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Abstract: The use of neutron imaging is demonstrated for visualizing and quantifying water distribution in partially saturated granular
porous media. Because of the unique difference in the total neutron cross sections of water, sand, and air, a significant contrast for the
three phases is observed in a neutron transmission image, and a quantitative analysis provides detailed information on the arrangement
and distribution of particles, voids, and water. The experiments in this study are performed at the Neutron Imaging Facility (NIF) at
the National Institute of Standard and Technology (NIST). An amorphous silicon flat panel detector was used in this research with a spatial
resolution of approximately 250 μm (127 μm=pixel). The effect of particle morphology on water distribution in compacted granular columns
is investigated by using round and angular silica sand. Silica sand specimens with different bulk gravimetric water contents (0%, 6%, 9%, and
12%) are studied for evaluating the water phase-distribution spatially for compacted sand specimens in an aluminum cylinder.DOI: 10.1061/
(ASCE)GT.1943-5606.0000583. © 2012 American Society of Civil Engineers.
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Introduction

The physics and mechanics of wet granular materials are important
to understand in many real world applications since it is inevitable
to have water in a granular material assembly. The mechanical
behavior of partially saturated sand is largely affected by the nature
of pore air, pore water, and wetting interfaces with sand particle
contacts. It is well-known that because of negative capillary pore
pressure, an assemblage of partially saturated sand particles can
gain additional shear strength and stiffness, or modify the flow
properties and mixing behavior of granular materials. However,
the basic physics and mechanics of wet granular materials are only
qualitatively understood at the macro scale and remain to be ex-
plored at the particle scale. The geometry and the distribution of
water in a granular system are very complex and vary with water
content. Water in a granular system is not uniformly distributed
because of varying contact surfaces and complex interparticle void
spaces. Water typically concentrates at the contact surfaces of the
sand particles, creating stability of the granular system (Schiffer
2005). The mechanical properties of a partially saturated granular
system are expected to be strongly dependent on the spatial distri-
bution of the local water content at the particle scale.

X-ray tomography has been used routinely to study the physics
of granular materials (Alshibli et al. 2000; Jaeger et al. 1996; Oda
et al. 2004). X-ray imaging has been used effectively to study dry

granular materials because of its high attenuation on silica. One of
the earliest applications of X-ray tomography on rock and soil
was performed by Wellington and Vinegar in studying petrophys-
ical and fluid flow analysis (Wellington and Vinegar 1987).
Desrues et al. have studied shear bands of soil samples with
X-ray tomography (Desrues et al. 1996). The local void ratio in
porous media systems has been measured with X-ray microtomog-
raphy (Al-Raoush and Alshibli 2006). The distribution of liquid in
a glass bead system using an aqueous zinc iodide solution as a wet-
ting liquid was measured with X-ray microtomography (Scheel
et al. 2008). It was demonstrated that the mechanical properties
of a granular pile are affected by the local liquid organization in
the granular system. Some researchers have visualized fluid phase
in partially saturated soils by using a dual energy method with a
contrast agent [e.g., cesium chloride (CsCl)] to separate the water
phase from the air phase with a resolution in the order of 10 μm=
pixel (Al-Raoush and Willson 2005; Han et al. 2006; Lu et al.
2010). In general, the contrast agents are typical salts and could
change the wetting behavior of water attributed to having a differ-
ent contact angle. For example, Schnaar and Brusseau estimated a
15–20° decrease of contact angle for ionic strength of 0.36 M CsCl
solution on the basis of the result of Barranco et al. even though
Schnaar and Brusseau determined that the presence of CsCl is not
expected to significantly influence the phase-distribution behavior
for the given condition (Barranco et al. 1997; Schnaar and Brusseau
2005). In many cases, however, it is difficult to estimate the effect
of the change of contact angle on the water retention behavior
especially on a porous media. Using the pure water without any
contrast agent would eliminate any concern with the change of
contact angle. In addition, contrast agents are not an option for
studying samples from the environment.

Neutron imaging, a complementary method to the X-ray imag-
ing technique for studying materials, provides unique contrast to
locate small amounts of hydrogenous matter. Similar to X-rays,
neutrons have the capability of penetrating materials for nonde-
structive evaluation. However, neutrons have different attenuation
values (cross sections) from those of X-rays for all elements, since
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the neutron primarily interacts with the nucleus whereas X-rays pri-
marily interact with the electron cloud. In particular, neutrons have
relatively large cross sections for light elements such as hydrogen
and relatively low cross sections for many metals such as aluminum
and steel. These characteristics make neutrons ideal for imaging
hydrogenous materials in a metallic matrix. In addition, in the past
10 years, the achievable spatial and temporal resolutions of neutron
radiography have significantly improved primarily because of ad-
vances in digital detector technology. In particular, image spatial
resolution of approximately 200 μm with temporal resolution less
than 1 s is routine at most facilities, and detectors with a spatial
resolution less than 20 μm are also widely available. This sensitiv-
ity to hydrogen and good spatial resolution have been used exten-
sively to study water transport in proton exchange membrane fuel
cells (Arif et al. 2008; Trabold et al. 2009) and in research areas
including biology, material science, plant physiology, and home-
land security (Lanza 2008; Nakanishi 2008; Penumadu 2008;
Watkin et al. 2008).

In studying water transport in sand, there are three phases to
consider, sand (SiO2), air (N2 and O2), and water (H2O). The total
scattering cross sections for thermal neutrons (25 meV) and 40 keV
X-rays of H2O, O2, and SiO2 are compared in Fig. 1, and it is seen
that the total neutron cross section of H2O is approximately 16
times larger than that of SiO2, whereas for 40 keV X-rays, SiO2 has
a cross section six times that of H2O. One of the earliest applica-
tions of neutron imaging on soil and rock was performed by Lewis
and Krinitzsky with two-dimensional (2D) radiography (Lewis and
Krinitzsky 1976). The factor of 16 difference in neutron cross sec-
tions between water and silica phases means that there is excellent
contrast for water in porous media which has been exploited to
study acid etching of limestone and sandstone in the early
1990s (Jasti and Fogler 1992). The instability of a wetting front
breaking up into a finger-like flow path in porous media using
Ottawa sand was visualized with neutron radiography and tomog-
raphy (Tullis et al. 1994). A feasibility study to measure the poros-
ity of crystalline rock has been performed (Pleinert and Degueldre
1995). A tomography study of wet sand was performed, though at a
low resolution on the order of 1 mm (Lopes et al. 1999). More re-
cently, neutron imaging was also used for the measurement of the
water diffusion in brick (Milczarek et al. 2005), two phase flow in
porous concrete using a Hassler cell to simulate petroleum recovery
(de Beer and Middleton 2006), and water sorption and dehydration
with and without salt in three different limestones from the United
States (Hassanein et al. 2006).

In this paper, the water distribution of partially saturated com-
pacted specimens of naturally occurring Ottawa sand and Q-ROK

sand was obtained from both 2D neutron radiography and three-
dimensional (3D) neutron tomography under static conditions.
Although much of the earlier research using neutron imaging has
focused on flow through porous media, this study approached the
problem of static compacted sand from a soil mechanics point of
view. A comparison of the spatial distribution of different water
contents is visualized with a contour plot. The effect of particle
morphologies on the spatial distribution of water content is also
presented using quantitative plots.

Principles of Neutron Imaging

The interaction between a neutron and matter can be described
by the total microscopic neutron scattering cross section (σT ) which
is an effective collision cross-sectional area. The total microscopic
neutron scattering cross section (σT ) comprises both scattering
from and absorption by the nucleus. In the case of hydrogen,
the scattering cross section is 82.02 b, whereas the absorption cross
section is 0.33 b. Thus, the neutron attenuation from hydrogen is
primarily attributed to the scattering out of the main beam rather
than absorption. A neutron radiograph represents the spatially re-
solved neutron transmission (T) through a sample, given by Eq. (1),
as follows:

T ¼ eð�NσT tÞ ¼ eð�ΣT tÞ ð1Þ

where e = 2.718281828;N = number density; and t = material thick-
ness along the beam path. The quantity N · σT is referred to as ei-
ther the total macroscopic cross section (ΣT ) or the attenuation
coefficient (μ). For materials composed of multiple isotopes, ΣT
can be calculated by the weighted average. Another approach to
determining ΣT is to measure the attenuation in a calibrated wedge.
This has been done previously at the National Institute of Standard
and Technology (NIST) neutron imaging facility and the amor-
phous silicon detector for water with Σw ¼ 0:3708 mm�1 (Hussey
et al. 2010). The transmission is measured by comparing a refer-
ence image (I0) to the image of the sample (I). The reference image
can be either the flat field or the sample in a dry state. In the case of
the latter, the transmission is a direct measure of the change in water
content of the sample. In the case of tomography, the sample is
placed on a rotation stage in front of the detector. Several projec-
tions (radiographs) are taken as the object is incrementally rotated
from 0° to 180°. The filtered back-projection algorithm converts
these projections into the 3D distribution of ΣT (Kak and Slaney
2001). Several software packages implement the filtered back-
projection algorithm, and the one employed in this work is Octopus
version 8.0 (Vlassenbroeck et al. 2007).

Four major components of neutron imaging include a neutron
source, an aperture, an object, and a detector, as shown in Fig. 2.
At NIST, neutrons are generated from a 20 MW fission reactor.
The neutrons are moderated to thermal neutrons in heavy water
resulting in a neutron energy spectrum described by a Maxwell-
Boltzmann distribution with a characteristic temperature of approx-
imately 37°C which corresponds to a neutron kinetic energy of
approximately 25 meV. At this neutron energy range, the neutrons
have a reasonable interaction probability for hydrogenous material,
high penetration through metals, and most neutron imaging detec-
tors have at least 20% thermal neutron detection efficiency. The
moderated neutrons are ballistically transported to an aperture with
diameter (D, where D = 10 mm in this work) that defines the beam
collimation. The sample is placed at a distance (L) from the aperture
(L ¼ 6 m in this work), and the detector is placed directly behind
the sample. To reduce scattering in air, an evacuated flight tube is

Fig. 1. Cross-section comparison of H2O, O2, and SiO2 for neutrons
and X-rays (1 b ¼ 10�24 cm2)
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placed between the sample and the aperture. A picture of the
sample area at NIST is shown in Fig. 3.

The spatial resolution of a neutron imaging system is affected
by the geometry of the beam line and the detector resolution.
Assuming a linear shift invariant system, the two components
can be convolved together to estimate and model the resolution of
the system. In theory, the geometry of the beam line is the funda-
mental limit to the resolution, while in practice the detector reso-
lution has the larger contribution. The geometry of the beam is
represented by the collimation ratio L=D which can be found by
dividing L by D. For a sample at a distance (O) from the detector,
the geometric unsharpness (λg) at full width at half maximum is
given by Eq. (2)

λg ¼ O=ðL=DÞ ð2Þ

Thus, to reduce λg, O is decreased or L=D is increased. How-
ever, the neutron fluence rate, which determines the image acquis-
ition time, scales as 1=ðL=DÞ2; thus the geometry must be
optimized to achieve the required spatial resolution while maintain-
ing an acceptable image acquisition time. For the images in this
work, L=D ¼ 600 with a neutron fluence rate of approximately
4:3 × 106 cm�2 s�1 and O ¼ 20 mm, yielding λg ¼ 33:3 μm.
The detector resolution is affected by the pixel pitch and the size
of the secondary reactions after neutron capture by the converter
material. In the case of a scintillator, the largest source of image

blur is attributed to the emitted scintillation light. The size of this
light “blooming” is approximately the thickness of the scintillator.
The detector system used in these experiments was an amorphous
silicon detector in direct contact with a zinc sulfide (ZnS) scintil-
lator doped with lithium flouride (LiF) that is 300 μm thick. The
amorphous silicon detector has a 127 μm pixel pitch with a frame
rate ranging from 1 Hz to 10 Hz. The spatial resolution [based on
the point at which the modulation (edge) transfer function reaches
10% of its maximum] of this detector system is approximately
250 μm (127-μm pixel size) (Hussey et al. 2010). The field of view
of the detector is 20 cm by 25 cm, which enabled the simultaneous
acquisition of the tomography data sets for four specimens, as
shown in Fig. 4. The 127-μm pixel size enabled faster acquisition
of several specimens by reducing both the individual acquisition
time and the number of projections required for computed tomog-
raphy reconstruction.

It has been established recently that quantification of the water
content in samples with thick sections of water can be affected
by the scattered neutrons (Hassanein et al. 2005). A fundamental
assumption for neutron imaging is that the image is formed by the
neutrons attenuated by the sample. In reality, there are some neu-
trons that are scattered by the sample and can reach the detector.
The effect of these scattered neutrons on image formation was

Fig. 2. Typical neutron imaging setup; neutron interaction mechanism with matter and the effect of L=D on image resolution

Fig. 3. Neutron imaging setup at NIST
Fig. 4. Picture of sand specimens contained in aluminum specimen
holders and radiographs of Ottawa sand and Q-ROK sand
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demonstrated to be significant for a relatively thick sample contain-
ing elements such as hydrogen in the order of several centimeters
thicknesses (Hassanein et al. 2005). The effect of sample scattering
also decreases as the sample to detector distance increases. In this
work, the total thickness of water along the neutron beam path is
less than 1 mm, and as shown in the Appendix, the scattering effect
in this case is negligible.

Sample Description

Two different sands were used to compare the effect of particle
morphology on water content: Ottawa sand (spherical) and Q-ROK
sand (angular). The morphologies are shown in Fig. 5 with scan-
ning electron microscopy (SEM) images (Penumadu et al. 2009).
The sands were obtained from U.S. Silica, Berkeley Springs, West
Virginia, having mineralogy with approximately 99.8% SiO2 for
Ottawa sand (20=40 oil frac) and 99.7% SiO2 for #1 Q-ROK sand.
The specific gravity of both sands is 2.65. The grain size distribu-
tions for both sand types are shown in Fig. 6. Four specimens were
prepared for each sand morphology (Ottawa sand and Q-ROK
sand) by adding an amount of water (0, 0.36, 0.54, and 0.72 g)
to 6 g of dry sand, yielding four different gravimetric water contents
(GWC): 0%, 6%, 9%, and 12%, respectively. The water contents
were chosen on the basis of the typical water content in the field.
The specimen containers were aluminum cylinders with an inner
diameter of 12.7 mm and a height of 25.4 mm. After mixing
the dry sand with water, the moist sand was split into three approx-
imately equal amounts and compacted in three layers using an
equal amount of tamping energy by dropping an aluminum rod
with a mass of 71.12 g from an approximate height of 10 mm. De-
pending on the morphology and water content, each specimen has a
different mass of sand placed in the container. On the basis of the

mass of wet sand and its gravimetric water content, the volumetric
water content (VWC) of each specimen was obtained assuming that
the sand was homogenously mixed, as shown in Table 1. The esti-
mated void ratios of each specimen are also shown in Table 1.
Radiographs of the specimens are shown in Fig. 4. Approximately
24 h of equilibration time was allowed before acquiring the radi-
ography and tomography data sets. Tomography experiments were
performed with 360 projections for 180° of total rotation with a 0.5°
increment. Ten images were taken at each projection for 1-s expo-
sure time, and they were averaged to improve the signal to noise
ratio. Additional experimental parameters are shown in Table 2.

Water Distribution Variation of Partially Saturated
Sand

The dry sand and three wet sands with different gravimetric water
contents are used for analysis. The dry sand image is formed from
the attenuation of neutrons through sand and air. The wet sand
image is a result of the sum of attenuations associated with water,
sand, and air. The intensity of pixels corresponding to wet sand
(IWetSand) and dry sand (ISand) can be represented using Eqs. (3)
and (4), respectively. The macroscopic cross sections of water
and dry sand are denoted as Σw and Σs, respectively. The thick-
nesses of water and sand layers in the neutron ray path are denoted
as tw and ts. The intensity of pixels at a given spatial location (x; y)
in the two-dimensional image corresponding to wet sand (IWetSand)
and dry sand (ISand) can be represented using Eqs. (3) and (4),
respectively.

IWetSandðx; yÞ ¼ Ioðx; yÞe�ðΣwtwþΣs tsÞ ð3Þ

ISandðx; yÞ ¼ Ioðx; yÞe�Σs ts ð4Þ

The image of wet sand is divided by the image of dry sand, as
shown in Fig. 7 to isolate the attenuation resulting from water only.
An assumption is made that the mode of sand compaction was the

Fig. 5. Morphology comparison of: (a) Ottawa sand; and (b) Q-ROK
sand

Fig. 6. Grain size distribution of Ottawa sand and Q-ROK sand

Table 1. Gravimetric Water Content (GWC), Volumetric Water Content
(VWC), Total Mass (mT ) and Void Ratio (e) for Each Sand Specimen

Sand type GWC (%) 6 9 12

Ottawa sand mT (g) 5.38 5.57 5.74

VWC (%) 10 15.6 21.4

e 0.686 0.682 0.688

Q-ROK sand mT (g) 4.57 4.72 4.79

VWC (%) 8.5 13.2 17.9

e 0.985 0.985 1.023

Table 2. Neutron Imaging Experimental Parameters

Experimental parameters Value

L 6 m

D 10 mm

L=D 600

Fluence rate 4:3 × 106 cm�2 s�1

Average diameter of sand 800 μm
Neutron energy range Thermal (25 meV)

Spatial resolution 250 μm (127 μm=pixel)

Number of projections 360

Exposure time 10 s=projection
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same for each specimen of the same sand regardless of the water
content. In reality, there is liquid between grains at the point of
contact, and the mode of compaction of wet sand is different from
that of dry sand because of pore pressure. Line plots of sand spec-
imens with different GWC are shown in Fig. 8. It is shown that the
attenuation of dry sand is comparably lower than that of water. The
dominant phase for neutrons in the granular system is the water.
Thus, the error resulting from differences in sand compaction is
negligible.

A radiography image of water distribution is typically used to
measure the 2D water distribution in flow experiments. By normal-
izing a wet image with a dry reference image, the 2D distribution of
the water thickness (tw) can be directly obtained from Eq. (5)

twðx; yÞ ¼ � ln½IWetSandðx; yÞ=ISandðx; yÞ�=Σw ð5Þ

By dividing the total water thickness (tw) by the total container
interior thickness (tc) at each pixel, the water content (WC) at each
pixel can be simply calculated from Eq. (6)

WCðx; yÞ ¼ twðx; yÞ=tcðx; yÞ · 100% ð6Þ

The WC distributions of both Ottawa sand (round particle
shape) and Q-ROK sand (angular particle shape) are shown in
Fig. 9. The amount of water found along the height of the porous
media increased with depth and could be the result of the compac-
tion process coupled with gravity. For example, the sand specimen
was prepared using three layers, which were each subjected to a
similar amount of compaction energy from the tamping rod. This

resulted in the largest compaction energy for the bottom layer. The
interfaces of the three layers of compaction are clearly visible with
significant variation in local water content. In addition to the com-
paction layers, the morphology and packing density also introduce
variations in the local WC. For example, 12% GWC sand has
21.4% VWC, and 12% GWC Q-ROK sand has 17.9% VWC. For
the 21.4% VWC Ottawa sand specimen, the local WC varied
approximately from 5% to 28%, and for the 17.9% VWC Q-ROK
sand specimen, the local WC was distributed approximately from
5% to 25%. The large variation of local WC indicates that the cur-
rent practice of measuring global water content does not consider
the rather complex geometry of water content distribution. There
is some possible error of the WC values at the boundaries of the
images because of the manual selection process of image areas and
a slight difference in the size of the actual sample area during the
aluminum container fabrication process, but the WC values in the
interior of the image should correspond to Eq. (6), because this
region averages over many sand particles.

In the reconstructed tomography slices, water distribution
analysis is performed for both Ottawa sand and Q-ROK sand. To
approximate the water saturation (WS) at a voxel location (x; y; z),
Eq. ((7)) is used as follows:

WSðx; y; zÞ ¼ Σreconðx; y; zÞ=Σw · 100% ð7Þ

The macroscopic cross-section value on each pixel of the recon-
structed slice is denoted as Σrecon and is the combination of attenu-
ation values of the volumetric percentages of water, sand, and air.
Since the total macroscopic cross section of water is 20 and 104

times larger than that of sand and air, respectively, Eq. (7), at most,
is discrepant by approximately 5%; thus it is a good approximation
for the WS.

The effect of particle shape on water distribution was studied by
comparing reconstructed slices of Ottawa sand and Q-ROK sand.
The reconstructed slices at the interface between the bottom and
middle compaction layers of each sand specimen were used for
comparison. It can be visually inspected that the water spatial

Fig. 7. Image division process

Fig. 8. Attenuation comparison of line A-A for 0%, 6%, 9%, and 12%
gravimetric water content (GWC) Ottawa sand and Q-ROK sand

Fig. 9. Contour plots of water content (WC) distribution from neutron
radiography images: (top) Ottawa sand; and (bottom) Q-ROK sand
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distribution of Q-ROK sand is less uniform than that of Ottawa
sand, as shown in Fig. 10. The standard deviations of pixel intensity
histogram of tomograms were evaluated for each specimen with
different global GWC as shown in Fig. 11. It is shown that the
standard deviation of Q-ROK sand is higher than that of Ottawa
sand despite the lower VWC of Q-ROK sand. The standard
deviation also increases as the GWC increases. The water distribu-
tion is more homogeneous for Ottawa sand than for Q-ROK sand.
The water saturation variation increases as the global GWC in-
creases. There are many voids not filled with water between groups
of sand grains in Q-ROK sand. For 12% GWC (21.4% VWC)
Ottawa sand, the local WS was anywhere from 25% to 55%.
For 12% GWC (17.9% VWC) Q-ROK sand, the local WS ranged
from 20% to 50%. The water saturation did not reach 100% be-
cause ofthe partially saturated state of specimen and the partial
voxel effect. As the global water content increases, the maximum
WS value increases, as shown in Fig. 10. It is inferred that the vol-
ume of the water capillary films and bridges increases as the global
water content increases. It was also observed from other research
work that the volume of capillary bridges increase as the water
content increases based on experiments using optical microscopy
(Kohonen et al. 2004). The 100% WS value can be reached when
the pore is fully filled with water. The imaging system also needs to
have a resolution much smaller than the pore size. A comparison
between the interfaces of each compaction layer is shown in Fig. 12.

Higher WS values and more uniform distribution are observed from
the top to the bottom layer as the lower layer received more com-
paction energy in addition to gravity effect than the higher layer.

The obtainable measurement precision of the system with
respect to the prepared GWC of each specimen was determined.
The 10 raw images using 1-s exposure time were used to create
an average projection image with 10-s exposure time for Ottawa
sand. Then, the standard deviation of each pixel was calculated
from 10 sets of tomography data. Three tomography slices corre-
sponding to GWC of 6%, 9%, and 12% were selected for each of
10 tomography sets. The maximum and average standard deviation
values in mm�1 were divided by Σw ¼ 0:3708 mm�1 and multi-
plied by 100% for each GWC to show the error bounds of the WS
values. The result is shown in Fig. 13.

Conclusions

This paper explored the use of neutron imaging for studying water
distribution in partially saturated granular materials. Silica sand
specimens with two different morphologies (round and angular)
were imaged using the neutron imaging facility at NIST. Neutron
imaging is an alternative method to X-ray imaging for visualizing
the three phases of wet granular materials without adding a contrast
agent due to high natural contrast of neutrons for water, sand, and
air phases with a large penetration depth suitable for investigating
laboratory size samples nondestructively. The 250 μm spatial res-
olution (127 μm=pixel) images taken in this study was used to
visualize features of water distribution around the sand particles
(approximately 0.7 mm to 0.8 mm) adequately for eight different
specimens. Some example contour plots were presented to visual-
ize the water distribution variation quantitatively from 2D radio-
graphs and 3D tomograms. For example, the specimens with 12%
GWC (21.4% VWC Ottawa sand and 17.4% VWC Q-ROK sand)
showed local WC variation of 5% to 28% for Ottawa sand and 5%
to 25% for Q-ROK sand. For 12% GWC sand, the highest satura-
tion value (WS) was approximately 50%. Some difference in water

Fig. 10. Contour plots of water saturation (WS) distribution on recon-
structed tomography slices: (top) Ottawa sand; and (bottom) Q-ROK
sand

Fig. 11. Comparison of standard deviation of histogram between
Ottawa sand and Q-ROK sand

Fig. 12. Comparison of three compaction layers of top (A-A), middle
(B-B) and bottom (C-C) for 12% GWC Ottawa sand

Fig. 13. Maximum and average uncertainty of attenuation value com-
parison of Ottawa sand at GWC of 6%, 9%, and 12%
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distribution from specimens of two different grain morphologies
was also observed. The rounded Ottawa sand qualitatively showed
a more uniform distribution than the angular Q-ROK sand. The
specimens were compacted with three layers, and the bottom com-
paction layer showed a higher saturation of water than the top
compaction layer possibly attributed to the effect of the compaction
process coupled with gravity effect. The technique of neutron im-
aging has a great potential for studying the mechanics of wet granu-
lar materials under loading and soil with transient flow in the future,
and the approach presented in this study can be extended.

Appendix. Effect of Scattered Neutrons on
Transmission Image

The effect of sample scattering on image formation of the given
sample is estimated by assuming that there is an infinite line charge
of neutron scattering from water with a square cross-section (w), at
a distance from the detector (O) as shown in Fig. 14. The scattered
neutron intensity (IS) (with unit counts per unit time) and transmit-
ted neutron intensity (IT ) on a detector pixel with area being de-
tector pixel size squared (dp2) as shown in Eqs. (8) and (9)

IS ¼ I0 · w · ð1� e�Σw·wÞ · dp2=ð2 · π · OÞ ð8Þ

IT ¼ I0 · e�Σw ·w · dp2 ð9Þ

For the images in this study, w ¼ 1 mm, Σw ¼ 0:3708 mm�1,
and O ¼ 20 mm. The ratio of scattered neutrons to the transmitted
neutrons can be estimated as shown in Eq. (10)

IS=IT ¼
�
e

P
w

·w
� 1

�
· w=ð2 · π · OÞ ¼ 0:0036 ð10Þ

To determine if a correction is necessary to account for this scat-
tered beam, IS=IT can be comparedto the relative uncertainty be-
cause of counting statistics of the flat field (If f ) for image exposure
time (tI ), σ ¼ ðIf f tIÞ�1=2. In particular, a correction is required if
IS=IT ∼ σ. For a fluence rate of 4:3 × 106 cm�2 s�1, a detection ef-
ficiency of 20%, and a pixel pitch of 127 μm, If f ≈ 140. Hence,
σ ∼ 0:0036 for an exposure time of 565 s. The integration time for
each projection image during the experiment was only 10 s, and the
infinite line charge assumption is the worst-case scenario. There-
fore, the authors concluded that the scattered beam effect introdu-
ces negligible uncertainty in this study.
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Notation

The following symbols are used in this paper:
D = diameter of aperture;
dp = detector pixel size;
e = void ratio;

GWC = gravimetric water content;
I = image taken with sample;

If f = flat field count for exposure time tI ;
IS = scattered beam intensity on detector pixel;

ISand = image of dry sand;
IT = transmitted beam intensity on detector pixel;

IWetSand = image of wet sand;
I0 = reference image taken without sample (flat field image);
L = distance from aperture to sample;

L=D = collimation ratio;
mT = total mass of wet sand;
N = number density;
O = sample to detector distance;
T = neutron transmission;
t = material thickness along beam path;
tI = integration time;
tc = total interior thickness of container;
ts = total thickness of sand;
tw = total thickness of water;

VWC = volumetric water content;
WC = volumetric water content in 2D radiograph;
WS = volumetric water saturation in 3D tomogram;
w = square cross-sectional side dimension of infinite line

charge;
(x; y) = location of a pixel in 2D radiograph;

(x; y; z) = location of a voxel in 3D volumetric space;
λg = geometric unsharpness;
μ = attenuation coefficient;

ΣT = total macroscopic cross section;
Σrecon = macroscopic cross section of reconstructed slice;

Σs = macroscopic cross section of dry sand;
Σw = macroscopic cross section of water;
σ = standard relative uncertainty because of counting

statistics; and
σT = total microscopic cross section.
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