopic relationship
that links the portion (f) of the region where water
flow actively occurs to a macroscopic parameter, the
effective water saturation S.*. When incorporated into a
continuum approach, this macroscopic relationship pro-
vides a powerful tool for describing preferential flow
processes in the vadose zone!'"*"?!,

4 Evaluation of the macroscopic rela-
tionship

The macroscopic relationship described in Section 3 has
been evaluated in direct and indirect manners. The for-
mer refers to direct comparisons between Equation (10)
and field observations of portion of the active region as
a function of the effective saturation. The latter corre-
sponds to comparisons between simulated (based on the
relationship) and observed flow and transport results.
This paper focuses on the direct evaluation that is con-
sidered to be more convincing.

To evaluate the relationship[zgl, field experiments were
conducted at two different field sites from June of 2006
to Oct. of 2007 in Wuhan, China. Before the experi-
ment, Site I was used for vegetation production. The
soil texture was loam with visually uniform profiles.
At Site II, the top 40 cm layer was loose soil, which was
removed before the experiments, and the experiment soil
consisted of clay. A number of infiltration tests were
carried out at each site with dyed water. The sizes of
infiltration plots are on the order of 100 cm x 100cm.
Right after the infiltration tests were terminated, vertical
soil profiles were excavated across the corresponding
plot at a horizontal interval of 5 cm. The dyed soil water
flow patterns were recorded and soil water saturation
distributions were measured. Figure 2 shows an ob-
served dyed water flow pattern.

[28]

Figure 2 An observed soil-water flow pattern in a vertical cross section

For a given experiment, the dyed region in a soil pro-
file is considered the active region. At a given depth,
parameter f in Equation (10) was estimated as the ratio
of the length of dyed portion to the total horizontal
length of the soil profile. The effective soil water satura-
tion S,* was estimated from measured soil-water satura-
tion distributions (Equation [4]). In the active region, all
the water, excluding the residual water content, is as-
sumed to be mobile. Therefore, ideally experiments
should be carried out under dry soil conditions (with the
initial soil water saturation near the residual value).
However, under field conditions, it is virtually impossi-
ble to conduct experiments under such conditions. To
analyze our experimental data, it was assumed that be-
fore experiments, all water in the soil was immobile al-
though the water content was higher than the residual
water content. This assumption can be partially justi-
fied, considering that water flows much more quickly in
the active (stained) region for the given test conditions.
The focus of the evaluation is on whether Equation (10)
is consistent with observed relations between f and S.*.
As an example, Figure 3 shows comparison results for
tests conducted at Site II. Similar results were also ob-
tained for tests conducted at Site I** and from other test
sites!"”). Given the complexity of the flow pattern and
soil-water saturation distributions (Figure 2), the
matches of Equation (10) with experimental data are
remarkable. The fitted values for parameter y (Equation
[10]) range from 0.66 to 0.76, which is not considered a
significantly large range for a given soil type.

Our macroscopic relationship is applicable to unsatu-
rated water flow in both natural soils and fracture net-
works!'>'*. As a matter of fact, the relationship was ini-
tially developed for modeling large-scale water flow in
the unsaturated zone of Yucca Mountain, Nevada,
USA!" - Although the focus of this paper is on the
water flow in soils, it may be of interest to show a recent
evaluation of our relationship for a fracture network.
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Figure 3 Matches of Equation (10) with experimental data collected from
different infiltration plots at Site I1%*,

Recently, Ref. [1] developed a two-dimensional mul-
tiphase lattice-Boltzmann model for analyzing flow pat-
terns in unsaturated fracture networks with relatively
simple geometries consisting of horizontal and vertical
fractures (when tilt angle equals zero). The numerical
experiments were conducted for different injection rates
and fracture orientations. Liquid water was injected
from a single point at the top of fracture networks. The
details regarding modeling methodologies can be found
in ref. [1]. The unique aspect of their study is that de-
tailed flow patterns (such as film flow and effects of
capillary barriers) can be simulated. Similar flow pat-
terns and the associated water saturation distributions
would be very difficult, if not impossible, to obtain for
fractured rock under field conditions. To evaluate our
macroscopic relationship, the value for parameter f is
determined as the ratio of length of fractures that contain
water to the total fracture length for a given simulation
scenario. Consequently, a number of data points of pa-
rameter f as a function of effective saturation are ob-
tained for a fracture network with a fixed title angle.
Again, these data points are consistent with our macro-
scopic relationship. As an example, Figure 5 shows a
comparison between the data points and the theoretical

results (Equation [10]) for a fracture-network tilt angle
of 25°. Similar matches were found for all other tilt an-
gles. At least for the range of numerical experiment con-
ditions considered in ref. [1], our relationship represents
data points very well.
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Figure 4 A comparison between simulated data points and results calcu-
lated from Equation (10) with y =0.71.

5 Conclusion

Preferential flow and transport are common processes in
unsaturated soils. Development of theoretically rigorous
and practically useful approaches is a current challenge.
Existing field evidence indicates that complex preferen-
tial flow patterns are fractals. This study presents our
recent development of a macroscopic relationship for
modeling preferential flow in the vadose zone. Con-
ceptually, the flow domain is divided into active and
inactive regions. Flow occurs preferentially in the active
region and inactive region is simply bypassed. The por-
tion of the active region was found to be a power func-
tion of saturation. The validity of this relationship is
demonstrated by its consistency with field observations
and the related numerical experiments. Very promising
model prediction results for field-scale unsaturated flow
has been obtained by incorporating the relationship into
the continuum approach!*!. Further studies are needed
for developing relations between the y parameter (de-
fined in Equation (10)) and the other soil hydraulic pa-
rameters and for relaxing the water-immobility assump-
tion for the inactive region in models based on the de-
veloped macroscopic relationship.
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