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Soil Physics

Average Soil Water Retention Curves

Measured by Neutron Radiography

Water retention curves are essential for understanding the hydrologic
behavior of partially saturated porous media and modeling flow and transport
processes within the vadose zone. We directly measured the main drying and
wetting branches of the average water retention function obtained using two-
dimensional neutron radiography. Flint sand columns were saturated with
water and then drained and rewetted under quasi-equilibrium conditions
using a hanging water column setup. Digital images (2048 by 2048 pixels)
of the transmitted flux of neutrons were acquired at each imposed matric
potential (~10-15 matric potential values per experiment) at the National
Institute of Standards and Technology Center for Neutron Research BT-2
neutron imaging beam line. Volumetric water contents were calculated
on a pixel-by-pixel basis using Beer-Lambert’s law after taking into account
beam hardening and geometric corrections. To account for silica attenuation
and remove scattering effects at high water contents, the volumetric water
contents were normalized (to give relative saturations) by dividing the drying
and wetting sequences of images by the images obtained at saturation and
satiation, respectively. The resulting pixel values were then averaged and
combined with information on the imposed basal matric potentials to give
average water retention curves. The average relative saturations obtained
by neutron radiography showed an approximate one-to-one relationship
with the average values measured volumetrically using the hanging water
column setup. There were no significant differences (P < 0.05) between the
parameters of the van Genuchten equation fitted to the average neutron
radiography data and those estimated from replicated hanging water column
data. Our results indicate that neutron imaging is a very effective tool for
quantifying the average water retention curve.

Abbreviations: NIST, National Institute of Standards and Technology; VG, van Genuchten.

ecause of the strongattenuation of neutrons by H in water and their relative-

ly small attenuation by air and mineral solids (Anderson et al., 2009; Strobl

ctal., 2009), neutrons have long been used to measure the soil water content.
The neutron probe was first developed >60 yr ago, and it continues to be a com-
mon and reliable field instrument for measuring water content in the vadose zone
(Belcher et al., 1950; Gardner and Kirkham, 1952; Schmugge et al., 1980; Chanasyk
and Nacth, 1996). When combined with paired tensiometer measurements, the
neutron probe can also be used to determine the soil water retention curve (e.g.,
Andreu et al, 1997; Al-Yahyai et al., 2006). Like the hanging water column and
pressure cell laboratory techniques (Dane and Hopmans, 2002), however, this is es-
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sentially a “black box” approach that provides an “average” water
retention curve associated with a given sampling volume.

During the past two decades, the use of nondestructive test-
ing to study flow and transport processes in porous media has
grown significantly (Chaouki et al., 1997). Nondestructive testing
offers the possibility of seeing into the “black box” and determin-
ing the point water retention function. Gamma beam attenuation
(Dane et al., 1992), magnetic resonance imaging (Chen and Bal-
com, 2005), and x-ray computed tomography (Bayer et al., 2004)
have all been used to determine point water retention curves for
air displacing water in porous media. Neutron imaging is a nonde-
structive testing method based on measuring the transmitted in-
tensity of neutrons, either in two or three dimensions (referred to
as radiography and tomography, respectively). Neutron imaging
is a particularly powerful tool with respect to soil water due to its
high spatial and temporal resolutions and relatively large imaging
area (up to 500 cmz) (Chaouki et al., 1997; Deinert et al., 2004;
Trabold et al., 2009; Heller et al., 2009).

Since it was first applied to visualize the spatial distribution
of soil water in the 1970s (Lewis and Krinitzsky, 1976), the num-
ber of studies using neutron imaging to monitor fluids in porous
media has grown rapidly. Deinert et al. (2004) used real-time
neutron radiography to measure fluid contents and wetting front
profiles in homogeneous silica sand. They were able to estimate
the hydraulic conductivity and diffusivity from the flow field
images with satisfying results. They also concluded that neutron
imaging is an ideal tool for detailed laboratory studies because of
its sensitivity to variations in moisture content and its ability to
image nontranslucent media. Heller et al. (2009) measured the
water volume in fuel cells by neutron computed tomography and
indicated that the quantification technique yielded a value of the
water column mass within 2% of the theoretical. Recent stud-
ies have focused on capillary-driven imbibition (Hassanein et
al., 2006b; Cnudde et al., 2008; El Abd et al., 2009), root water
uptake (Oswald et al., 2008), and gravity-driven fingering (Hin-
capié and Germann, 2009, 2010).

Because of its capability for high resolution spatial and tem-
poral measurements of water in porous media, neutron imaging
is an ideal technique for investigating hysteresis of the soil water
retention function. Tumlinson et al. (2008) applied neutron to-
mography to construct a small portion of the main drying curve
based on a single applied pressure. Vasin et al. (2008) measured av-
erage drainage curves for heterogeneous sand columns comprised
of coarse and fine sands packed into random and periodic cellu-
lar structures using neutron tomography performed under quasi-
equilibrium conditions. To the best of our knowledge, neutron ra-
diography has not been previously employed to measure hysteretic
soil water functions.

The main thrust of our research was to apply the neutron
imaging technique to directly measure point soil water retention
functions. The specific objective of this study was to compare
hysteresis in drying and wetting measurements obtained by neu-
tron radiography with those from the traditional hanging water

column method. Because the traditional hanging water column

method produces an average water retention curve (for the entire
soil volume investigated), we compared the two data sets by av-
eraging the neutron radiographic point (or pixel-by-pixel) mea-
surements of relative saturation across the imaged soil area. Both
sets of average water retention curves were then fitted to the van
Genuchten equation (van Genuchten, 1980) and their resulting
parameter estimates compared statistically.

MATERIALS AND METHODS
Sample Properties and Column Preparation

Coarse-grained, homogeneous sand (Flint no. 13, US. Sili-
ca Co., Berkeley Springs, WV) was selected for study because it
can be completely drained by a hanging water column within the
height constraints of the neutron beam line setup at the National
Institute of Standards and Technology (NIST) and because it is
free of any organic materials that could complicate the quantifi-
cation of water content by neutron imaging. Flint no. 13 sand is
mainly composed of quartz (99.8%), grain diameters range from
0.11 to 0.60 mm, the median grain diameter is 0.56 mm, and the
grain density is 2.65 g cm =3 (US. Silica Company, 2009). The
saturated hydraulic conductivity, determined using the constant-
head method implemented without a water tank is 1.66 x 104
+032x 1074 ms! (Reynolds and Elrick, 2002).

Sand samples were washed with distilled water and oven
dried before use. They were then moistened with de-aired, distilled
water and packed into custom-made Al cylinders (Al alloy 6062)
with a height of 12.56 cm and a diameter of 2.65 cm. The top of
the Al cylinder was open to the atmosphere. A hanging water col-
umn made out of Tygon tubing (R3603, 3.175 mm [1/8 inch] i.d.
by 6.35 mm [1/4 inch] o.d., Fisher Scientific) and a glass burette
of 25-mL volume (Fisher Scientific), filled with de-aired, distilled
water, was connected to an outlet at the base of the Al cylinder.
The bottom of the cylinder was covered with several layers of moist
Whatman no. 4 filter paper (150-mm diameter, 25 pum). Any air
bubbles in the hanging water column were removed by suction
before placing the filter paper. The sand was then incrementally
moist-packed into the cylinder to minimize particle segregation
and air entrapment. The average height of the packed sand col-
umns was 4.25 £ 0.08 c¢m, with an average bulk density of 1.74 £
002¢g cm 3. The burette and sand column setups were clamped
to a stand. Before cach experiment, the burette at the end of the
hanging water column was raised to the top of the sand pack and
allowed to equilibrate overnight to fully saturate the column. The
top of the Al column was loosely covered with Al foil to minimize
evaporation from the saturated sample.

Neutron Imaging Experiments

Neutron radiography was performed at the NIST Center
for Neutron Research (NCNR) BT-2 imaging beam line. The
BT-2 imaging facility is equipped with a Gadox scintillator (Lexel
Imaging) and a charge coupled device camera (Andor). The field
of view was 4.5 by 4.5 cm?, with a resolution of 50 pm. The ratio
of the collimator tube length to its aperture diameter (the L/D
ratio) was 600 and the neutron flux was 4.97 x 106 cm 25~ L. It
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Lead Shield

CCD

Detector

Neutron Beam Burette

Filter Paper Phase Barrier

Sand Column

Fig. 1. Schematic diagram in cross-section of the experimental setup
at the National Institute of Standards and Technology Center for
Neutron Research beam line (not to scale).

should be emphasized that the NCNR BT-2 facility uses a ther-
mal neutron source. In contrast to cold neutrons, thermal neu-
trons have higher transmission through relatively thick sections
of scattering material (Riley et al., 2009; Mukundan and Borup,
2009). The BT-2 beam line has previously been used to image
water in granular materials (Kim et al.,, 2011).

Radiography data sets for air displacing water and vice ver-
sa in a Flint sand column were acquired at the NCNR during
March 2010 (4 d of total beam time). A presaturated Flint sand
column sample, connected to a hanging water column, was set
up in the BT-2 beam line. The distance between the column and
the detector screen was ~1.6 cm. A schematic diagram of the ex-
perimental setup is shown in Fig. 1. The column was drained and
rewetted under quasi-equilibrium conditions by adjusting the
height of the hanging water column outside of the beam line to
give between 10 and 15 basal matric potential values per drying—
wetting cycle. The midpoint of the sand pack was considered to
be the level of zero matric potential at complete saturation. Ra-
diographs were taken at each quasi-equilibrium state during the
drying and wetting cycles with an exposure time of 60 s. Each
image was comprised of 2048 by 2048 pixels. The water level in
the burette at each equilibrium state was recorded simultane-
ously and later used to construct the main drainage and wetting
branches of the water retention curve. Replicate experiments
were not possible because of the limited amount of beam time
available for the experiment.

An oven-dry sample was prepared by placing a Flint sand
column at residual saturation in an oven with the temperature set
at 105°C for 32 h. The oven-dry sample was then imaged follow-
ing the procedure described above for later analysis to estimate
the attenuation of the dry silica sand and Al container. The oven-
dry sample was immediately placed in the beam line when it was
removed from the oven. The top of the Al container was loosely
covered with Al tape. The likelihood of water adsorbing onto
particle surfaces from the atmosphere was considered negligible
due to the short exposure time, covering material used, and the

coarse grain size of the Flint sand.

Image Analysis

All image processing and quantitative analyses were per-
formed using the MATLAB (Version 7.11, R2010b-SP1, The
Mathworks) and ImageJ (Version 1.43m, National Institutes of
Health) software packages. The raw neutron radiographs were
analyzed to obtain the distribution of volumetric water contents
within the sand column on a pixel-by-pixel basis. The transmis-
sion of neutrons through the sand column can be described using
the Lambert-Beer law (Berger, 1971):

L=exp(~Tn) [1]
I,

where / is the transmitted intensity, /, is the original intensity,T is
the effective water thickness, and pu is the attenuation coefficient
for the medium, which includes water, air, silica sand, and the Al
wall of the sample container. The attenuation coefficient for air is
very small and can be neglected. Measurements of the attenuation
coeficients for Al and silica sand indicate that they are small com-
pared with that for the H in water (see below). The collected raw
images were first y filtered and then normalized with respect to
reference images of the open beam (shutter opened without a sam-
ple) and dark field (shutter closed, no neutron illumination) using

i: I(mw image) _I(dark field) [2]
I, I I

(open beam) -

(dark field)

The water thickness T;; (cm) was then calculated on a pixel-by-pixel
basis (7, /) using Eq. [2] combined with the following expression
derived from Eq. [1] by assuming . = ju, +37 :

2
1
PSR Sy (L DY
28 Y28 ) B [y

3]

where = 0.326 mm™ 1 is the linear attenuation coefficient for

water and 3 = —0.121 mm™2

is a beam hardening correction
coefhicient for the detector used. Note that both constants vary
with the specific imaging facility and detector system and are
sensitive to the energy spectrum of the neutron beam when ex-
periments are conducted.

Because of the cylindrical geometry of the packed sand col-
umn, the measured water thicknesses were corrected for varia-
tions in the transmitted path length of neutrons based on the

chord length, Cz’j’ for a circle:

_ 2 2
Cy=2\r'=a;, [4]

where 7 is the radius of the sand column (cm) and ay i the dis-
tance from the center of the column to the pixel (7, ) (cm). The
volumetric water content at pixel (7, ), 0. (m3 m™3), is then simply
the ratio of the measured water thickness to the chord length, i.c.,

T, ixel area T,
9.:—”><p—=_~” 5
v C,./ pixel area C, [ ]

4
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The drying and wetting 0. values were normalized (to give
relative saturations, Sz’j) by dividing each image field, on a pixel-
by-pixel basis, by the image fields of the 91]. values obtained
at saturation (drying curve) and satiation (wetting curve),
respectively. To compare the water retention curves obtained by
neutron radiography with those from the hanging water column
method, the individual 0 i and § p values from the neutron
radiographs were averaged across the imaged soil area for each
matric potential, i.c., 0 = <Gl.j> and § = <S>

Hanging Water Column Experiments

In addition to the neutron imaging experiments, five rep-
licate conventional hanging water column experiments were
performed at NIST or in the Vadose Zone Laboratory of the
Department of Earth and Planetary Sciences at the University
of Tennessee, Knoxville. These experiments were conducted as
described above and using the same experimental setup as in
Fig. 1 except that the average water contents were determined
volumetrically by recording water level changes in the burette.
Two of the five columns, however, were not rewetted. Thus, five
replicate drying curves and three replicate wetting curves were
obtained for comparison with the average drying and wetting
curves obtained by neutron radiography. Relative saturations, S,
were again calculated by dividing the measured <0> values by the
saturated (drying) and satiated (wetting) <6> values for the dry-
ing and wetting curves, respectively.

Parameterization of Water Retention Curves

The average neutron radiography and conventional hanging
water column data sets were both parameterized by fitting the
van Genuchten (VG) equation (van Genuchten, 1980). The VG
equation was fitted in the following form:

)” :|(11/n) (6]

where S is the residual saturation, o is a parameter inversely re-

§=5,+(1-5,)| 1+(a]v

lated to the air- or water-entry values, U is the matric potential,
and 7 is a shape parameter influenced by the pore-size distribu-
tion. For the conventional water retention curves, the fitting
was done using the pooled data from all of the replicate hanging
water column experiments. Equation [6] was fitted to the dry-
ing and wetting curves simultaneously using segmented nonlin-
car regression (Marquardt method) in SAS 9.2 (SAS Institute).
This fitting procedure produces a single estimate of S for each
method, while different estimates of o and 7 are obtained de-
pending on the method and if air is displacing water (drying)
or vice versa (wetting). The goodness of fit was assessed based
on the root mean square error (RMSE) and by linear regression
of the observed and predicted S values to give a coefficient of
determination (R?).

For statistical testing, Eq. [6] was also fitted separately to
cach of the five replicate hanging water column data sets. The
wetting and drying curves were fitted simultancously as de-

scribed above, except for the two experiments that were not re-

0.40 7

y =0.932x - 0.056 e
A8 2=0.999 e
[es) i
Vi 0.30
[eT]
=
& 0.20 -
E
C
£ 010 |
> P X
Q ¢ P 95% Confidence
p= v ‘ Intervals < 0.009 (a)
0.00 + T T T
0.00 0.10 0.20 0.30 0.40
Volumetric 6
0.40
AE y =0.932x - 0.007 e 7
g 2=0.999 - ’
S g
°0.30 1 )
A\
Qo
£ 7
a0 0.20 4 Z
©
E
C
O 0.10 4
-
+—
1 95% Confidence
g Intervals < 0.009 (b)
0.00 T T T
0.00 0.10 0.20 0.30 0.40
Volumetric 0
1.2 7
y =0.956x - 0.036 e
R?=0.997 ‘<
& 1.0 A
\4
& 08 -
‘a0
@
£ 06 A
c
© 04 A
-
3
g 0.2 4 z 95% Confidence
‘ Intervals < 0.032 (C)
0.0 T T T T T

0.0 0.2 0.4 0.6 0.8 1.0 1.2
Volumetric S
Fig. 2. Comparison of data from the neutron imaging and hanging
water column experiments: (a) average water contents <6>, (b)
average water contents with neutron data corrected based on oven-
dried sample, and (c) average relative saturations <S>. In all three
cases, the 95% confidence intervals for individual points are not
shown because they were smaller than the symbols used. Dashed line
is the 1:1 relationship (closed circle: drying, open circle: wetting).

wetted; in those cases, Eq. [6] was only fitted to the main drying
curve. The R? values for the individual fits ranged from 0.996
t0 0.999. The mean values of the resulting VG parameters were
then compared with the single VG parameter estimates from the

neutron imaging data using one-sample #tests in SAS.

RESULTS AND DISCUSSION

The average volumetric water contents computed from the
neutron radiography measurements are plotted against those
from the volumetric hanging water column measurements in Fig.
2a for the complete range of imposed basal matric potentials.

As can be seen, the volumetric water contents from the neutron
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Table 1. Mean, upper (U) and lower (L) 95% confidence intervals for saturated (drying) and satiated (wetting) volumetric water
contents (0) measured by the hanging water column and neutron imaging methods.

Saturated 0 Satiated 0
Method n L95% Mean U95% n L95% Mean U95%
m3 m3 m3 m3
Hanging water column 5 0.332 0.341 0.351 3 0.269 0.312 0.355
Neutron imaging 1.7 x 10° 0.365 0.366 0.366 1.7 x 100 0.321 0.321 0.322
Neutron imaging (corrected) 1.7 x 10° 0.311 0.312 0.313 1.7 x 106 0.269 0.270 0.271

images were significantly overestimated for both the drying and
wetting cycles. Average water content values at saturation and sa-
tiation for the two different methods are summarized in Table 1.

The oven-dry sample was also analyzed separately and
the attenuation coefficient for silica sand and the Al container
was determined to be 0.023 mm~!. Separate measurements
for Al indicated an attenuation coefficient of 0.009 mm™L.
Compared with the attenuation coeflicient of 0.326 mm™! for
water, these values are relatively small. As shown in Fig. 3, the
effect of the Al walls of the sample container on the transmis-
sion of neutrons was minimal. The attenuation due to the pres-
ence of silica sand, however, had a noticeable effect on the rela-
tive intensity (Fig. 3). Analysis of the oven-dry sample image
showed that the neutron attenuation due to the Al container
and silica sand was equivalent to a volumetric water content
of 0.050 + 0.001 m? m~3. This attenuation of the dry compo-
nents was accounted for in the wet samples.

Because of the effect of the attenuation of silica sand in the
oven-dry sample, the neutron imaging water content values were
corrected on a pixel-by-pixel basis by subtracting the oven-dry
pixel field from the water content fields for each drying or wet-
ting matric potential. The corrected volumetric water contents,

orrected> Showed much better agreement with the volumetric
water contents measured by the hanging water column method
(Fig. 2b); however, the wet ends of the drying and wetting curves
were slightly underestimated (Fig. 2b; Table 1). There was also an
anomalous central zone of underestimated water contents within
the corrected water content field for the fully saturated sample
(Fig. 4). We believe this phenomenon is due to both scattering ef-
fects (Hassancin et al., 2005, 2006a, 2006b; Hussey et al., 2010)
and not correcting the images for the point spread function of
the detector. Until a better solution for this detector system is
developed, we decided to effectively remove this phenomenon
by working with relative saturations instead of volumetric water
contents. This approach limits the ability of neutron imaging to
quantify soil hydraulic properties but only slightly because it is
relatively easy to obtain accurate estimates of the saturated water
content using traditional methods such as calculation from the
bulk and particle densities.

Relative saturations were calculated on a pixel-by-pixel ba-
sis as described above. Inspection of the resulting S fields for the
saturated and satiated states revealed homogencous values of
unity as expected (data not shown). Once the matric potential
decreased below the air-entry value during drainage, the S fields
became more heterogencous, with air progressively displacing

pore water from the top of the column downward (Fig. 5). Local

variations in the position of the drying front are clearly visible
at cach matric potential. Eventually, the images became rela-
tively homogenous again as the entire sand pack was completely
drained. It can be clearly seen in Fig. 5 that the filter paper phase
barrier at the bottom of the sand column always remained fully
saturated regardless of the imposed matric potential. Similar re-
sults (not shown) were obtained for water displacing air from the
bottom of the column during rewetting.

Average relative saturations for the neutron radiography im-
ages were computed by averaging all of the §; values within the
region of interest (ROI) indicated by the rectangle in Fig. 4. This
ROI was selected to maximize the column area available for aver-
aging while excluding any edge effects and surface variations. The
resulting average relative saturations showed very good agree-
ment with those obtained volumetrically from the hanging water
column experimental data (Fig. 2¢). Notice, however, that there
was a slight tendency for the neutron imaging to overestimate at
low relative saturations.

The VG equation was fitted to the drying and wetting §
curves simultaneously for both the neutron imaging data (av-
erage values) and the hanging water content data (all replicate
measurements pooled). In both cases, rapid convergence was
achieved according to the SAS default criterion. The RMSEs
for the neutron radiography and hanging water column fits were
0.027 and 0.063, respectively. The R? values obtained between
the predicted and observed data points (shown in Fig. 6) were
0.994 and 0.973 for the neutron radiography and hanging water
column data sets, respectively.

The resulting VG parameter estimates are given in Table 2
along with their approximate 95% confidence intervals. Both

= 081
-
L 06
c
[1+]
E ]
E .
Wi
c
E 0.2 4
O T T T T T T T T T

0 1 2 2 4 5 5 7 8 9 10
Water Thickness (mm)

Fig. 3. Transmittance as a function of water thickness predicted using
the attenuation coefficients for water, silica sand, and Al in Eq. [1]
and [3] (dotted line: water; gray line: water and Al; dashed line: water,
Al, and silica sand).
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data sets revealed differences in the o and 7 parameters due to
hysteresis; o was lower and 7 was higher for drying than for wet-
ting. In general, the VG parameter estimates from the neutron
imaging method were very similar to those from the hanging
water column experiments. The worst correspondence was ob-
served between the S estimates for the two different methods
(0.019 vs. 0.057 for the hanging water column and neutron ra-
diography methods, respectively). The relatively large confidence
band around the radiography estimate of S, can be attributed to
the sparsity of data at very negative matric potentials in the un-
replicated neutron imaging experiment compared with the rep-
licated hanging water column experiments (Fig. 6). Additional
measurements at the dry end in future neutron imaging experi-
ments will probably resolve this discrepancy.

Based on statistical comparison of the mean VG parameter
values from the individual fits with the single VG parameter es-
timates from the neutron imaging data using one-sample #tests,
there were no significant differences at P < 0.05 between the neu-
tron radiography and hanging water column methods for any of
the VG parameter estimates. Our results indicate that the neutron

(a) (b)

Fig. 4. Contour map of corrected volumetric water contents at
saturation, showing the effects of scattering in the center of the
column. The superimposed rectangle designates the region of interest
used for averaging each image at different matric potentials.

(c) (d)

Fig. 5. Relative saturation images (1 = blue, 0 = red) for basal matric potentials of (a) —15.61, (b) -18.47, (c) —20.37, and (d) —-21.80 cm in a drying
sequence. Note that the filter paper phase barrier at the bottom of the sand column remained fully saturated throughout the drainage process.
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Fig. 6. Measured average relative saturation values (closed circle: drying, open circle: wetting) and fitted van Genuchten (1980) functions (solid
line: drying, dashed line: wetting) for (a) the hanging water column experiments (data for all replicates pooled) and (b) the unreplicated neutron
imaging experiments. The 95% confidence intervals for individual points are not shown because they were smaller (<0.032) than the symbols used.
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Table 2. Estimates of the van Genuchten (1980) equation parameters for the hanging water column and neutron imaging methods.

Hanging water 95% ClI Neutron 95% CI

Parameter estimatet column Lower Upper imaging Lower Upper
S, 0.019 -0.027 0.065 0.057 -0.018 0.131
 (wetting), cm™! 0.097 0.089 0.105 0.089 0.082 0.096
n (wetting) 4.366 3.535 5.197 4.276 3.440 5.111
a (drying), cm™! 0.053 0.051 0.054 0.050 0.048 0.051
n (drying) 8.127 6.829 9.426 9.010 7.283 10.737
tS,, residual saturation; o, parameter inversely related to the air- or water-entry values; n, shape parameter influenced by the pore-size distribution.
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diography to quantify relative saturations in a coarse-grained
silica sand (Flint no. 13). Extension of this nondestructive test-
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of H in the organic matter. The method was applied to measure
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