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a b s t r a c t
The soil water retention function is needed for modeling multiphase ﬂow in porous media. Traditional
techniques for measuring the soil water retention function, such as the hanging water column or pressure
cell methods, yield average water retention data which have to be modeled using inverse procedures to
extract relevant point parameters. In this study, we have developed a technique for directly measuring
multiple point (pixel-scale) water retention curves for a repacked sand material using 2-D neutron radiography. Neutron radiographic images were obtained under quasi-equilibrium conditions at nine
imposed basal matric potentials during monotonic drying of Flint sand at the High Flux Isotope Reactor
(HFIR) Cold Guide (CG) 1D beamline at Oak Ridge National Laboratory. All of the images were normalized
with respect to an image of the oven dry sand column. Volumetric water contents were computed on a
pixel by pixel basis using an empirical calibration equation after taking into account beam hardening and
geometric corrections. Corresponding matric potentials were calculated from the imposed basal matric
potential and pixel elevations. Volumetric water content and matric potential data pairs corresponding
to 120 selected pixels were used to construct 120 point water retention curves. Each curve was ﬁtted
to the Brooks and Corey equation using segmented non-linear regression in SAS. A 98.5% convergence
rate was achieved resulting in 115 estimates of the four Brooks and Corey parameters. A single Brooks
and Corey point water retention function was constructed for Flint sand using the median values of these
parameter estimates. This curve corresponded closely with the point Brooks and Corey function inversely
extracted from the average water retention data using TrueCell. Forward numerical simulations performed using HYDRUS 1-D showed that the cumulative outﬂows predicted using the point Brooks and
Corey functions from both the direct (neutron radiography) and inverse (TrueCell) methods were in good
agreement with independent measurements of cumulative outﬂow determined with a transducer. Our
results indicate that neutron radiography can be used to quantify the point water retention curve of
homogeneous mineral particles. Further research will be needed to extend this approach to more heterogeneous porous media.
Ó 2014 Elsevier Ltd. All rights reserved.

1. Introduction
Experimental techniques such as the hanging water column [1]
and pressure cell apparatus [2] have been used to measure the
water retention curve of soil. The data obtained with these methods correspond to the average volumetric water content for the entire soil column rather than the water content at a physical point.
The resulting average water retention function has been assumed
to be applicable to any physical point in a homogeneous porous
⇑ Corresponding author at: Department of Earth and Planetary Sciences, University of Tennessee, Knoxville, TN, USA. Tel.: +1 865 264 2685.
E-mail address: mkang9@utk.edu (M. Kang).
0309-1708/$ - see front matter Ó 2014 Elsevier Ltd. All rights reserved.
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medium when the column height is less than a few cm [3]. However, this assumption can be highly inaccurate for coarse-grained
materials with low air entry values, tall columns, and/or ﬂuids with
low interfacial tensions because the capillary pressure varies with
height within the porous medium. As a result, the volumetric
water content at any point can deviate signiﬁcantly from the measured average water content [4–6]. Thus, the use of average water
retention data without correction can lead to inaccurate estimation
of the hydraulic properties of variably-saturated porous media [7].
To improve prediction of unsaturated hydraulic properties, various computational procedures have been developed to extract the
point water retention function from the measured average water
retention function. Liu and Dane [5,8] developed an inverse
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computational procedure and a FORTRAN program to account for
variations in matric potential and the volumetric ﬂuid content with
column height. TrueCell [9], a Windows interface based on Liu and
Dane’s [8] FORTRAN program, was made available by this group
and is widely used to extract point Brooks and Corey [10] function
parameters from the average water retention curve. Schroth et al.
[11] developed a numerical inversion procedure to obtain corrected parameters of the van Genuchten [12] equation to account
for column height by subdividing the sample into a set of horizontal layers. Peters and Durner [13] also used a numerical integration
method to take into account the nonlinearity of the vertical water
content distribution in a soil column. Cropper et al. [14] employed
a similar approach to inversely estimate point parameters for both
the Brooks and Corey and van Genuchten equations from steadystate centrifugation data.
It should be noted that the above ‘‘extraction’’ methods are only
as good as the underlying models used to represent the water
retention curve and drainage process. Direct measurements of
the point water retention curve are needed to provide model inputs and to evaluate the performance of these inverse procedures.
Sakaki and Illangasekare [6] successfully compared Brooks and
Corey parameters obtained using TrueCell with those estimated
from data obtained by time domain reﬂectometry (TDR) at the
midpoint of sample height in nine columns of sandy materials.
Gamma beam attenuation [4], magnetic resonance imaging (MRI)
[15], and X-ray computed tomography (CT) [16] have also been
used to directly determine the water content distribution and
point retention curves in porous media.
Neutron imaging is a particularly powerful tool for measuring
soil water due to its transparency to heavy elements and high sensitivity to the hydrogen in water. Neutron imaging was ﬁrst applied to soil in the 1970’s when Wilson et al. [17] and Lewis and
Krinitzsky [18] compared neutron radiographic images of soil with
those determined using X-ray units. Since then neutron imaging
has been employed to study both the statics [19–24] and dynamics
[25–35] of soil water, either in two dimensions (radiography) or
three dimensions (tomography). Most neutron imaging studies of
soil water have employed thermal neutrons. D2O is sometimes
substituted for H2O (e.g. [36]) because it attenuates neutrons
7x less than normal water (H2O), allowing for the use of thicker
samples.
Neutron imaging has previously been employed to determine
both average and point soil hydraulic properties under quasi-equilibrium and multi-step outﬂow conditions. Papafotiou et al. [36]
successfully quantiﬁed the 3-D distribution of water in structured
porous media after two successive drainage steps and tested the
ability of neutron and synchrotron tomography to determine average hydraulic properties using numerical simulations. Schaap et al.
[37] employed neutron tomography to map temporal changes in
the water content distribution of an artiﬁcial heterogeneous medium during two drainage-wetting cycles. Vasin et al. [38] obtained
average drainage curves for columns of coarse and ﬁne sand, as
well as for two heterogeneous sand columns comprised of these
two sands packed in random and periodic grid arrangements, using
neutron computed tomography. Deinert et al. [20] and Tumlinson
et al. [22] extracted point water retention curves from single
images of the quasi-equilibrium vertical distribution of water
within sand columns acquired using neutron radiography and neutron computed tomography, respectively.
In our previous studies [24,39] we quantiﬁed average volumetric water contents and the hysteresis of average soil water retention curves using neutron radiography. Volumetric water
contents from neutron radiography were obtained by calibration
and showed good agreement with independent experimental data.
There were no statistical differences between the neutron imaging
and hanging water column methods in terms of parameter esti-

mates describing the average soil water retention curves. In this
study, we employed neutron radiography to map out the spatial
distributions of water during a monotonic drainage cycle and
determine multiple point (pixel-scale) soil water retention functions at different locations within a single soil column.
The main objectives of this research were to: (i) directly measure multiple point (pixel-scale) soil water retention curves using
neutron radiography; (ii) compare the directly measured curves
with the point water retention curve calculated by inverse modeling of the average water retention data using TrueCell; and
(iii) compare cumulative outﬂows numerically simulated with
HYDRUS 1-D [40] based on the Brooks and Corey [10] parameter
estimates from the direct measurements and the inverse modeling
with independent outﬂow data measured with a transducer.

2. Materials and methods
2.1. Hanging water column set-up
Flint sand, with grain diameters ranging from 0.11 to 0.60 mm
and a median grain diameter of 0.56 mm, was used as the homogeneous porous medium (Flint #13, U.S. Silica Company, Berkeley
Springs, WV). This material is mainly composed of quartz (99.8%)
and has a particle density of 2.65 g cm3 [41]. The saturated
hydraulic conductivity of Flint sand, measured using the constant-head method implemented without a water tank [42], was
determined to be 1.66 ± 0.32  104 m s1.
The hanging water column setup consisted of a cylindrical Al
container (inner diameter = 2.56 cm, height = 10 cm) connected
with Tygon tubing via an outlet at its base to a burette ﬁlled with
distilled water. A pressure transducer (PX409USB, OmegaÒ, Manchester, UK) was attached to the burette and recorded water level
changes in the burette every second. The bottom of the Al container was covered with several layers of moist Whatman #4 ﬁlter
paper (to provide a phase barrier) and any air bubbles in the hanging water column setup were removed by suction. Oven-dried sand
(50 g) was saturated with water and then incrementally packed
into the Al container up to 5.6 (±0.1) cm. The bulk density (=mass
of oven dry sand / total volume of the packed sand column) and
porosity (=1  bulk density/particle density) of the sand column
were 1.74 (±0.03) g/cm3 and 0.34 (±0.01), respectively. Prior to
the drainage experiment, the sand column was fully saturated with
water by raising the water level in the burette to a height approximately equal to the top of the sand pack and allowed to equilibrate overnight.

2.2. Neutron radiography
Neutron imaging was performed using cold neutrons at the
High Flux Isotope Reactor (HFIR) Cold Guide (CG) 1-D beam line
at Oak Ridge National Laboratory. Neutron attenuation by the sample was detected with a 25 lm LiF/ZnS scintillator and a charge
coupled device (CCD) camera system (iKon-L 936, Andor Technology plc. Belfast, UK). The resulting ﬁeld of view was 7  7 cm
with image resolution 75 lm per pixel. The ratio of the distance
between the aperture and the detector to its aperture diameter
(the L/D ratio) was 625 and the neutron ﬂux was 5  105 cm2 s1.
The pre-saturated Flint sand column, and associated hanging
water column setup, was transferred to the HFIR CG 1-D beamline.
At the facility, the top of the Al cylinder was attached to the sample
holder while allowing air to ﬂow into the cylinder through small
holes. The cylinder was placed 24 cm away from the detector to
minimize any scattering effects due to the initial high water
content of the Flint sand. The burette was placed outside of the

3

M. Kang et al. / Advances in Water Resources 65 (2014) 1–8

imaging environment. A schematic diagram of the experimental
set up is shown in Fig. 1.
The sand column was subsequently drained stepwise under
quasi-equilibrium conditions by adjusting the height of the hanging water column to give various basal matric potential values of
2.1, 8.0, 11.8, 15.0, 16.6, 18.3, 20.8, 25.3, and
46.7 cm. Radiographic images were acquired at each quasi-equilibrium state during the drainage process with an exposure time of
60 s. After the ﬁnal drainage step, the sand column was disconnected from the hanging water column setup, oven dried, and then
imaged again (for normalization purposes) in the CG 1-D beamline
as described previously. Replicate experiments were not possible
because of the limited amount of beam time available for the
experiment.
2.3. Image analysis

hij ¼

sij
C ij



pixel area sij
¼
pixel area C ij

ð2Þ

qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
where cij ¼ 2 r 2  a2ði;jÞ ; r is the radius of the sand column (cm), and
a(i,j) is the distance from the center of the column to the pixel (i, j)
(cm). Based on Eq. (2) and the accuracy in estimating the water
thickness from Eq. (1), the average experimental error in estimating
3
3
hij is ±0.022 C 1
.
ij cm cm
2.4. Construction of point and average water retention curves

Details of the image processing procedures employed for neutron radiography are given by Kang et al. [39]. All image processing
and quantitative analyses were performed using the MATLAB (Version 7.11, R2010b-SP1, Mathworks, Inc., 2011) [43] and ImageJ
(Version 1.43 m, National Institutes of Health, 2009) [44] software
packages. The collected raw images were normalized with respect
to reference images of the open beam and dark ﬁeld to correct for
background noises, inhomogeneities in the beam and detector, and
ﬂuctuations in the neutron ﬂux. The normalized images were
despeckled using a median ﬁlter (5 pixels  5 pixels) to remove
bright pixels mainly due to scattered c-rays. All of the normalized
wet images were then divided by the normalized oven dry image
to measure the water thickness of the sample.
The water thickness of each pixel in the neutron radiographs of
the sample was calculated using following empirical equation [39]:

sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
 2
 
R
R
1
Iwet
ði; jÞ
sði; jÞ ¼  
 In
b
2b
2b
Idry

1-D [39]. Based on these coefﬁcients, the water thicknesses were
estimated with an average accuracy of ±0.022 cm [39].
To compute the volumetric water content (hij, cm3 cm3) at a
pixel(i, j) from neutron radiography of a cylindrical container, the
measured water thickness was divided by the beam path length
(Cij), which is the chord length for a circle:

A grid of 8  15 was superimposed on the images (Fig. 2a), and
volumetric water content values (hij) were calculated at these pixel
120 locations for each imposed quasi-equilibrium matric potential

(a)

0.5

cm3/cm3

ð1Þ

where, s(i,j) is water thickness in cm, R = 5.542 cm1,
b = 2.140 cm2, and Iwet and Idry are the normalized wet and dry
images, respectively. The attenuation coefﬁcient R and correction
coefﬁcient b were previously obtained experimentally at HFIR CG
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Fig. 1. Hanging water column set up for drainage of Flint sand at the HFIR CG1-D
beamline. Various basal matric potentials were imposed by adjusting the height of
the burette outside of the beamline. The transducer attached to the burette
recorded water level changes in the burette every second.

Fig. 2. (a) An 8  15 grid superimposed on an example 2-D radiographic image
(882  1898 pixels, 1 pixel = 0.0032 cm) of air (white) displacing water (black) in
Flint sand at an equilibrium basal matric potential of 11.8 cm. The ROI (white
dotted rectangle) was used to calculate the average water content. (b) Summary
statistics (averages and 95% conﬁdence intervals) for the point soil water retention
data measured at the 120 pixel locations of the 8  15 grid.
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(a)

(b)

Fig. 3. (a) Selected volumetric water content images during drainage of Flint sand at basal matric potentials of 8, 11.8, 15.0, 16.6, 18.3, 20.8, and 46.7 cm. Black
corresponds to saturation and white corresponds to oven dryness. The dots denote 4 example pixel locations, (100, 400), (100, 800), (100, 1200), and (100, 1600) on the 8  15
grid. The dashed lines correspond to the heights of these pixel locations above the phase barrier, i.e. 4.3, 3.1, 1.8, and 0.6 cm, respectively. The absolute value of the matric
potential for each point was calculated by adding the pixel elevation above the phase barrier to the absolute value of the imposed basal matric potential. (b) Point soil water
retention curves for the 4 example pixel locations: (100, 400), (100, 800), (100, 1200), and (100, 1600). The error bars represent the average experimental error associated with
measuring the volumetric water contents using neutron radiography.

using equation [2]. Fig. 3a shows selected volumetric water
content images (882  1898 pixels) at basal matric potentials (w)
of 8, 11.8, 15.0, 16.6, 18.3, 20.8, and 46.7 cm for 4
example pixel locations, (100, 400), (100, 800), (100, 1200), and
(100, 1600).
The volumetric water contents for each imposed quasi-equilibrium matric potential were then combined with information on the
known distribution of matric potential within the column to give
120 point soil water retention curves for the selected locations.
The absolute value of the matric potential for each pixel at each
quasi-equilibrium state was determined by adding the height of
the pixel to the absolute value of basal matric potential as shown
in Fig. 3a. Volumetric water contents for the different pixel locations were then plotted as functions of their matric potentials to
give 120 point soil water retention curves. Fig. 3b shows four
example point soil water retention curves for the pixel locations
identiﬁed in Fig. 3a.
Because the point soil water retention curves were determined
in situ, any localized redistributions of water from partially-connected neighboring regions will inﬂuence the quasi-equilibrium
water content at a particular location. As a result the point measurements of volumetric water content are subject to hysteresis
in spite of monotonic drainage in terms of outﬂow. This phenomenon can be seen in Fig. 3b where the measured water contents initially increase instead of decreasing as the absolute value of the
matric potential increases. These ﬂuctuations are larger (up to

0.05 cm3 cm3) than the average experimental error involved in
measuring the water contents at this location (0.013 cm3 cm3).
They occurred most frequently close to saturation and can be
attributed to hysteresis caused by spatial variation of wetting
and drying at the mesoscopic scale. Once global air-entry occurred
there was much less local variation in the measured water contents. This can be seen in the summary statistics (averages and
95% conﬁdence intervals) for the 120 point soil water retention
curves plotted in Fig. 2b.
In order to obtain the average volumetric water content (hhi) for
each matric potential applied, the individual hij values from the
neutron radiographs were arithmetically averaged over the imaged
area, i.e.

Pn
hhi ¼

1 hij
n

ð3Þ

where n is the total number of pixels within the region of interest
(ROI) indicated by the rectangle in Fig. 2a. This ROI was selected
to maximize the column area available for averaging while excluding any edge effects and surface variations. The height of the ROI
was 5.4 cm. The average water retention curve was then constructed by plotting the hhi values against the absolute values of
the average matric potential, |hwi|, determined by adding the absolute values of the matric potential at the base of the column to the
midpoint of the ROI (i.e. 5.4/2 = 2.7 cm).
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Fig. 4. Example ﬁt of the Brooks and Corey (BC) equation to the directly measured
point soil water retention curve data for pixel location (100, 800). The error bars
represent the average experimental error associated with measuring the volumetric
water contents using neutron radiography.

2.5. Parameterization of point water retention data
The point water retention data were parameterized by ﬁtting
the Brooks and Corey, BC, equation [10]. This equation is particularly applicable to point data because it includes a distinct air entry
value [14]. The BC equation is given by:

h ¼ hs

0 > w P wa

3



jwj ¼ jhwij þ zn

ð4aÞ

 k
w
h ¼ hr þ ðhs  hr Þ a
w
3

the further analyses. The goodness of ﬁt was assessed based on the
root mean square error (RMSE) and by linear regression of the observed and predicted h values to give a coefﬁcient of determination
(R2). An example ﬁt using the directly measured point water retention data for pixel location (100, 800) is shown in Fig. 4. The RMSE
and R2 valued for this particular ﬁt were 0.018 and 0.993, respectively, and the resulting Brooks and Corey parameter estimates
were 0.33, 0.02, 17.95, and 9.76, for hs,hr, wa, and k, respectively.
The BC parameters for the 115 converged ﬁts were summarized
using histograms, and their median and mean values were computed. Hereafter the median and mean values of the directly measured point BC parameters are referred to as ‘‘median_DP’’ and
‘‘mean_DP’’, respectively.
A point water retention function was also extracted by inverse
modeling of the average water retention curve data. TrueCell [9], a
Windows interface based on Liu and Dane’s [8] FORTRAN program,
was employed to inversely extract BC point parameters from the
average water retention data. TrueCell uses inputs of column conﬁguration and the density of the non-wetting and wetting ﬂuids to
take into consideration the vertical variation in matric potential
and volumetric water content within a column in order to establish
the relationship between the average and point retention functions, i.e.

jhhij ¼
ð4bÞ

w < wa
3

3

where h (cm cm ) is volumetric water content, hs (cm cm ) is
the saturated volumetric water content, hr (cm3 cm3) is the residual volumetric water content, wa (cm) is the air-entry value, and k
(dimensionless) is the pore-size distribution index.
Equation [4] was ﬁtted to the 120 point water retention data
sets using segmented non-linear regression (Marquardt method)
in SAS 9.2 (SAS Institute Inc., Cary, NC) [45]. All of the ﬁts converged successfully, except for 5 points which were excluded from

1
zc

Z



qn
q
z þ 1 n z
qw w
qw

ð5aÞ

zc

hðjwjÞdz

ð5bÞ

0

where hwi (cm) is the average matric potential, hhi (cm3 cm3) is the
height averaged volumetric water content, w (cm) is the point matric potential, h (cm3 cm3) is the point volumetric water content, zn
(cm) and zw (cm) are the heights where the pressures of the nonwetting (i.e. air) and wetting (i.e. water) ﬂuids are measured,
respectively, z (cm) is the height at a point, zc (cm) is the column
height, and qn (g cm3) and qw (g cm3) are the densities of the
non-wetting and wetting ﬂuids, respectively. For this particular
ﬁtting, based on the ROI: zc = 5.4 cm, zw = 2.7 cm, zn = 5.4 cm,

Fig. 5. Histograms for the 115 best ﬁt estimates of the Brooks and Corey parameters: (a) hs, (b) wa, (c) hr, and (d) k.
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Table 1
Brooks and Corey parameter estimates for point soil water retention curves directly measured by neutron radiography and inversely estimated from the average water retention
curve using TrueCell.
Measurement/estimation method

Brooks and Corey parameter estimates

Point radiography data, median values
Point radiography data, mean values
Average radiography data, TrueCell

hs cm3 cm3

hr cm3 cm3

wa cm

k[]

0.364
0.374
0.364

0.026
0.027
0.025

17.497
17.462
17.250

7.423
7.744
6.649

n

RMSE

115
115
1

0.019
0.024
0.013

Note: hs is the saturated volumetric water content, hr is the residual volumetric water content, wa is the air-entry value, k is the pore-size distribution index, n is the number of
water retention curves analyzed, and RMSE is the root mean square error. [ ] indicates the parameter is dimensionless.

2.6. Measured and simulated outﬂows
The cumulative outﬂow from the sand column was measured
every second using a pressure transducer connected to the burette
(Fig. 1). HYDRUS 1-D [40], a Windows-based software package for
numerically simulating ﬂow and transport in one-dimensional variably-saturated porous media, was used to predict the cumulative
outﬂow of water from the imaged ROI in response to the imposed
step changes in the height of the burette. The mean and median
values of the 115 directly-measured BC point parameters were
used as inputs to the numerical model. The point parameters
extracted from the TrueCell program were also used to simulate
the cumulative outﬂow from the sand column. The cumulative outﬂows predicted using the three sets of point parameters were then
compared with the cumulative outﬂow measured independently
with the pressure transducer. We also attempted to use HYDRUS
1-D to inversely estimate point BC parameters from the measured
cumulative outﬂow data but found that the results were non-unique (i.e. sensitive to the choice of initial values).
3. Results and discussion
2-D neutron radiographic images of quasi-equilibrium volumetric water contents at nine imposed basal matric potentials were
obtained during monotonic drying of Flint sand at the HFIR CG1D beamline. A total of 120 point soil water retention curves were
obtained from these images as described earlier. The Brooks and
Corey [10] equation was ﬁtted to each curve using segmented
non-linear regression in SAS and 98.5% of the ﬁts converged successfully yielding 115 sets of the four BC point parameters. The
RMSE of these ﬁts ranged from 0.005 to 0.078 cm3 cm3, while

the R2 values were between 0.860 and 0.999. The median (and
mean) RMSE and R2 values were 0.019 (0.024) and 0.985 (0.975),
respectively.
The parameter estimates from the converged ﬁts were summarized using histograms (Fig. 5). The histograms show considerable
meso-scale variability within this ‘‘homogeneous’’ sand column
due to local heterogeneity in the porosity, connectivity of pores,
and pore-size distribution caused by the packing procedure employed. The hs parameter exhibited the greatest variation. The frequency distribution for hs is clearly positively skewed, with a few
very high estimates of hs This is perhaps not surprising since hs is
likely to be quite sensitive to packing, edge effects and surface
variations.
The ﬁtted values of hs, hr, wa, and k ranged between 0.30 and
0.55 cm3 cm3, 0.00 and 0.06 cm3 cm3, 14.50 and 19.10 cm, and
3.55 and 17.59, respectively. The median and mean values of the
115 sets of point Brooks and Corey parameters were calculated,
and are given in Table 1. Another set of BC point parameters was
obtained by inversely modeling the average soil water retention

2

Cumulave oulow (cm)

qw = 1 g cm3, and qn = 0 g cm3. TrueCell produced one set of point
BC parameter estimates from the average water retention data.

(a)
1.5
1
Transducer

0.5
0

Average NR_Data

0

Cumulave oulow (cm)

2

0.4
Truecell
Median_DP

θ (cm3/cm3)

0.3

Mean_DP

0.2

0.1

50

100

150 200
Time (min)

250

300

350

(b)

1.5
1

Transducer
Truecell
Median_DP

0.5

Mean_DP

0
0

0.0
0

10

20

30

40

50

ψ (-cm)
Fig. 6. Point soil water retention functions obtained using the median_DP (short
dashed line), mean_DP (solid line) and TrueCell (long dashed line). The median and
mean RMSE values of the ﬁts for 115 points were 0.019, 0.024, respectively. The
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Fig. 7. Comparison of cumulative outﬂows: (a) measured with the transducer and
calculated from the neutron radiographs (Average NR_Data), and (b) simulated by
HYDRUS 1-D using three sets of Brooks and Corey parameters: median_DP (dotted
line), mean_DP (dashed-dotted line), and TrueCell (dashed line) as compared to the
cumulative outﬂow measured with the transducer (solid line). RMSE values for
TrueCell, median_DP, and mean_DP relative to the transducer data were 0.091,
0.091, and 0.126 cm, respectively.
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curve data using TrueCell [8,9]. The RMSE and R2 values for this ﬁt
were 0.013 and 0.997, respectively. The resulting point Brooks and
Corey parameters are also listed in Table 1.
Table 1 summarizes the point BC parameter estimates determined by both direct neutron radiographic measurement (mean
and median values) and by TrueCell inverse modeling. Because of
the skewed frequency distributions, particularly for hs, the median
parameter values were closer to the TrueCell estimates than the
mean values. This effect can be clearly seen in Fig. 6; the point
water retention curve constructed using the median_DP shows
excellent agreement with the point retention curve from TrueCell,
while the mean_DP curve overestimates h prior to air entry.
The cumulative outﬂows measured by the transducer and calculated from the neutron radiographs demonstrate good agreement as shown in Fig. 7a. The HYDRUS 1-D forward numerical
simulations of drainage in Flint sand due to the step changes in
the applied matric potential are shown in Fig. 7b for the three sets
of point Brooks and Corey parameters (TrueCell, median_DP, and
mean_DP). The cumulative outﬂows predicted by HYDRUS1-D
were compared with the independent transducer data. The number
of observations for cumulative outﬂow was 18,379 in each case.
Although there were some systematic discrepancies between the
results predicted using the point parameters and the transducer
data, in general, the predicted steps in outﬂow responsed similarly
to those measured by the transducer. It is also clear that the median_DP result is closer to the transducer data than that of the
mean_DP prediction due to the skewed nature of some of the
histograms for the point Brooks and Corey parameters (Fig. 5). This
visual observation is conﬁrmed by the RMSE values for TrueCell,
median_DP, and mean_DP relative to the transducer data which
were 0.091, 0.091, and 0.126 cm, respectively.

4. Conclusions
Multiple point soil water retention functions were directly
determined for Flint sand using quantitative neutron radiography.
The Brooks and Corey model provided a very good ﬁt to these data.
Median values of the point Brooks and Corey parameters, estimated by ﬁtting 115 directly-measured point water retention
curves, compared favorably with those estimated inversely from
the average water retention curve using TrueCell. Forward numerical simulations using HYDRUS 1-D indicated the predicted cumulative outﬂows using point Brooks and Corey parameters from both
the direct and inverse methods were in good agreement with the
independently-measured transducer data.
Neutron imaging shows considerable promise as a non-destructive method for investigating small scale (mesoscopic) spatial variations in water contents and hydraulic properties within a soil
column. The method was able to identify hysteresis in local water
content measurements due to wetting and drying associated with
redistributions of water from partially-connected neighboring regions. The advantage of using neutron radiography for measuring
the point soil water retention function is that multiple curves
can be obtained for a single sample, thus permitting investigations
of the spatial variation in this hydraulic property at the mesoscopic
scale. Further research is needed on integrating these variations in
order to predict an average soil water retention curve at the column scale. Multiple point measurements will likely prove to be
quite valuable when the soil column is layered or heterogeneous,
since they could be used to develop and test novel upscaling
strategies.
In this study we used a coarse-grained quartz sand to restrict
the attenuation of neutrons to the hydrogen in water, and to ensure complete drainage using a hanging water column within the
space constraints of the CG 1-D beamline. We are interested in
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expanding our neutron imaging studies to natural soils. Such an
application, however, will require additional calibrations to account for the presence of hydrogen in organic matter and soil minerals. Additionally, an aluminum pressure cell that can operate in
the neutron beamline will need to be constructed to accommodate
ﬁner grained materials. Finally, neutron computed tomography
could be very useful for further investigating hysteresis if the resolution becomes sufﬁcient to allow for discrimination between
air–water interfaces during wetting and drying.
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