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Abstract
The sorptivity S quantiﬁes the eﬀect of capillarity on liquid movement in a porous material. For liquid inﬁltration into an initially
dry material, S is a parameter that is contingent on both liquid and material properties as well as the maximum liquid content
behind the inﬁltrating front, hm. Scaling analyses are used to derive a dimensionless, intrinsic sorptivity S* that is constant for different liquids, Miller-similar materials and diﬀerent values of hm. The analyses conﬁrm that S is dependent on b1/2, where b = cos / is
a measure of the wettability of the liquid. They also indicate a power law relationship between S and Se(av), the average liquid saturation behind the inﬁltrating front. Seventeen water and eleven Soltrol 220 horizontal inﬁltration experiments are reported in uniform, dry sand. Test results show that water is partially wetting in the sand. They also conﬁrm that S / S deðavÞ , where d = 3.2 for the
experimental conditions. The usefulness of a general, dimensionless Boltzmann variable is demonstrated to normalize inﬁltration
proﬁles for the diﬀerent liquids. An approximate method for sorptivity calculation is shown to provide an accurate estimate of S*.
 2005 Elsevier Ltd. All rights reserved.
Keywords: Unsaturated ﬂow; Contact angle; Wettability; Miller scaling

1. Introduction
The process by which a wetting liquid displaces air in
a porous material, usually termed liquid inﬁltration, has
been the subject of study for over a century [1–8]. In
soils, understanding liquid inﬁltration in dry or partially
saturated media is important for forecasting moisture
distribution following soil irrigation [9], estimating the
potential for water ﬂux through a landﬁll cover [10]
and predicting a contaminantÕs transport to groundwater following a surface spill [11]. In porous building
materials, such as concrete and masonry, knowledge of
liquid inﬁltration is important for assessing a materialÕs
durability and appearance [12]. Many models have been
developed to describe liquid inﬁltration in a porous
material, including those by Parlange and co-workers
*
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[6,13–19]. These models predict the time-rate of inﬁltration and the cumulative volume of inﬁltration based on
parameters like the sorptivity S [20], which quantiﬁes the
eﬀect of capillarity on a liquidÕs movement in a material.
The eﬀect of capillarity on liquid movement in an
unsaturated material can be isolated by considering horizontal ﬂow, where gravitational forces in the direction
of the movement can be neglected. Horizontal onedimensional ﬂow of a liquid in a rigid, stationary porous
material may be described by a non-linear diﬀusion
equation, often referred to as RichardÕs equation [20]


oh
o
oh
¼
DðhÞ
;
ð1Þ
ot ox
ox
where h is the average volumetric liquid content of the
inﬁltrating ﬂuid, D(h) is the hydraulic diﬀusivity, t is
the time and x the spatial coordinate.
The hydraulic diﬀusivity is a non-linear function of
liquid content given by

P.J. Culligan et al. / Advances in Water Resources 28 (2005) 1010–1020

oh
;
ð2Þ
oh
where K is the hydraulic conductivity of the material at
liquid content h and h is the liquid pressure head at the
same liquid content. The magnitude of h will depend
upon the curvature of the liquid–air meniscus, which
will be a function of a mediumÕs pore space geometry
as well as h. Idealized models of pore space geometry
are usually adopted for media whose pore space are
irregular and complex, and cannot be described analytically. A common approach is to use a capillary tube
model in which h is estimated using the Young–Laplace
equation for a cylindrical tube [21] written in terms of
the pressure head. The capillary tube model idealizes
the curved liquid–air meniscus within a pore space of
average radius r, as a spherical liquid–air meniscus within a capillary tube of the same radius. If the air at the
liquid–air meniscus is at atmospheric pressure, then

DðhÞ ¼ KðhÞ

h

2r cos /
2rb
¼
;
rqg
rqg

ð3Þ
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To obtain Eq. (1) in the form of an ordinary diﬀerential equation, the Boltzmann transformation, U = xt1/2
is used, leading to the solution
xðh; tÞ ¼ UðhÞt1=2 ;

ð6Þ

for the boundary conditions h = hi at U = 1 and h = hm
at U = 0. These boundary conditions were satisﬁed for
the experiments reported here.
For liquid inﬁltration into a porous material that is
initially dry (i.e, hi = 0), the volume of liquid inﬁltration
per unit area is therefore
Z hm
1=2
iðtÞ ¼ t
U dh.
ð7Þ
0

Rh
By deﬁnition 0 m U dh is the sorptivity S of the material [23]. S can be determined from observations of
liquid inﬁltration with time into a porous material
[18]. S is related to D(h) by
S ¼ 2Dðhm Þ

dhm
.
dU

ð8Þ

dhm
.
dðx=t1=2 Þ

ð9Þ

Hence
where r is the surface tension of the liquid, / is the average contact angle of the liquid–air interface at the solid
surfaces, q is the liquidÕs density, g is the gravitational
constant and b = cos /, a parameter that is referred to
as the ‘‘wetting index’’ [22].
Relationships between h and h, and K and h are often
described by power laws of the form [20]

a
hentry
h  hi
¼
¼ S ae
ð4Þ
hðhÞ
n  hi

S ¼ 2Kðhm Þ

For an initially dry soil, S is a function of the properties of the porous material, including its grain size distribution and packing, the properties of the inﬁltrating
liquid and hm. An intrinsic sorptivity, S*, that is independent of these variables, can be deﬁned for geometrically similar materials by applying the principles of
Miller-scaling [24] to Eq. (9), viz.

and
KðhÞ ¼

kk r qg
¼ K s S be ;
l

ð5Þ

where hentry is the pressure head in the liquid at air-entry
in the medium, hi is the irreducible liquid content, n is
the porosity of the medium, Se is the eﬀective liquid saturation, k is the intrinsic permeability of the medium, kr
is the relative permeability, Ks is the saturated hydraulic
conductivity, l is the liquid viscosity and a and b are
empirical coeﬃcients. For liquid drainage, it is common
to assume that a = 1/k and b = (3 + 2/k), where k is the
Brooks–Corey pore size distribution index [20]. In cases
where hi  0, Se  h/n, hence h  Sen. Note, for liquid
inﬁltration it will be assumed that the initial liquid content in the medium is hi. This assumption is reasonable
for primary, but not secondary, wetting of a porous
material [20].
Combining Eqs. (3) and (4) gives rðhÞ ¼ rentry S ae ,
where rentry is the average radius of the pores where
air ﬁrst enters the medium, and b is assumed constant
for a given liquid and material. Hence, r will vary with
Se, assuming rentry depends only on pore space geometry
and b. From Eq. (5) it is clear that kr also varies with Se.

S¼

lbrhm
lS cem

!1=2
S;

ð10Þ

where the following scaling relationships have been used
[25,26]
lS aem qg
h;
rb
l
K  ðhm Þ ¼ 2 b
Kðhm Þ;
l S em qg

h ¼

d  ð Þ ¼ Ldð Þ;
x
x ¼ ;
L
rblS b
t ¼ 2 ema t;
lL hm S em

ð11Þ
ð12Þ
ð13Þ
ð14Þ
ð15Þ

where the superscript * denotes a dimensionless variable, l is a characteristic microscopic length of the material, L is a macroscopic length and c = a  b. Se(m) is the
value of Se at h = hm. Note, qg and Se(m) are sometimes
omitted from Eqs. (11) and (12), e.g., [25]. These terms
have been included to establish non-dimensional variables and account for the fact that r and kr are functions
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of Se [20]. It has been assumed that r ¼ lS ae ; k ¼ l2 and
k r ¼ S be .
The intrinsic sorptivity deﬁned by Eq. (10) is more
general than alternative deﬁnitions provided in the literature [26,27]. Most notably, S*is dimensionless and theoretically applicable to Miller-similar media as well as
diﬀerent values of hm. A general, dimensionless Boltzmann variable can also be derived from Eqs. (14) and
(15), namely
!1=2
rbl
U¼
U .
ð16Þ
lhm S cem
Proﬁles of U* versus h*(x, t) should match for Millersimilar materials, where
h ðx; tÞ ¼

hðx; tÞ  hi
.
hm  hi

ð17Þ

hm may be less than n due to entrapment of air in pores
or liquid bypassing of pores during the inﬁltration process [19]. Quantifying hm usually requires destructive
sampling of a porous material following an inﬁltration
test [20]. It is, however, straightforward to establish
the average liquid content behind an inﬁltrating front
during an inﬁltration test from hav = i(t)/x(t). In what
follows it will be assumed that replacing hm with hav
and Se(m) with Se(av) in the scaling laws presented above
does not invalidate the relationships.1 Because hav < hm,
values of S* and U* based on hav and Se(av) will be higher
than those based on hm and Se(m).
Re-writing Eq. (10) in terms of hav and Se(av), and
making use of the fact that hav = Se(av) n for inﬁltration
into an initially dry material where hi = 0, gives
!1=2
lbrn
S¼
S av .
ð18Þ
lS eðc1Þ
av
Hence, for liquid inﬁltration into dry material
ðc1Þ=2
S / S eðavÞ
for a given material and liquid pair. Note,
the subscript (av) is used to clarify that a dimensionless
variable has been deﬁned using hav and Se(av).
For water (subscript w) and an organic liquid (subscript o) inﬁltrating into the same material at the same
Se(av), Eq. (18) predicts that Sw/So = (bwrwlo/borolw).
Research on the scaling of capillary behavior for air–
water and air–organic liquid systems in coarse soils
(i.e., sands) has concluded that (bw/bo) = 1 [28,29], suggesting that Sw/So = (rwlo/rolw) for liquid inﬁltration
into dry sand if n is held constant and Se(av) is
homologous.
The work described in this paper was motivated by
prior observations made during experiments that exam-

1

For inﬁltration processes that are well described by the Green–
Ampt model [2] this assumption will be reasonable because, by
deﬁnition, the Green–Ampt model assumes that hm = hav.

ined both the stable and unstable vertical inﬁltration of
either water or Soltrol 220 into uniform dry sand of the
same porosity [30,31]. Speciﬁcally, data gathered during
those experiments provided a mean ratio of Sw/So = 2.4,
which is approximately 70% of that predicted by Sw/
So = (rwlo/rolw). To investigate why the observed ratio
Sw/So was lower than expected, including the signiﬁcance of b and Se, a series of water and Soltrol 220 horizontal inﬁltration experiments was conducted into a
uniform, dry soil packed at an average porosity
n = 0.38. The choice of horizontal liquid inﬁltration reduced the impact of gravitational forces. The use of an
initially dry, uniform material eliminated liquid bypass/cut-oﬀ as an important inﬁltration mechanism
[32,33]. Se(av) was varied by changing the liquid pressure
head, h0, at the inlet to the porous medium. In what follows, the liquids and the material used in the experiments are described, together with the experimental
apparatus and the experimental procedures. The results
of the experiments are then presented and their interpretation is discussed.

2. Materials and experimental procedures
2.1. Liquids and porous medium
Two liquids were used for the inﬁltration experiments, namely distilled water and Soltrol 220, an aliphatic oil purchased from Philips 66, Inc. Properties of
these liquids are given in Table 1.
All liquid inﬁltration experiments were conducted
using a quartz sand purchased from WHIBCO Inc.,
New Jersey, with an average grain diameter of
0.15 mm and a uniformity coeﬃcient Cu = D60/
D10 = 1.9. The sand, which is referred to as New Jersey
Fine Sand (NJFS), was passed through ASTM Sieve
#30 (metric equivalent 600 lm) and the retained portion
was removed. To prevent accidental contamination or
moistening, the sand was stored in a sealed plastic
bucket. Fig. 1 presents the soil moisture characteristic
(SMC) curve of the sand. The SMC was obtained using
a continuous drying technique developed at the Massachusetts Institute of Technology (MIT) [34]. The moisture evaporation rate from the sand during the drying
was approximately 12.5 g/day. Table 2 summarizes the

Table 1
Properties of Soltrol 220 and water at 20 C
Property

Soltrol 220a

Water

Dynamic viscosity, l (g/cm/s)
Density, q (g/cm3)
Surface tension, r (dyne/cm)

4.12 · 102
0.795
25.3

1.002 · 102
0.998
71.9

a
Properties for Soltrol 220 were obtained from manufacturerÕs
tables.
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Fig. 1. Soil moisture characteristic curve of the sand during drying.
The sand was packed at a porosity n = 0.4 and fully saturated using deaired pure water at high pressure before drying commenced. h is the
volumetric water content of the sand and hm is the measured metric
suction in cm of water.

Table 2
Properties of New Jersey Fine Sand (NJFS)
Property
Average particle size, D50 (cm)
Saturated conductivity, water Ks(w) (cm/s)a
Saturated conductivity, Soltrol 220 Ks(o) (cm/s)a
Air-entry pressure, hentry (cm water)b
Irreducible volumetric water content during drying, hib
Brooks–Corey kb
a
b

0.015
6.7 · 103
1.3 · 103
40
0.009
2.2

From constant head test (ASTM 2434-68).
From soil–moisture characteristic curve (see Fig. 1).
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mated for h using Eq. (3).2 Hence, gravitational eﬀects
due to the variation of h0 with vertical position in a tube
were assumed to be negligible.
The tubes, which were either 70 cm or 40 cm in length,
were annotated by measuring tape marked in 1 mm divisions. The inlet port to a tube consisted of a 3-valve
chamber with a brass mesh screen and ﬁlter paper system
that allowed liquid to enter the tube but prevented sand
loss. The opening size of the mesh screen was 0.35 mm,
which is greater than the D50 of the sand. Both the mesh
screen and ﬁlter paper were wetted with the liquid inﬁltrant prior to an experiment. A soft tubing line, attached
to the inlet valve, connected the chamber to the inﬁltrant
container. The inﬁltrant container rested on a scale that
was used to record the cumulative mass of liquid inﬁltration into the tube with time. A second container was connected by soft tubing to a base valve in the inlet chamber.
This container was used for the initial ﬂooding and ﬁnal
drainage of the chamber. A cap with an opening to atmosphere held the soil in place at the end of each tube while
permitting free air drainage. Thus, air was free to escape
during all experimental conﬁgurations.
Sand was uniformly deposited into the tubes using a
multiple sieve pluviation technique described by Ivanov
[35]. This technique resulted in sand specimen with dry
bulk densities in the range of 1.63–1.69 g/cm3, and
porosities in the range of 0.37–0.39. The sieve analyses
of sand samples taken from the storage bucket and the
dry portion of a tube (between the terminal position of
the wetting front and the end cap, Fig. 2) after an inﬁltration experiment, conﬁrmed that the grain size distribution of the sand remained consistent throughout the
experimental program.
2.3. Experimental procedure

properties of the sand. The pore distribution index k was
obtained by ﬁtting the Brooks–Corey relationship [20]
to the SMC curve. Because k was obtained from a drying curve, it might not be an accurate representation of
the pore distribution index for wetting.

2.2. Experimental apparatus
A schematic of the apparatus used for the horizontal
inﬁltration experiments is shown in Fig. 2. The apparatus is similar to that used in prior research that examined the applicability of moisture diﬀusion theories for
predicting liquid inﬁltration in soil [4]. Here, the sand
was placed in a transparent tube whose cross-sectional
area was either circular with an internal diameter of
2.54 cm, or square (either a closed or open channel) with
internal dimensions of 2.25 · 2.25 cm. The maximum
vertical height of a tube, htube, was at least an order of
magnitude less than the maximum value initially esti-

After the sand was pluviated into the tube, the apparatus was assembled and positioned so that it was
approximately horizontal. The inﬁltrant container was
then ﬁlled with liquid and placed on the electronic balance. The inlet tube, ﬂexible inlet line and inlet valve
were saturated with the liquid, then the inlet valve was
closed and attached to the inlet chamber. Next, liquid
was placed in the ﬂooding containers, and the ﬂexible
ﬂooding line and the ﬂooding valve were saturated.
The ﬂooding valve was closed and attached to the inlet
container. The inﬁltrant container was then moved relative to the horizontal tube in order to set the desired
inlet pressure head, h0. The tube was leveled horizontally
and secured. The top air valve and the ﬂooding valve
were opened and the inlet chamber was saturated with
liquid. The electronic scale was zeroed. An instant later,

2
h was initially estimated taking cos h = 1 and r = 0.004 cm, which is
approximately half the D10 of the soil.
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Fig. 2. Schematic diagram of experimental apparatus.

the air and ﬂooding valves were closed, the inlet valve
was opened and the clock was started.
During an experiment, the elapsed time, t, the average front position x(t), and the cumulative inﬁltration
by mass MI, were recorded. The average front position
was read to an accuracy of about 1 mm from the annotated measuring tape. All experiments were conducted at
an ambient temperature of approximately 20 C.
Before the liquid front wetted 90% of the tube, the
ﬂooding container was lowered and the inlet valve was
closed. Both the air and the ﬂooding valves were then
opened to drain the chamber and terminate the experiment. Depending upon the liquid and the applied inlet
pressure head, the duration of the experiments ranged
between 40 min and 8 h.
During each experiment, the nature of the ﬂow was
closely observed in search of evidence of ﬁngering, pockets of dry soil behind the wetting front, separation of the
sand from the tube walls, and/or an abrupt decrease of
the advance rate, all of which might indicate the pres-

ence of loose sections of sand. None of the data presented here were aﬀected.
Final liquid distributions were obtained at the end of
a sub-set of experiments conducted at h0 = 0. Fig. 3 illustrates the employed sampling technique. A set of thin
brass pieces (knives), matching the shape of the tube
cross-section, was inserted into the sand to partition
the tube into sections. Giving preference to sampling
closely behind the front, specimen, with dry masses between 2 and 15 g, were acquired. The wet mass of the
specimens were determined and then oven dried to
enable calculation of the gravimetric liquid content, w.
Before oven drying, the samples containing Soltrol 220
were ﬁrst soaked and then washed with a solution of distilled water and Alconox, an anionic detergent, before
a ﬁnal rinse with distilled water. In order to limit the
sand particle loss, the soaking and rinsing of the Soltrol
220 samples was conducted only once. The gravimetric
liquid content was converted to the volumetric liquid
content using:

P.J. Culligan et al. / Advances in Water Resources 28 (2005) 1010–1020
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Fig. 3. Sampling for liquid content measurements at the end of an experiment.

h¼w

qb
;
q

ð19Þ

where w and qb denote the gravimetric liquid content
and the average dry density of the sand column,
respectively.
2.4. Interpretation of experimental data
The cumulative inﬁltration of liquid per unit area, i(t)
was obtained from
iðtÞ ¼

M I ðtÞ
;
Aq

ð20Þ

where A is the cross-sectional area of the tube.
The value of S for each experiment was obtained
from a linear regression of i(t) versus t1/2. As shown in
Fig. 4, i(t) and x(t) are linear with t1/2.
As noted in the introduction, the average volumetric
liquid content of the wetted material in the tube was estimated from
hav ðtÞ ¼

iðtÞ
.
xðtÞ

ð21Þ

Infiltration, i (cm) & x (cm)

The average eﬀective saturation was calculated from
Se(av) = hav/n, where hav was taken as hav(t) at the end
of an experiment.
A total of 28 horizontal inﬁltration tests were performed: 17 using water as the inﬁltrating liquid (NW series) and eleven using Soltrol 220 (NL series). The range

60

front position, x
cumulative infiltration, i

50
40
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20
10
0
0

1
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9

Infiltration Time, t0.5 (min0.5)

Fig. 4. Plot of i(t) versus t1/2 for NW8, an experiment conducted using
water as the inﬁltrating ﬂuid in a circular tube. The inlet head
h0 = +5 cm. The linear relationship between x(t) and t1/2 is also
displayed.

of h0 was 30 cm to +50 cm of liquid, giving rise to
Se(av) values between 0.45 and 0.85.

3. Discussion of results
Table 3 presents a summary of results for the water
inﬁltration experiments, while Table 4 summarizes results for the Soltrol 220 experiments.
Fig. 5 displays hav(t) versus x(t) for select experiments
conducted with water as the inﬁltrant. hav(t) was constant over much of the inﬁltration process and less than
n. Theoretically, hav(t) should have reached an asymptote after a few millimeters, when local variations in r
no longer inﬂuenced the average front position. However, the experimental data indicate that it took a few
centimeters for hav(t) to stabilize. This inconsistency is
put down to the diﬃculty of zeroing the scale used to record MI at exactly the time when x = 0. As seen in Fig.
4, zeroing of the scale slightly lagged liquid inﬁltration,
leading to under-estimation of hav at early times. With
increasing time this error became insigniﬁcant. Fig. 5
shows that the asymptotic value of hav(t), and hence
Se(av), increased with increasing h0. The trends displayed
in Fig. 5 were also observed for the experiments were
Soltrol 220 was the inﬁltrant.
The observed relationships between S and the inlet
head, h0 is shown in Fig. 6. S increases with h0 because
Se(av) increases with h0. The tubeÕs shape had no apparent inﬂuence on the experimental results, leading to the
conclusion that an open tube, the easiest cross-section to
work with, is a good choice for future experiments provided that the inﬂuent level stays below the soil surface,
i.e., provided that h0 6 htube/2. Note, this would limit h0
to about 1 cm for the channel used in the experiments
reported here. The open channel also lends itself to soil
surface instrumentation that might enable the simultaneous measurement of liquid pressures during
inﬁltration.
The relationships between S and h0 are well described
empirically by second order functions, as shown in Fig.
6. These functions provide an estimate

S w 
0.207
¼ 2.4.
ð22Þ
¼
S o h0 ¼0 0.085
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Table 3
Summary of water inﬁltration experiments
Experiment no.

Porosity n

Tube cross-section

h0 (cm)

hav

Se(av)

S (cm/s1/2)

NW13
NW11
NW5
NW6
NW12
NW1
NW15
NW2
NW7
NW16
NW17
NW8
NW3
NW4
NW9
NW10
NW14

0.37
0.38
0.37
0.38
0.37
0.36
0.37
0.37
0.37
0.39
0.39
0.39
0.37
0.38
0.37
0.38
0.37

Circular
Circular
Circular
Circular
Circular
Circular
Circular
Circular
Circular
Square
Channel
Circular
Circular
Circular
Circular
Circular
Circular

30
15
10
10
5
0
0
0
0
0
1.12
5
10
10
15
15
50

0.16
0.27
0.27
0.25
0.27
0.23
0.26
0.26
0.29
0.27
0.29
0.28
0.27
0.28
0.29
0.29
0.31

0.44
0.71
0.74
0.66
0.73
0.64
0.7
0.7
0.77
0.69
0.75
0.73
0.73
0.73
0.78
0.75
0.85

0.038
0.127
0.170
0.160
0.189
0.176
0.187
0.201
0.227
0.192
0.234
0.249
0.242
0.256
0.271
0.280
0.411

Table 4
Summary of Soltrol 220 inﬁltration experiments
Experiment No.

Porosity n

Tube cross-section

h0 (cm)

hav

Se(av)

S (cm/s1/2)

NL
NL
NL
NL
NL
NL
NL
NL
NL
NL
NL

0.36
0.37
0.37
0.37
0.37
0.39
0.39
0.39
0.37
0.36
0.38

Circular
Circular
Circular
Circular
Circular
Square
Circular
Channel
Circular
Circular
Circular

10
10
0
0
0
0
0
3
10
10
50

0.23
0.26
0.24
0.28
0.27
0.32
0.34
0.32
0.26
0.23
0.32

0.64
0.7
0.66
0.75
0.73
0.82
0.86
0.82
0.71
0.63
0.84

0.051
0.053
0.078
0.089
0.088
0.098
0.097
0.11
0.099
0.083
0.184

6
7
1
2
3
10
11
9
4
5
8

0.45
0.40

Sorptvity, S (cm/s1/2)

Average Water Content, θav

0.4

0.3

0.2
ho = -30 cm
ho = 0 cm

0.1

ho = 15 cm
ho = 50 cm

0
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0.25
0.20
0.15
0.10
0.05

70
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-40

-20

Infiltration Distance, x (cm)

Fig. 5. hav(t) versus x(t) for select water inﬁltration experiments.

Hence, the observed ratio for Sw/So was the same as the
previous result [30,31].
Fig. 7 illustrates the observed correlations between S
and Se(av). A plot of log10(S) versus log10(Se(av)) is given
in Fig. 8. A theoretical power law of the form S ¼ AS deðavÞ
is included on both ﬁgures, where

0

20

40

60

Inlet Head, ho (cm)

Fig. 6. Observed relationships between S and h0. The symbols are
experimental data. The lines are empirical relationships between S and
h0 that assume a second order polynomial. The ﬁtted relationship
for the water (solid line) is; S w ¼ 2  105 h20 þ 0.0049h0 þ 0.207;
R2 = 0.97, while that for the Soltrol 220 (dashed line) is
S o ¼ 7  105 h20 þ 0.0023h0 þ 0.0845; R2 = 0.88.

A¼


1=2
lbrn
S
l

ð23Þ

P.J. Culligan et al. / Advances in Water Resources 28 (2005) 1010–1020

Another estimate of the ratio bw/bo can be acquired
by considering the ratio hw/ho, which from Eq. (3) is
 
rw qo
bw =bo if rw = ro. The pressure head at the inﬁltratro qw

Sorptvity, S (cm/s1/2)
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soltrol 220
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1.0

Average Saturation, Se (av)

Fig. 7. Observed relationships between S and Se(av). The solid line is
.2 . The dashed line is the power law
the power law S ¼ 0.6S 3eðavÞ
.2 .
S ¼ 0.24S 3eðavÞ

Sorptvity, S (cm/s1/2)

1

0.1

water
soltrol 220
0.01
0.1

1.0
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Fig. 8. Log10(S) versus log10(Se(av)). The solid line is the power law
.2 . The dashed line is the power law S ¼ 0.24S 3.2 .
S ¼ 0.6S 3eðavÞ
eðavÞ

and
d¼



c1
.
2

ð24Þ

Note, to obtain the correlations, the value of d was constrained to be the same for the water and the Soltrol 220
results.
The data displayed in Figs. 7 and 8 show some scatter. Nonetheless, the relationships between S and Se(av)
appear to be well described by the power laws. The ratio
Aw/Ao = 2.5. Thus, from Eq. (23) bw/bo = 0.53, assuming no signiﬁcant variation of l and n between experiments. The value of d is 3.2. Hence c = 5.4. The
Brooks–Corey relationship for soil drainage forecasts a
lower c of 3.45, suggesting less variation in S with
Se(av) than was observed. The diﬀerence between the observed and estimated values of c might be explained by
the fact that c was estimated using a k value that was obtained from a drying, rather than a wetting, curve. Steﬀy
et al. [36] report a systematic study of drying and wetting
curves for air–water and air–organic ﬂuid pairs in sand
with properties similar to NJFS. The results of Steﬀy
et al. support the observation that k values estimated
from drying curves are higher, and hence c values are
lower, than those estimated from wetting curves.

ing front was not measured during the experiments.
However, an estimation of h when S = 0 can be obtained
from the empirical relationships provided in Fig. 6;
namely, hw,S=0 = 37 cm and ho,S=0 = 33 cm . When
S = 0 liquid is not advancing in the medium. Thus, the
liquid–air interface is under static-equilibrium [37]. The
radius of curvature of a static liquid–air interface is
determined by the pore geometry of a material. Hence,
it is reasonable to assume that rw = ro at S = 0, leading
to an estimate of bw/bo = 0.50, which is close to the
value obtained from Eq. (23) and conﬁrms that bw < bo.
Taylor et al. [26] also reported bw < bo in experiments
that examined organic liquid and water adsorption into
dry calcite limestones. Taylor et al. concluded that the
organic liquids completely wet the limestones, hence
bo = 1. Partial water wetting in the limestones, which
resulted in bw < 1, was attributed to organic adlayers
that rock mineral surfaces acquire when exposed to
the natural environment. Work by Bromwell [38] has
shown that the mineral surfaces of quartz sands are
often contaminated with oil that is hard to remove even
with repeated chemical cleaning. Oil contamination of
mineral surfaces is therefore put forward as a reason
for bw < 1 in the experiments reported here. bw < 1
would also explain the ‘‘low’’ Sw/So ratio observed in
the prior experiments [30,31].
To quantify the dimensionless sorptivity from Eq.
(23), the Soltrol 220 is assumed to completely wet the
NJFS, giving bo = 1 and bw = 0.53. Adopting a value
l = D50 (see Table 2) and assuming a characteristic
porosity n = 0.38 (see Tables 3 and 4) gives S av ¼ 0.128.
Fig. 9 provides a plot of h(x, tend) versus U for selected water and Soltrol 220 experiments conducted at
h0 = 0, where tend is the time at the end of the experiment
when liquid content as a function of x was determined.
0.40

Volumetric Liquid Content, θ

0.45
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Fig. 9. h*(x, tend) versus U.
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Normalized Liquid Content, θ*

1.0
0.8
0.6
water-NW15
water-NW16
water-NW17
soltrol-NL9
soltrol-NL10

0.4
0.2
0.0
0.00

0.03

0.06

Φ (av)*

0.09

0.12

0.15

Fig. 10. h*(x, tend) versus Uav . The solid line is the approximation
provided by Eq. (26) using m = 6 and sav ¼ 0.105.

The data show some scatter, leading to the conclusion
that a better sampling technique for h is needed. The
knives shown in Fig. 3 were inserted in a sequence that
moved backward from the wetting front to the tube
inlet. This caused liquid redistribution in sand that resulted in liquid being squeezed back to the inlet. Hence,
the measured liquid content at the inlet might be higher
than hm. As expected, the proﬁles for water and the Soltrol 220 experiments are distinct. Fig. 10 is a plot of
h*(x, tend) versus Uav for the same data. h*(x, tend) was
obtained from Eq. (17) using hi = 0 and observed values
of hm. Uav was calculated using bo = 1, bw = 0.53, l = D50
and c = 5.4 (see Fig. 7). Excepting the scatter, the proﬁles of h*(x, tend) versus Uav are approximately equivalent for the water and the Soltrol 220, indicating that
the generalized dimensionless Boltzmann variable provides the correct scaling, even when it is deﬁned using
hav and Se(av) instead of hm and Se(m).
An approximation provided by Parlange and coworkers [19] can be used to estimate the dimensionless
sorptivity S av from the similarity proﬁle given in Fig.
10. Taking the dependence of the diﬀusivity on h* to
be exponential, such that


Dðh Þ ¼ D0 emh ;

ð25Þ

the normalized wetting proﬁle is given by [19]



1
m s 

2
m
U þ bU
h ðxÞ  ln e  
;
m
D0 2

ð26Þ

where
2

D0 ¼

m2 ðs Þ
en ð2m  1Þ  m þ 1

ð27Þ

and


1 1 þ m  em
b¼
;
2 2mðem  1Þ

ð28Þ

where s* is the reduced dimensionless sorptivity and D0
is the dimensionless ‘‘constant’’ diﬀusivity. It is
straightforward to show that sav ¼ ðhav =hm ÞS av and
lS ceav
D0 . Note, that the dimensionless ‘‘constant’’
D0av ¼ lrb
diﬀusivity changes with the average liquid saturation
behind the inﬁltration front. Thus, it is only a constant
for a given Se(av).
Eq. (26) has been ﬁt to the proﬁle given in Fig. 10
using m = 6 and sav ¼ 0.105. The approximate solution
is insensitive to m but sensitive to s* [17]. Therefore,
comparative ﬁts using diﬀerent values of m were found.
However, corresponding values of sav were observed to
remain within 2% of 0.105. The dimensionless constant
diﬀusivity is 9 · 105. Hence, at h0 = 0, D0 = 2.3 ·
103 cm2/s for the water inﬁltration and D0 = 2.0 ·
103 cm2/s for the Soltrol 220 inﬁltration.
The average value of hav/hm for the experiments reported in Fig. 10 was 0.79 ± 0.05, leading to an estimated value of S av ¼ 0.133. This compares well with
S av ¼ 0.128, which was inferred from the results of all
inﬁltration experiments. Thus, the approximation provided by Parlange and co-workers [19] is an accurate
way to estimate S* from an inﬁltration proﬁle. Knowing
S av , Eq. (18) can, theoretically, be used to calculate the
sorptivity S, for a wide range of conditions.
4. Conclusions
The condition of liquid inﬁltration into an initially
dry material was examined and a dimensionless, intrinsic sorptivity S* that is independent of material properties, liquid properties and hm, the maximum liquid
saturation behind the inﬁltrating front, was derived
from scaling analyses. For a given material, the analyses
conﬁrm that sorptivity is dependent on b1/2 [26], where
b = cos / is a measure of the wettability of the liquid.
Upon the assumption that the derived scaling relationships are still valid if hm is replaced by the average liquid
saturation behind the inﬁltrating front hav, the analyses
also indicate a power law relationship between sorptivity
and the average liquid saturation Se(av). The scaling
analyses were also used to derive a dimensionless Boltzmann variable U* that is independent of liquid and
material properties. Proﬁles of normalized liquid content versus U* should match for diﬀerent liquids and
Miller-similar materials.
The dependence of sorptivity on b and Se(av) for inﬁltration into dry material was investigated in a series of
seventeen water and eleven Soltrol 220 horizontal inﬁltration experiments that were conducted in a uniform,
dry sand packed at an average porosity n = 0.38. Se(av)
was altered by varying h0, the liquid pressure head at
the inlet to the porous medium. h0 values between
30 cm and +50 cm gave rise to Se(av) values between
0.45 and 0.85. The results of the experiments show that
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sorptivity / S eðavÞ
, conﬁrming that a power law relationship between sorptivity and Se(av) is appropriate for porous materials with hr  0. The relationship between
sorptivity and Se(av) must be known if sorptivity test
results are to be used to predict liquid adsorption at saturations that diﬀer from the testÕs saturation. Experimental results also indicate that bw/bo = 0.53. Hence
bw < 1. This has signiﬁcant implications for the modeling of unsaturated transport, as it challenges common
assumptions that water is fully wetting in coarse soils
[28,29]. The observation of partial water wetting is
attributed to oil contamination of soil mineral surfaces.
Partial water wetting can also explain the ‘‘low’’ Sw/So
ratio observed in the prior experiments [30,31].
Liquid content proﬁles for three water and two Soltrol 220 inﬁltration experiments were used to examine
the validity of the dimensionless Boltzmann variable.
The liquid content proﬁles were obtained from destructive sampling of a soil tube at the end of experiment.
Excepting the scatter, the proﬁles of normalized liquid
content versus Uav were approximately equivalent, indicating that the dimensionless Boltzmann variable provides the correct scaling for diﬀerent liquids in the
same material, even when it is deﬁned using hav and
Se(av) in place of hm and Se(m).
The magnitude of the dimensionless sorptivity, based
on hav, was calculated assuming bo = 1, bw = 0.53,
l = D50 and n = 0.38, giving rise to S av ¼ 0.128. An
approximate solution provided by Parlange and coworkers [19] provided an accurate estimate of
S av ¼ 0.133. Knowing S av , Eq. (18) can, theoretically,
be used to calculate the sorptivity S for a broad range
of conditions. However, further experiments are required to establish the validity of the scaling analyses
for Miller-similar materials. In addition, the assumption
that the scaling relationships still hold when hm and
Se(m) are replaced by hav and Se(av), should be conﬁrmed
for a wider set of experimental conditions.
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