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Abstract: The hydraulic properties of unsaturated soil provide important information on fluid movement
in geological systems. The degree of saturation of unsaturated soil, recognized as one of the most critical
hydraulic properties, is crucial for geotechnical problems such as slope stability, bearing capacity, and
seepage. Computer vision for digital image processing approaches has been widely used recently, with
applications in many aspects of construction and geotechnical engineering. The objective of this research
is to use the digital image processing (DIP) method to determine the degree of saturation of unsaturated
sand. The RGB image of the soil column is processed into a grayscale channel and becomes a matrix for
processing calculation. The fluctuation of pixel values extracted from computer vision is correlated with
the change in the degree of saturation of the sand. Hence, DIP techniques can be considered as an effective
tool to establish the soil-water characteristic curve (SWCC) of unsaturated soil. Furthermore, employing
matrix processing techniques can help improve the reliability of the SWCC derived from the correlation
between image pixel values and the degree of saturation of unsaturated soil by identifying and mitigating
the influence of outliers. The results demonstrate a strong correlation between the degree of saturation
obtained through digital image processing techniques and the measured values from resistivity probe
techniques.
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1. Introduction

In unsaturated soil mechanics, understanding the degree of saturation is vital for comprehending how
soils behave under various moisture conditions. The degree of saturation quantifies the fraction of the soil's
pore space that is occupied by water, and this value directly influences the soil's ability to retain and transmit
water. Given its importance, the degree of saturation is fundamental to the Soil-Water Characteristic Curve
(SWCC), which illustrates the relationship between soil suction and water content (or degree of saturation).
The SWCC is a key empirical tool used in several disciplines, including geotechnical engineering,
environmental science, and agriculture, to predict soil behavior and assess soil properties under unsaturated
conditions (Fredlund & Xing, 1994).

In the past, traditional methods for measuring the degree of saturation, such as gravimetric and
tensiometric techniques, while effective, have limitations, particularly when it comes to analyzing
heterogeneous soil samples or monitoring dynamic changes in water content (Durner et al., 1999; Fredlund
& Fredlund, 2020; Freund & Rahardjo H, 1993; Habasimbi & Nishimura, 2019; Klute, 1972; To et al.,
2013, 2023).

In recent years, digital image processing in determining the degree of saturation of soil has become
increasingly important due to its ability to provide high-resolution, non-destructive, and comprehensive
data. Digital image processing overcomes many of these challenges by enabling real-time, detailed analysis
of the soil’s internal structure and moisture distribution. The wide scope of computer vision for digital
image processing has been developed due to the application and analysis of images obtained by digital
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cameras (Dongur et al., 2007). A number of the applications of image processing are optical character
recognition, color processing, and fault detection, ect. (Dewangan, 2016). In the field of geotechnical,
digital image processing has been used for soil classification by Support Vector Machines (SVMs)
combined with Grey Level Co-occurrence Matrix (GLCM) for analyzing image texture of soil(AS et al.,
2022; Terribile & Fitzpatrick, 1992). Furthermore, DIP gains significant results in the classification of
minerals and characteristics of soil thin sections through several color filters.

The main purposes of this research are to: first, dig into the factors of unsaturated soil adopting with
the change of spectrum that can be extracted from Digital Image Processing (DIP) (Delp & Buda, 1985;
Hodge & Austin, 2004). Soil column samples were photographed at various stages during the one-
dimensional drainage process using a digital camera. The captured images were subsequently analyzed
through Digital Image Processing (DIP) techniques, which involve processing and extracting relevant
information from the images.; second, apply the mean absolute deviation as the filter to remove the
heterogeneous factors of soil captured on digital (Konno & Koshizuka, 2005; Mehrang et al., 2015) the
color gradient variations observed in the images, which correspond to different moisture levels within the
soil. These variations allowed for the quantification of the degree of saturation at each stage of the drainage
process. However, the outlier of color gradient still contains and must be migrated from the distribution.
Third, measure the degree of saturation of soil by resistivity probe. The degree of saturation obtained from
the DIP analysis was then compared with the values measured from a resistivity probe, providing a means
of validating the results and evaluating the accuracy of the image-based method. This comparison
demonstrates the potential of DIP as a non-invasive, high-resolution technique for assessing the degree of
saturation in soil, complementing traditional methods used in geotechnical investigations (Archie, 1942;
Lu et al., 2020; Merritt et al., 2016).

2. Geological background

The column of sand is 700mm in height, and the inner area is 200x200mm,; the Plexiglas wall has a
thickness of 10mm. The sample sand is collected in Tay Ninh province. The properties of the sample include
Gs=2.66, Cu=1.65, Cc=0.94; the sand particles have a mean diameter of approximately D50=0.55mm. The
process of the vertical drainage test is recorded by the camera that took pictures every 2 minutes during the
drainage from the beginning to 24 hours.

3. Methodology
3.1 Data analysis

The soil column image is captured by a camera, which is illustrated by a red, green, and blue color
system (RGB). The RGB color system works by combining different amounts of three primary colors (red,
green, blue) to create a wide range of colors. The combination can be dedicated to each pixel in the form
of a matrix [x, vy, z], where X, y, z are the values of red, green, and blue intensities, respectively. The color
intensity of each is represented by a range of values from 0 to 255. This matrix type is dedicated to W in
this issue:

W=l[xyz] (Eq.1)
The image that needs to be processed can be represented by this type of matrix:
Wip Wiz .. Wiy
IMG=|Wa1 (Ea-2)
Wha

Where m and n are the number of rows and columns of pixels, each value of W has the dimension of
3 columns, so that the shape of the IMG matrix is implied as (m, n,3).

The changes of soil saturation degree to the height of the soil column can be observed visibly in Fig.1.
Then, these changes are extracted and executed to become well fit with the measured data using a resistivity
probe.
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3.2 Computer vision

Fig.1c shows the result of the vertical drainage test after 24h, when the change of degree of saturation
in the soil column is small. In the first step, this image would be worked on to be the optimal size and shape
for further calculation. Then, the range of values that are used for indicating saturated, transition, and
unsaturated zones should be determined by the brightness of pixels. Following zone classification, assign
saturation values to each class based on the corresponding brightness levels using boundary condition
interpolation. Then, visualize the relationship between the obtained saturation values and soil
suction to illustrate the SWCC. Identifying the territory of values that are impacted by external factors that
make the parameters not fit well with SWCC. Noise is reduced by applying the Mean Absolute Deviation
(MAD) filtering method, and the final results are validated against laboratory data.

In addition, the DIP method needs to be evaluated by a more realistic experiment. So, a measurement
is executed in the laboratory for the same column sample. The principle of this measurement involves using
a probe to obtain the change of soil saturation with the soil column height.
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(a) (b) (©)
Fig.1. Vertical drainage test with soil column (a) At the beginning, (b) After 5 minutes, (c) After 24h.
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3.2.1 Digital Image Processing

The soil column used in this research has 700mm in height, the Fig.1c should be divided into the
number of pixel arrays, which is the divisor of 700. In other words, the picture is executed as a matrix that
has 2100 rows and 567 columns.

Based on Eq.2, Fig.1c can be converted to the matrix with the formula below:
W1.1 W1.2 W1.567
W2100.1

IMGL1 has the matrix dimension (2100,567,3) with 2100 rows, 567 columns, and each pixel has
dimension (3,1). This shape of matrix makes it difficult for further processing because it is very complex
to deal with a multi-layer matrix calculation. So, Fig.1c should be converted from a 3-channel color system
(RGB system) into a 1-channel color system, such as grayscale color. The formula to convert is:

(Eq.3)

A= /xy +yw+ 2y (Eq.4)

where:
A: Grayscale color can be considered as brightness of pixels
Xw,Yw, Zw: Color intensity of Eq.1

Fig.1c after the process through Eq.4 should be the new matrix below:

A1 Agp A 567
IMG2=| 421 = - Lo (Eq.5)
A2100.1

The new matrix IMG2 has the shape (2100,567) due to conversion from Eq.4; values of A have a
range from 0 to 255. IMG2 becomes easier to extract due to the fact that it can be solved by matrix
processing.

3.2.2 Arrangement of pixel’s values

Fig.2 shows the distribution of different brightnesses of the soil column. There are 3 distinguished
parts that can be determined due to their brightness. These different zones can be considered as light zone
(1), transient zone (2), and dark zone (3) (Fig.3)

It is a critical task to find which brightness value represents each zone exhibited above because each
soil layer would have different saturation with respect to soil suction. In other words, the matrix IMG2
should be divided into smaller submatrices with respect to the height of the soil column. IMG2 can be
separated into 30 submatrices, each standing for 10mm from 2100 rows of pixels for 700mm. The shape of
each submatrix is (30,567).

In order to demonstrate the difference in brightness from the observation to the value that can be used
to calculate. We should indicate them as the percentage of light pixels on each layer. Light pixels could be
determined by comparing the number of values that are the majority in the light zone and the minority in
the dark zone.

The distribution of whole pixel values has the most population in the range from 100 to 180 (Fig.4).
It is the majority of values in the range of 135 to 185 in the light zone Fig.6; otherwise, these values are not
well populated in the dark zone so the range of 135 to 185 should be considered to be used as values for
light pixels.

3.2.3 Indicating pixels by brightness and interpolating them with saturation values.

In this study, the range of light brightness is determined by visualizing a histogram. This parameter
is essential for determining the percentage of light pixels in each layer. The percentage of light pixels in
each layer can be calculated by:
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B
%B = = x 100 (Eq.6)

where:
%B: Percentage of light pixels
B: Number of light pixels
T: Total pixels
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Fig.2. 24h vertical drainage soil column (700mm) Fig.3. Light zone (1). Transient zone (2). Dark
after digital image processing. zone (3)
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Fig.6. Distribution of pixel values for light zone (470-700mm)

The percentage of light pixels for each submatrix is obtained by applying Eq.6 to them, which could
be considered as the saturation values at certain locations. Where the %B has a low value, it means that the
value of soil saturation of this location is very high. According to this principle, the saturation value can be
calculated by the boundary condition interpolation method.

Boundary condition for soil saturation-percentage of light pixels interpolation:

%B — min%B . )
= (max%B — min%B) * (maxS — minS) + minS (Eq.7)
where:
%B: Percentage of light pixels
S: Soil saturation values

After obtaining soil saturation values, SWCC can be sketched, but the value of saturation values does
not fit well with SWCC. Mean Absolute Deviation (MAD) could be used as a filter to control the quality
of soil saturation.

3.3 Experiments
3.3.1 The measurement for soil saturation with the soil suction
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A resistivity investigation tool is developed to determine values of soil saturation due to the change
of soil resistivity with the soil suction. The design of a resistivity probe with 2 stainless steel electrodes (D=
2mm), 100mm in length, and a gap between 2 polar equal to 12mm (L). Thirteen pairs of polar probes were
distributed along the height of the column. The electrical signal was transmitted through the soil between
the gap of two electrical poles of the probes. The transition of electricity current was controlled by the
electrical resistivity tester's device (Fig.7). The device was programmed to allow electric current to flow
through a pair of polarities at specific depths, preventing interference between the signals. This
configuration ensures that the signals remain clear and free from noise caused by other channels.

As demonstrated by Fig.8, the resistivity probes are used to obtain values of the voltage signal (AV)
and electric current intensity (I). Utilize the function below to calculate resistivity (R) values:

=4V (Eq.8)
1
where:
R: Resistivity of soil (€2)
AV: Voltage signal variation (V)
I: Electricity current intensity (A)

Fig.7. Electrical resistivity testers for resistivity probe
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Fig.8. Prototype of resistivity probes to obtain electricity parameters (U and I)

Water saturation should be determined by the relationship between soil resistivity and water
saturation of soil. This relationship is represented by Archie’s equation (Archie, 1942):
1

_m —_—
Sy = (" w? ) (Eq.9)
Ps

where:
Sw: Water saturation (%)
pw: Density of water (g/cc)
ps. Density of soil (g/cc)
m and na : Archie’s exponentials
®: Soil porosity (%)
The density of soil and water could be determined by the equation:

_RA

= Eq.10
pP=7 (Eq.10)

where:
A: Section of probe (mm2)
L: Gap between 2 polar (mm)
4. Results
4.1 Interpolating pixel value into degree of saturation

The relationship between the percentage of light pixels and soil column height is demonstrated in
Fig.9. The Number of light pixels is dominated by darker pixels in the lower area of the soil column. The
distribution of dark and light pixels varied from the bottom to the top of the column as an S-shape curve.
Generally, most of the light pixels are concentrated at the top of the soil column, while the dark pixels are
mainly located at the bottom. The S-shape distribution curve seems to be an inverse curve of SWCC.

According to Fredlund's SWCC equation (Fredlund & Fredlund, 2020), it is divided into 3 vadose
zones: the pendular zone, where most of the water is residual, the capillary zone, where the water’s degree
of saturation at maximum and the last is funicular zone where the transition between unsaturated and
saturated zone can be observed. Applying Eq.7 in order to interpolate the distribution of pixels into the
distribution of degree of saturation. As seen in Fig.9, the range of the percentage of light pixels (%B) varies
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from 23% to 96% in this result. Assuming the change of degree of saturation (S) fluctuates from 13% to
100%. Interpolated degree of saturation can be seen in Fig.10; the result nearly fits well with Fredlund’s
SWCC curve. However, the fluctuation of the degree of saturation at the bottom of the column seems quite
chaotic. It could be affected by external factors when conducting experiments or capturing images. So, an
adjustment needs to be executed to be fitted with the standard SWCC Curve.

4.2 Quality control for DIP

As considered previously, the range of light pixels is from 135 to 185; similarly, the range of dark
pixels should be considered in the range of 100 to 135. Observing the distribution of dark zones in Fig.5,
there are invasions of light pixels in the distribution. These invaders can be determined as outliers. The
distribution of pixels observed in Figs 1,2,3 seems disorderly, but they gather in a certain range of values.
So, this distribution satisfies the requirement for applying Mean Absolute Deviation (MAD) as a filter to
remove outliers. The equation of MAD is below:

MAD = Zzn=1|xi - El

(Eq.11)

The purpose of Eq.11 is to reduce as much as possible the outliers caused by external factors. The
final results with better data quality are demonstrated in Fig.11. The soil suction increases as the depth of
the soil column increases. In this experiment, the maximum soil suction was approximately 5.5 kPa at the
bottom of the column. So as to, Fig.11 can be interpolated into Fig.12, which illustrates the relationship
between soil suction and degree of saturation of soil.

4.3 Results of resistivity probe measurement.
The shape of the obtained curve from Fig. 13 aligns well with the trends observed in the Soil Water
Characteristic Curve (SWCC), demonstrating its suitability for assessing the reliability of the DIP method.

Applying regression for variables of SWCC obtained from the resistivity probe measurements and the DIP
method, the correlation coefficient (R2) of them is 95.17%.
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5. Discussion

Both Fig.12 and Fig.13 illustrate the same trend of the relationship between soil suction and the degree of
saturation of soil. In Fig.12, the degree of saturation indicates high saturation in dark pixel areas. At the
bottom of the column, dark pixels are very dense, with their intensity decreasing as high as the height of
the soil column. The distribution of dark pixels begins to decrease significantly in the range of height
350mm to 440mm. From a height of 440mm to the top of the column is dominated by light pixels. On the
other hand, the result of resistivity measuring techniques also has the same trend. The distribution of soil
saturation from 0 to 320 fluctuates around 100%. There is only 1 abnormality at 220mm, which has a degree
of saturation of 69%. This singularity might be caused by the heterogeneity of soil structure, which is
affected by the precision of tools. From the height of column 320 to 400 mm, the degree of saturation
significantly drops from nearly 100% to 30%. The soil saturation at a height of 470 degrees decreased from
20% to 10%. The change of parameters of both methods has a general pattern, and the style of changing at
certain heights seemed to correlate with others. The correlation coefficient of the 2 methods is very high
(R2=95.17%). This means that in case only an image database is available, computer vision can be a reliable
method to determine the degree of saturation in unsaturated soil in comparison with a conventional method
like probe resistivity.

6. Conclusion

The new approach with the DIP method seems suitable for the degree of soil saturation indication problems.
Based on the RGB image of the soil column treated by the vertical drainage method. The established DIP
model demonstrated its benefit for geologists to determine soil saturation without complex measurement
and expensive tools.

The evaluation between experiment results from the resistivity probe and the results from the DIP method
shows that the DIP method was effective and could be used to obtain the degree of saturation from the
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brightness of images. These parameters are used for establishing the relationship between the degree of
saturation and soil suction, which is represented by SWCC.

In further research, this is a potential method that can be used to determine the degree of saturation for other
soils and materials, which have more complex boundary conditions.
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