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ASTUDY ON CHARACTERISTICS OF UNSATURATED SANDY SOILS BASED
ON THE CT SCANNING METHOD

Tian Zhao"*?, Xian-chun Tang"*, Gui-ling Wang'?, Li Wan?, Xu-sheng
Wang?, and Xin-xinZhang'?

In the hydrologic cycle, sandy soils play the role of a connecting reservoir of surface water and
groundwater, particularly in arid areas. Therefore, to provide water conservation and ecological
environment protection, it is important to study the soil water behavior in the unsaturated zone. At
present, the CT-scan method is commonly used to study the soil hydraulic properties. In the field of
materials science, the industrial CT high-resolution instruments are applied for quantitative research
on the porous microstructure and fluid filtration law in sandy soils.

In this study, we have studied five samples of sand scans of the quartz sand and CUGB coarse sand
types. The industrial-type CT instrument XTH225ST was used for the sample microstructure scanning.
In order to identify water, air, and solid particle distribution of the sample cross section, and to
analyze the particle size distribution and moisture content, the scanned images were processed using
the VG-Studio and ImageJ software.

Comparing the CT-scan results of the four quartz sand samples, it can be concluded that the optimal
particle size ranges from I to 2 mm. According to the porosity quantitative analysis, with decrease in

the particle size, the total porosity of the soil sample increases. After applying the image recognition
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and VG- Studio software, we can see that for different particle sizes of the sand sample, the average
pore size increases with increase in the particle size.

To study the moisture absorption and desorption phenomenon, two samples of the CUGB coarse sand
are experimentally studied. The particle size of the samples ranges from 1 to 2 mm. The CT scanning
analysis is used to obtain the unsaturated characteristic curve of the soil when the moisture content
reaches stability. Due to the lag phenomenon, the characteristic curve of the soil moisture has an
obvious “loop,” or hysteresis, shape. As shown by a 3D modeling, the distribution of capillary water
in the sand column is complex, and the water flow forms multiple winding paths, like “worms” creeping
in the soil.

The CT-scan method is used to overcome the limitations of the traditional experimental methods and
to evaluate the relationship between the moisture content and the matrix suction. The obtained
characteristic curve of soil moisture can be used to improve the efficiency of technological operations.
The CT-scan method provides a new way of evaluating the water distribution characteristics of
unsaturated soils.

Keywords: CT-scan, capillary water, porosity, characteristic curve of soil moisture.

1 INTRODUCTION

Groundwater flows in the pores or fractured channels of the water-containing medium. The microstructure
of pores and cracks determines the hydrogeological properties of the water-bearing medium. When the water-
containing medium is in an unsaturated state, the pores and cracks are not only filled with capillary water but
also with air. As a result, the medium is a three-phase structure consisting of solid, liquid, and gaseous phases.
The study of the water characteristics in the unsaturated zone is of great significance for the ecological
environment and soil-water conservation. At present, two types of methods are widely used for determining the
relevant moisture characteristic curves of sands. One is the direct test, and the other is the indirect estimation
method.

The first type is based on experimental measurements of the negative pressure and moisture content of
the sample in different states, and the empirical formulas are used for calculations. The traditional methods
include a negative pressure gauge method, sand funnel method, and tensiometer method [1-3]. Other
techniques of measuring the moisture content of sands include the drying method, the neutron method,
and TDR (time-domain reflectometry) method [4-6]. This type of testing methods is relatively clear in concept,
and the experimental conditions and operations are controllable. Therefore, it is commonly used to determine
the moisture characteristic curve of sand. On the other hand, the above methods can be time-consuming, labor-
intensive, and capital-consuming, and the measurement range is limited. The sand moisture characteristic curve
cannot be obtained within the entire moisture content range. The other type is the indirect derivation type. It
includes such methods as the sand conversion function method, the fractal theory, and the sand morphology
method [7-10]. Industrial CT scanning is mainly applied with the sand morphology and fractal method, and it
can be also used with empirical formulas for exploration and research.

The basic idea of the sand morphology method is to determine the pore size distribution and connectivity
of sand through the analysis and processing of a series of high-resolution sand profile images, and to build a
mesh model. Firstly, some researchers proposed to use a network model to study the relationship between the
hydraulic properties and the void structure of sand [11]. Many scholars have also made useful suggestions on
the application of network models in sand physics and groundwater hydrology. For example, a network model

was used to study the moisture characteristic curve, which more accurately reflects the void size distribution
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law, and the results were compared with the real situation to verify the reliability of the network
model [12-15]. In essence, using morphological theories to analyze the relevant hydrological properties of sand
can provide reliable and accurate results, but the methods are cumbersome and difficult to operate in real
situations.

In recent years, the application of industrial CT instruments has been introduced into the study of sand
hydrodynamics. For the first step, a special CT scanner was used to obtain a series of color images of sand and
soil [16-20]. The CT scanning technology was used to observe the phenomenon of capillary water flow in
fractures. As shown by CT scanning, the hydrostatic pressure gradient causes the vertical uneven distribution
of water content and water surface tension. Regardless of macro-scale and micro-scale features, the uneven
distribution determines the optimal path of capillary water filtration. [21]. The water retention potential of sand
is almost equivalent to the capillary water content in fractures. The unsaturated sands have been studied by
the regional growth method and industrial CT-scan data, but the method is only accurate for the unsaturated
regions with large pores [22]. The X-ray CT scanning technology has been used to study the capillary properties
of Nubia sandstone [23]. The analysis of sands with particles of different size and different pore volume
allowed the scholars to define a new physical parameter — the typical unit volume (REV) size — and to perform
a series of tests of the sand-water properties [24-26]. In this research, the CT scanning method is applied to
produce high-precision data images. Summing up, the application of large-scale industrial CT high-resolution
instruments to quantitative analysis of the microstructure and fluid flow laws of porous media has become an

emerging research focus in the field of geoscience and materials science [27].

2 EXPERIMENTALMETHOD AND SAND SAMPLE TREATMENT

The instrument used in this test is the XTH225ST scanner produced by Nikon. The scanner is used for
nondestructive detection of the two-dimensional and three-dimensional structures, with a minimum resolution
of 3 um.

The XTH225ST scanner characteristics are the following: minimum focus 3 um for the launch
target, X-ray tube voltage 200 kV, power 40 W, and density resolution 1.27%. The instrument is equipped with
three X-ray sources, namely: 225 kV reflective target, 225 kV rotating target, and 180 kV transmission target.
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Fig.1. Schematic diagram of the micro-focus CT scanner.
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Figure 1 shows the schematic diagram of the micro-focus CT scanner. The cone beam X-ray emitted by
the X-ray source passes through the sample and forms a transmission image on the detector. The detector
records the image and sends it to the workstation for processing and saving the transmission images.

The principle of large-scale high-resolution industrial CT scanning technology is based on network
colmputer tomography, or CT technology. When the incident X-ray passes through the sample material, the ray
intensity is attenuated by the absorption or scattering of the material along the ray path. The attenuation is
determined by Beer’s law, and the attenuation coefficient is used to display the attenuation level [28-29]. In
general, it can be assumed that for the non-uniform material the attenuation coefficient of this plane is i(x, y),
the incident intensity of the ray is /,, the intensity of the ray after passing through the material is /, and the path

length of the ray in the sample is L. The relationship between 7, I, and u(x, y) is determined by Beer’s law and

0
can be expressed as [30]

I=1Iyexp|~[ , ulx. y)ddy | (1)

where [ is the output intensity, /, is the initial intensity, and x is the attenuation coefficient, m?2. After

simplifying, we obtain

I
[ 1, y)dxdy = In =2 )

If the values of 10 and 7 are evaluated by the detector, then the line integral of the attenuation coefficient
i along the path L can be calculated.

When the incident electron penetrates the surface of the material at a definite angle, the corresponding
line integral values of the attenuation coefficient for all paths can be obtained by using the formula, resulting
in a set of values. For a infinite set of values, the distribution of the attenuation coefficient of the material
surface can be accurately solved.

Some studies have shown that the attenuation coefficient of the sample is mainly related to the mass
density and the atomic number of the substance, so the two-dimensional distribution of the attenuation
coefficient can also be interpreted in terms of the two-dimensional distribution of density [31]. Besides, the
actual ray beam always has a definite cross-section. The principle of radiography can be solved by the finite
difference method in space. Previous studies have found that the attenuation coefficient of X-ray is affected by

the energy intensity of X-ray photons. The CT number is often used to replace the attenuation coefficient [32]:

3 1000><(,ul. - yw)
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where CT is the CT number of the material, g is the attenuation coefficient of the material, and g, is the
attenuation coefficient of water. The CT number is more stable than the attenuation coefficient and does not
change drastically with the incident X-ray photon energy variation.

The industrial CT-scan instruments produce images in TIFF data format. The original image is similar to

that of a hospital X-ray film. In order to identify the microstructure, the original images need to be further
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processed by the computer software. In this study, the VG Studio software is used to process and output the
original pictures obtained by X-ray CT scanning.

In the study of sand solid particles, the materials with different densities have different gray image
values. In general, the pores on the CT image are black when they are filled with air, and the solid particles are
generally gray-white, as shown in Figs. 2 - 6. Within the gray range of 0-255, one of the peaks corresponds to
the gray value of the pore, and the other represents the gray value of the particles. To distinguish the air in the
pore from the sand, we need to select the appropriate gray-scale threshold. As the density of air is lower than
that of the solid material, a gray value of air is smaller. The complete left wave peak represents the pores. On the
contrary, the density of sand particles is higher, and the color of the CT-scan image is white. Therefore, the
complete peak on the right represents sand particles. The main factors influencing the gray threshold include
threshold method, image parameters, the influence of experimental operations, and so on.

Generally, to provide the image binarization and threshold segmentation, a function module needs to be
transferred to convert the original image into a gray-scale image, calculate the gray-scale distribution frequency
map, perform threshold segmentation, and divide the solid particle, water, and gas three-phase boundaries.
Based on the MATLAB platform, the author programmed the water-gas-solid three-phase recognition software
of CT-scan images. A comparison with VG Studio and ImageJ software showed that the developed software can
satisfactorily identify the water-gas-solid phase boundaries.

As for the sand sample treatment, the large-scale high-resolution industrial CT-scan experiment of the
sand pore structure is divided into two major stages. In the first stage, the samples of the quartz sand with
different particle sizes were selected for the CT scanning test, and the preliminary experiments were carried out.
The particle size of the four sand samples varied in the range 0.25-0.5, 0.5-1, 1-2, and 2-4 mm. To obtain the
optimal observation diameter of the sand pore structure, quartz sand was selected as the material for the first
phase of the experiment. The quartz sand is produced by crushing quartz stone. It has a hard texture and stable
chemical composition, similar to the real sand. It is an ideal experimental material to simulate the real sand in the
tests of the pore structure.

In the second stage, the CUGB coarse sand was selected for testing. Coarse sand is a trough sand
material supplied by the Hydraulic Engineering Laboratory, China University of Geosciences, Beijing. Coarse
sand was used for the study of the three-dimensional shape of the water-pore structure in the sand.
The CUGB sand has good continuity, poor gradation, distinct edges, and corners; it does not contain powder
and clay particles and belongs to a coarse sand type.

Through the laboratory tests, it is determined that the specific gravity of the CUGB coarse sand
is 2.66 g/cm?, the porosity is 0.41, and the saturated permeability coefficient is 166.92 m/d. It is an ideal test
sample representing the real sand material. Therefore, it was selected to study the three-dimensional microscopic
morphology of the pores. A further screening experiment was carried out on the CUGB coarse sand, and according
to the result of the first stage CT scanning, particles of 1.0-2.0 mm were selected. Two identical organic glass
test tubes were used, the inner diameter was 45 mm, outer diameter 50 mm, and overall height 155 mm. The two
test tubes were connected with a rubber tube to form a U-shape tube system. The rubber tube was equipped
with a water stop clamp. The left test tube was filled with CUGB coarse sand, and the right test tube was filled

with deionized water that eliminated the interference of impurities in the water.
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3. SCANNING ANALYSIS OF SAND PORE STRUCTURE
The structure of many natural substances consists of pores and cracks that define the fundamental
properties of the substances. In the natural state, the main characteristic of the pore structure is the porosity,

which refers to the percentage of the volume of pores in a porous medium to the entire volume of the medium:

V-V,

P= % 2 x100% 4)

where P is the porosity, %; V is the total volume, also called the apparent volume, mm’; and ¥ is the volume
occupied by solid particles, mm?.

The porosity can be divided into total porosity (namely, absolute porosity) and effective porosity. The
porous medium may contain tiny pores that are not connected with each other. The absolute porosity is the
ratio of the total volume of all pores in the volume and the outer surface of the porous medium. The effective
porosity is the percentage of the total volume of interconnected pores in the porous medium to the total volume
of the sample.

The CT scanning technology allows to identify the tiny pores that are not interconnected. As long as
the results calculated by the VG Studio software include pores that are not connected to each other, the
obtained porosity is the absolute, or total, porosity.

After scanning the four sand samples, it can be concluded that the CT-scan cross-sections of the two
types of quartz sand columns contained particles with diameters of 0.25-0.5 and 0.5-1 mm, respectively, the
particle distribution is dense, and the resolution is not high. It is difficult to distinguish the phase boundaries
between solid particles, water, and gas phases by the naked eye, and computer recognition is even more
difficult, resulting in increasing error of computer calculations of the cross-sectional porosity. For
the 2-4 mm quartz sand, the particle size is large, the pores are also large, and the deviation from the real values
is significant. If the cross-sectional porosity is obtained by this method, the increase in the calculated porosity
value will cause an increase in error. For the XTH225ST large-scale CT scanner, it is more reasonable that the
change characteristics of the cross-sectional porosity and the three-dimensional distribution of capillary water
of the sand column are explored by choosing samples with 1-2 mm particle size. Such samples can provide
higher resolution and smaller calculation errors.

The transmission phenomenon module in VG Studio software can be used to solve the trend of porosity
changes with height. The abscissa of the graph of the sample porosity versus height represents the position of
the cross surface, the bottom of the sample is recorded as the zero point of the cross surface, and the value
represents the height of the sample. With increase in the sample height, the porosity slightly and gradually
decreases. This means that the porosity at the bottom is larger and the porosity at the top is smaller. In the
change graph, the experimental results of the 0.5-1 mm quartz sand sample are particularly obvious. In addition,
the results are also analyzed and calculated.

a) The total porosity of the quartz sand sample with a particle size of 2-4 mm is 43.6%. As shown
in Fig. 2, the line represents the changing trend of porosity with height. In general, the porosity exhibits
an “electrocardiogram” vibrating type of distribution around 43.6%, and the amplitude is comparatively large.
It can be seen that the porosity of the adjacent cross-section of quartz sand with a particle size of 2-4 mm varies
greatly, in the range between 39.8% and 50.5%.

b) The total porosity of the quartz sand sample with a particle size of 1-2 mm is 45.3%, and the overall

porosity is around 45.3% in an “electrocardiogram” vibrating-type distribution, but the vibration amplitude is
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Fig.2. The tendency graph of porosity with the depth of section.

similar to that of the quartz sand test with 2-4 mm. The sample is relatively small, fluctuating in the range of
41.2%-48.6%. The degree of porosity changing in adjacent cross-sections is smaller.

c) The total porosity of the quartz sand sample with a particle size of 0.5-1 mm is 54.8%. In general, the
porosity is larger on the bottom and smaller on the top. This shows a small vibration-type distribution that
fluctuates in the range of 42.8%-61.5%. The vibration amplitude is smaller than that of 2-4 mm and 1-2 mm quartz
sand samples.

d) The total porosity of the quartz sand sample with a particle size of 0.25-0.5 mm is 20.3%. In general,
the porosity fluctuates significantly and the error is high. The resulting curve shows a significant deviation.
The reason may be due to the small size of the sample. The VG Studio software is used to recognize the interface
between solid particles and air on the CT-scan cross-section image. Therefore, the accuracy of recognition is
reduced and the resulting curve does not show a clear uniform law.

¢) For the 1-2 mm coarse sand samples, the above experimental procedures were repeated to obtain the
porosity change graph of the coarse sand material with height, as shown in Fig.2. In general, the porosity of the
CUGB coarse sand exhibits an “electrocardiogram” vibration-type distribution around 43.1% and fluctuates
slightly in the range of 39.8%-50.9%. The results confirm the earlier conclusions: For the same sand column, the
porosity decreases gradually with increase in height.

In summary, when the particle size decreases, the overall volumetric porosity of the sand increases, and
the range of porosity changing at adjacent heights also decreases. For the same sand column, the porosity at
the bottom is slightly larger than that at the top, that is, as the height increases, the porosity will gradually
decrease.

The average porosity of the coarse sand sample obtained by CT scanning is 43.1%, which is similar to
the porosity of the 1-2 mm quartz sand sample, which is 45.3%. The results show that different porous media
with the same particle size demonstrate the same porosity values. The measured porosity of the CUGB coarse

sand is 41%. After calculation, the experimental porosity error is within 5%, proving that the accuracy is high.

4 SCANNINGANALYSIS OF MOISTURE CHARACTERISTICS OF UNSATURATED SAND
After CT scanning of the four sand columns, we obtained four sets of images

containing 2049, 2289, 2168, and 2189 cross-sectional views of the area of interest, respectively.
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Fig.3. Soil moisture characteristic curve in the process of moisture absorption and dehumidification.

ImagelJ and VG Studio software was applied to identify water, solid particles, and air, and then the water content
of every cross-section was calculated. Calculating the moisture content of all sections of the sand column can
characterize the change of the moisture content with height. Based on the calculation results, the moisture
characteristic curve can be plotted. In the experiment, the pressure head is assumed as the negative value of the
height relative the water level in a static state. In soil hydrodynamics, matrix suction is often used to express
the pressure head of capillary water. Therefore, the suction force of the matrix is the same value as the height of
the corresponding water level in this experiment. The same method is applied to process all data images of the
dehumidification and moisture absorption process. The resulting moisture characteristic curve of the moisture
absorption and dehumidification process of the big coarse sand is shown in Fig. 3.

The soil moisture characteristic curve represents the relationship between water content and substrate
suction. The moisture characteristic curves are widely used in soil dynamics. With the CT scanning method, the
relationship between water content and matrix suction can be directly calculated, improving the efficiency.

As shown in Fig. 3, the soil moisture characteristic curve demonstrates the hysteresis phenomenon,
also known as the principle of meniscus delay formation or contact angle theory. When the temperature is
constant and consistent, the characteristic curve shows different moisture content figures of the absorption
process and dehumidification process. The curve’s endings are approximately coincident, and the loop is
formed in the middle, as shown in Fig. 3.

According to the soil moisture characteristic curve in Fig.3, it can be concluded that the saturated
water content 6 is 42%, the air intake is 32 mm, and the residual water content is 21%. The saturated water
content is basically consistent with the porosity of the large and coarse sand, indicating that the saturated
water content has a higher accuracy. However, the residual moisture content deviates significantly from the
actual level, as the reasonable range of the residual moisture content, evaluated by other methods, should
be 5%-7%. When the images were processed by the software, a thin film of water film on the edges of the solid
particles was also recognized and included in the moisture content calculation; hence the resulting residual

moisture content was higher than the normal value.
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Fig. 4. The corrected soil moisture characteristic curve of absorption and dehumidification.

Based on the soil moisture characteristic curve, the corrected cross-section moisture content is

calculated as

_ Q_Qmin r_0.
0. o0 0. (Ohx = Oiin) (5)

where Q

cor

is the corrected cross-sectional water content, %; Q is the software-processed water content of a

is the minimum cross-sectional water content, %, Q

min

is 21%; Q_. is the maximum

max

cross-section, %; O,

min

water content identified by software, %, (%), O,,.. is42%; Q.. is the minimum true value of the cross-sectional

water content, which is taken as 5% according to previous experimental results; and Q/  is the maximum true
value of the cross-sectional water content, the value of which is the same as the maximum value of the
cross-sectional water content recognized by the software.

Substituting the values in Eqgs. (5) and (6), we obtain

0., =(0-21)x1.8 (6)

Figure 4 shows the corrected characteristic curve of the moisture absorption and dehumidification
process. After correction, the residual moisture content is 4.8%, which is consistent with the earlier research
results.

Using VG-Studio software, the capillary water suction and profile morphological characteristics can be
clearly and intuitively obtained by the CT scanning data. Using the VG-Studio and Image] software, the
cross-sectional CT map can be used to identify the water content and to obtain the capillary water distribution
map, which is conducive for analysis and calculation. Considering the morphology of samples, the CT images
show that the capillary water fills the pores and forms almost circular bubbles. The pores are circular in shape
and are unevenly distributed in the sand column. The capillary water is more densely distributed in the center

and sparsely distributed on the edges. The capillary water surrounds the edges of the solid particles, forming
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Fig.5. Cross-sectional ratio of capillary water at different heights of coarse sand column.

a thin water film. The capillary water flow is complicated. Water upward flow overcomes the potential energy of
the soil matrix. Water can adhere to solid particles under the combined action of adsorption on the particle
surface and the capillary effect between the particles.

To evaluate the adsorption and capillary effect of the soil matrix, we have compared the cross sections
of the sample when the water height level ranges from -30 to 50 mm, as shown in Fig. 5. The cross sections
corresponding to the water height level are numbered from 1 to 9. Figure 5 shows a cross-sectional ratio
diagram of capillary water at different positions of the sample sand column. The diagram represents the change
in the pore water distribution from the bottom to the top of the test tube. It can be concluded that the closer the
U-shaped tube to the reference liquid level, the greater the proportion of the dark areas corresponding to the
capillary water content at different levels.

It can be concluded from Fig. 5 that the cross-section No. 4 shows the most obvious change of isometric
structure among all images, from the bottom to the top of the sand column surface. This may correspond to the
position of the water surface, which reflects the water level of the U-shaped pipe. The water surface acts as the
interface; thus, the capillary water occurs over the interface, and the saturated water occurs below the interface.

The form of the capillary water flow path is complicated and determined by a number of factors. As
shown in Fig. 6, the capillary water path in the longitudinal cross-section is characterized by irregular distribution.
The capillary water at the bottom fills most of the pores and continues to rise under the combined action of
adsorption and capillary effect. The capillary water is distributed intermittently near the tube wall. In the center
of the tube, the degree of water filling the pores is higher, the hydraulic connection between the pores is better
developed, and the capillary water rising path is tortuous and complicated. As shown in Fig. 6, the distribution
of capillary water is intricately intertwined like a net in the sand column, and the path is winding like a crawling
route of “earthworms.” In general, the net is better developed around the edges of the solid particles, but some
particles are not surrounded by the capillary water. The capillary water upward flow path is also affected by

such factors as the sand particle size, properties of solid particles, temperature, and fluid characteristics.
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Fig. 6. Diagram of the upward flow path of capillary water.

5 CONCLUSIONS

This paper focuses on the study and analysis of sand pore structure, unsaturated sand-water
characteristics, and three-dimensional morphology of sands with different particle sizes of quartz sand and
CUGB coarse sand by using the latest industrial CT scanner XTH225ST. The following conclusions can be
drawn.

1. It can be seen that the total porosity of the sand sample increases with decrease in the particle size.
The range of the porosity variations of the adjacent cross-section heights also decreases. With increase in
height, the porosity gradually decreases.

2. Comparing the sand sample columns of different particle sizes, it can be seen that with increase in
particle size, the average pore diameter also increases.

3. The CT scanning method is used for direct calculation of the relationship between moisture content
and matrix suction and obtaining the soil moisture characteristic curve. The curve reflects an obvious hysteresis
effect.

4. The pattern of capillary water distribution in the sand column is similar to a three-dimensional net,
which is intricately intertwined, and the path is meandering like an “earthworm.” For the longitudinal cross
section, the capillary water is unevenly distributed inside the sand sample. For example, water is densely
distributed in the center part of the tube and sparsely distributed on the edges, forming a thin water film around
the solid particles.

5. The capillary water shows a irregular distribution in the longitudinal section. At the bottom, the
capillary water fills most of the pores. Moreover, the capillary water continues to rise under the combined
action of adsorption and capillary effect. Near the tube wall, the capillary water is distributed intermittently. In
the center of the tube, the degree of water filling the pores is higher, the hydraulic connection between the

pores is better developed, and the capillary water rising path is tortuous and complicated.
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