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Abstract: Weathering processes of rocks lead to the formation of residual soil layers, which are typ-
ically characterized by a deep groundwater table and a thick unsaturated zone. Hence, the calcula-
tion of a slope’s safety factor under the influences of climatic circumstances is a function of unsatu-
rated characteristics, such as the soil-water characteristic curve (SWCC). To determine the SWCC,
the volume of the soil specimen must be determined in order to compute the void ratio and degree
of saturation. The drying processes of the soil specimen led to uneven soil volume change during
laboratory SWCC testing, demanding the development of a soil shrinkage curve. Several methods
for measuring soil volume change have been developed over the years. However, there are signifi-
cant limitations, and it is rarely used due to the difficulty linked to accurately measuring the soil
volume during drying processes. In this study, a revised scanning approach is developed to evaluate
residual soil volume change utilizing 3D scanning technology. The proposed method is applied in
a case study on residual soil from the Old Alluvium in Singapore. The laboratory data and analysis
results suggested that 3D scanning technology should be required to provide a correct estimation
of the air-entry value of soil.
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1. Introduction

Singapore has a tropical climate accompanied by heavy rainfall, high temperature,
and high humidity during the year due to its location close to the equator [1]. Depending
on the mineralogy of the parent rock, the degree of the weathering, the amount of rainfall,
and the temperature, such environments may produce distinct engineering and index
properties [2]. Therefore, residual soil is formed in thick layers and typically placed in
four major geological formations: Bukit Timah Granite, Kallang Formation, sedimentary
Jurong Formation, and Old Alluvium Formation in Singapore [3]. Such soils shrink both
horizontally and vertically as a result of moisture evaporation. Residual soils, a kind of
problematic soils, are prone to shrink by a significant amount in periods of intense drying
following heavy wet seasons [4].

The porous soil structure that was brought about by the leaching of specific types of
soil minerals, during which water and air replaced the soluble minerals, along with the
geochemical transformations associated with weathering, such as the formation of new
minerals like clay, leading to a very high void ratio, are affected by a deep groundwater
table on many residual soil slopes [5]. The zone between the groundwater table and the
soil surface is called an unsaturated zone, which is very sensitive to variations in climatic
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conditions [3]. One of the key properties of unsaturated soil is the soil-water characteristic
curve (SWCC), which essentially illustrates the relationship between soil suction and wa-
ter content [6]. SWCC can be presented in the form of gravimetric water content, volumet-
ric water content, and degree of saturation. These three forms of SWCC are differentiated
based on the dependency on soil volume change [7]. Since the shrink-swell phenomenon
in the soil only affects a set depth known as the active zone, measuring volumetric water
content and degree of saturation requires a shrinkage curve [4]. As water content in soil
decreases from full saturation to a dry state, the shrinkage curve describes the relationship
between void ratio and water content [8, 9]. This relationship is critical because as unsatu-
rated soils lose water, their volume reduces due to the shrinkage of the soil matrix. Ne-
glecting this volume change can lead to inaccuracies in measuring the volumetric water
content and degree of saturation [10].

Many researchers concluded that the SWCC is associated with the degree of satura-
tion, which is very important in the determination of air-entry value and the permeability
function of soil [11]. In the geotechnical design, with respect to the effect of rainfall, the
SWCC corresponding to volumetric water content is one of the main parameters in run-
ning transient seepage finite element analyses [12-14]. In numerical analyses, there is a lot
of demand for SWCCs with respect to volumetric water content and degree of saturation,
indicating the significance of the shrinkage curve in unsaturated soil analysis [15-17].
Hence, there is a need to have an appropriate measurement of soil volume change for the
development of a shrinkage curve.

Past research has faced plenty of challenges in obtaining accurate measurements of
volume change during SWCC tests [18, 19]. The challenges in determining the shrinkage
curve were mostly due to the presence of cracks and non-homogeneity in the reduction in
soil dimensions during the drying process. Other challenges were linked with the meth-
odologies and technologies utilized to measure soil volume change. Manual measurement
using Vernier calipers is the most common method for determining the shrinkage curve.
It is easy, cheap, and non-destructive; however, it is limited to homogeneous specimens
[20-22]. This method does not produce high-quality results for an irregular shape of a
specimen.

The volume displacement method could produce a better measurement of soil vol-
ume. This method requires the specimen to be wrapped with wax or equivalent materials
prior to submergence into water [23, 24]. The soil volume measurement is determined
from the amount of liquid displaced by the specimen’s volume following Archimedes’
law. This method can provide a reasonable measurement of the irregular shape of the
specimen. However, this technology is destructive when the specimen has large pores
[25]. The wax particle may fill in the voids between solid particles, and it may weaken the
bonding between each grain. In addition, the wax may not be in proper contact with the
specimen, leading to an inaccurate volume measurement.

The emergence of digital imaging technology contributes to the popular technique of
volume change measurement of the specimen using a digital camera. Li et al. [26] pro-
posed imaging technology to measure the volumetric strain of expansive soil using a dig-
ital camera. During the drying process, they photographed the top, sides, and bottom of
the specimens. The restriction of this approach is the formation of cracks. It is difficult to
obtain an accurate measurement of the depth of a crack using many photo combinations.
Sander and Gerke [27] and Stewart et al. [28] developed 3D scanning technology called
“Clodometer”. This technique required a reference object with known volume as a refer-
ence to measure specimen volume for each corresponding time. As a result, cumulative
errors at the end of specimen volume measurement are quite large, resulting in an inac-
curate volume change.

Some researchers utilized the image correlation method, particle image velocity
(PIV), to obtain the volume change in specimens based on the time-sequence displacement
field [29-31]. This technique combines a 2D planar image from different directions. There-
fore, PIV requires proper calibration of the digital camera prior to the test to avoid
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distortion due to the effect of the camera lens. The error can be quite significant if the
calibration is not performed correctly, even though the image is taken from the same
plane. This method is also not applicable for soil with the occurrence of cracks during the
drying process. Jain et al. [32] incorporated laser into photogrammetry to improve the
accuracy of image scanning using the triangulation method for deformation monitoring.
They observed that the error was only 1% during the image processing. The limitation of
this technique is the assumption of specimen uniformity. In practice, obtaining a con-
sistent soil surface is difficult, especially if the soil is classified as worn rock. Li and Zhang
[33] proposed a novel method for improving the quality of photogrammetric post-pro-
cessing images. The volume measurement error was roughly 0.4%. However, prior to test-
ing, this procedure necessitates highly accurate calibration of the digital camera. Further-
more, the post-processing image requires transformation from 2D to 3D images, which
may result in problems if not conducted correctly.

Understanding the soil shrinkage curve is essential for geotechnical engineering im-
plementation, as it directly influences the assessment of soil behavior under varying mois-
ture conditions. Knowledge of this curve enables engineers to predict changes in soil vol-
ume, which can lead to issues such as settlement, heave, and instability in structures [34-
36]. Accurate modeling of shrinkage behavior is crucial for designing foundations, slopes,
and earth-retaining structures, as it informs the selection of appropriate materials and
construction methods [11]. Furthermore, understanding the shrinkage characteristics of
soil aids in evaluating the long-term performance and durability of geotechnical systems,
ensuring that infrastructure can withstand environmental changes [37]. Incorporating the
soil shrinkage curve into geotechnical assessments is therefore vital for enhancing project
safety and effectiveness.

The limitations of past methods for measurement of soil volume change are associ-
ated with the high-accuracy equipment which does not need complex and tedious cali-
bration. In addition, there are only limited studies with respect to the advanced measure-
ment of soil volume change for residual soil. Therefore, the advanced methodologies for
measuring soil volume change utilizing modern 3D scanning technology are proposed in
this work. The change in soil volume caused by SWCC measurement is modeled by com-
bining a shrinkage curve with the measured SWCC in terms of gravimetric water content.
Under unsaturated conditions, the coefficient of permeability, which is a function of void
ratio and water content, is estimated from the SWCC. A commonly used technique is a
statistical method proposed by Childs and Collis-George [38], which uses parameters that
account for soil texture and pore structure along with the SWCC to provide an alternative
to direct measurement of permeability. However, the shape of the permeability function
is affected by the shape of the SWCC. Hence, the unsaturated permeability estimated from
SWCC with soil volume change will be different from that without soil volume change.
The research entails the creation of methods for accurate assessment of soil volume utiliz-
ing the proposed 3D scan technology, laboratory experiments involving the SWCC test,
shrinkage test, 3D scan, and determination of the air-entry value of a residual soil from
Singapore.

2. Residual Soil and Geological Formation

Residual soils are developed because in situ physical, chemical, and biological weath-
ering affect parent rock formation [39]. Physical weathering occurs when the earth or sur-
rounding environment moves, leading to the rock formation breaking. Chemical weath-
ering occurs when chemicals dissolved in rainwater react with the minerals found in
rocks. Furthermore, the underground rock formation is influenced by the strains and ten-
sions generated by the plant roots that grow on it. Thus, biological weathering can lead
rock formations to break [19, 40]. Weathering processes cause residual soil layers to accu-
mulate on the parent rock formation over time. This is especially true in tropical climate
countries with year-round high temperatures, high humidity, and excessive rains [3]. As
shown in Figure 1, Singapore has four major geological formations with thick residual soil
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layers: Bukit Timah Granite, Kallang Formation, sedimentary Jurong Formation, and Old
Alluvium Formation. Bukit Timah Granite is mostly found in the country’s northern and
central regions. The majority of the rocks in Bukit Timah Granite are granite and granodi-
orite [7]. Reddish to yellowish brown silty soils occur in the top layers of Bukit Timah
Granite.

Tampines

Legend:

& Jurong Formation
[ Bukit Timah Granite
B Oid Alluvium

Figure 1. Locations of the soil samples on a Singapore geological map.

Old Alluvium Formations is the oldest among the drift deposits. Old Alluvium is an
extension of southern Johore deposits, and they form a continued plate in east Singapore
[41]. The area of the Old Alluvium is around 12 km? and is located in the northwestern
part of Singapore, as displayed in Figure 1. However, the formation is situated mostly in
the island’s eastern part and is formed as a near-successive plate at the top and bottom of
younger deposits [41]. The soil of the Old Alluvium Formation is mainly reddish muddy
dense sand with clay and silt [40]. The soil’s density varies from loose sand closer to the
surface to stiff clay at larger depths.

Residual soils can be divided into six categories (Grade I-VI) depending on the
weathering extent of geological formation [42]. Grade I is the fresh rock (parent rock for-
mation), whereas Grade VI is entirely weathered soil (residual soil). The grade rises with
the increasing degree of weathering and atmospheric exposure. Higher-grading residual
soils mainly have an increased ratio of fine particles as clay and decreased density due to
continuous weathering processes [3]. Consequently, the shear strength of higher-grade
residual soils has been reduced compared to that of their parent rock. Due to their larger
pores, lower-grade residual soils have a higher potential to leach, whereas higher-grade
residual soils have a higher capacity to hold water [43]. Residual soils in Jurong Formation
tend to be finer and less uniform than Old Alluvium and Bukit Timah Granite residual
soils [44, 45]. When residual soils are developed on a slope, it may lead to slope instability
and failure, specifically when water enters the soil. Therefore, it is essential to comprehend
unsaturated soil behavior and to define the soil-water characteristic curve, including the
required volume change measurement.

With the increasing depth, the effective cohesion (c’) value decreases because of the
decrease of fine particles. Bukit Timah Granite residual soils have lower effective cohesion
than Jurong Formation and Old Alluvium residual soils. The proportion of sand, on the
other hand, increases with increasing depth, which corresponds to a rising effective fric-
tion angle (¢') [3]. The saturated permeability of residual soils of Bukit Timah Granite
ranges between 10-° and 10-° m/s [46]. This was later confirmed by Zhang et al. [47] with
an extensive empirical study of Bukit Timah Granite, which indicates a great extent of
saturated permeability for residual soils of Bukit Timah Granite.
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3. Mathematical Equations

In the SWCC tests, the change in the mass of a soil specimen is usually recorded, but
the total volume change in the specimen is not measured. Therefore, the gravimetric water
content versus soil suction of a soil specimen is plotted in the SWCC. However, according
to Fredlund et al. [11] and Zhai et al. [48], the volume change in a soil specimen may be
significant and important to the data interpretation of the SWCC. Hence, the shrinkage
curve is established by measuring the volume change in a soil specimen as it progressively
loses moisture during the drying process. A relationship between the void ratio and grav-
imetric water content of a soil specimen is then formed and used in conjunction with the
SWCC. A shrinkage equation that fits a wide variety of soils was proposed by Fredlund et
al. [11], as can be seen in Equation (1):

ORI
e(w) = agp m + 1] Csh (1)

where e (w) is the void ratio of the soil specimen; ag, is the minimum void ratio of the
soil specimen; by, is the slope of the tangency; Cg, is the curvature of the shrinkage
curve; and w is the gravimetric water content of the soil specimen.

The SWCCs, in terms of the volumetric water content and degree of saturation of a
soil specimen versus soil suction, are plotted to determine the correct air-entry value and
compute the unsaturated soil property functions of the soil specimen [11]. Fredlund and
Xing [49] developed a general SWCC model (Equation (2)) to best fit the unimodal SWCC
based on the pore-size distribution of soil, and it has been observed to fit well with exper-
imental data for a suction range from 0 to 106 kPa. A later study conducted by Leong and
Rahardjo [50] also concluded that Fredlund and Xing's [49] equation better fits the SWCC
among all the various equations.

0 1 in (1+C£r 0
g [ n (1%)] (o [T ?
where 6; is the saturated volumetric water content; i is the matric suction (kPa); C, is
the matric suction corresponding to the residual water content (kPa); a is the fitting pa-
rameter of SWCC and is closely related to the air-entry value of the soil; n is the fitting
parameter of SWCC and controls the slope at the inflection point of SWCC; and m is the
fitting parameter of SWCC and is closely related to the residual water content.

Satyanaga et al. [51] adopted (Equation (3)) as the best-fitting SWCC with a dual sub-
curve (bimodal SWCC). This equation needs the correction factor (C(y) to guarantee that
the water content is negligible at 1 GPa of soil suction.

n ( Ya1-y

6, + (651 — 6s2) (1 —erfc ‘”—”’m)) + (652 = 61)

in (wf;i;’:bnz) )
s

2
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where 6, is volumetric water content at any suction; 6, is saturated volumetric water
content; 1 is soil suction of the soil (kPa); a is soil parameter that is primarily deter-
mined by the soil’s air-entry value (AEV) (kPa); n is a function of the rate of soil water
extraction when the AEV has been reached; m is a function of the residual water content;
Y, is soil suction at the inflection point (kPa); 1, is the air-entry value of soil (kPa); and
s is the geometric standard deviation of SWCC.

4. Proposed Soil Volume Change Measurement Procedures

Due to the irregularities of a soil specimen during drying, a three-dimensional (3D)
scanner was used to capture a precise and accurate 360° view of the soil specimen. A Mat-
ter and Form Scanner with the optics of a high-definition sensor and two Class 1 eye-safe
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lasers with a scanning accuracy of within +0.1 mm was utilized in the 3D scanning test.
The 3D scanner requires MFStudio software v2, which can be downloaded from
https://www.matterandform.net/pages/v2. Prior to the commencement of the scanning
process, the 3D scanner needs to be calibrated, and a calibrating card should be placed on
the 3D scanner for proper calibration, as shown in Figure 2. When the 3D scanner is moved
or the lighting situation changes substantially, it is advised that it be calibrated.

The MeshLab and Meshmixer software are available for download at
http://www.meshlab.net/#download  (accessed on 21 November 2024) and
http://www.meshmixer.com/download.html (accessed on 21 November 2024), respec-
tively. MeshLab software is required for meshing and trimming cloud points and meas-
uring the volume of the solid soil specimen. Meanwhile, the Meshmixer software is nec-
essary to convert the cloud point into a solid soil specimen. The initial stage in 3D scanning
soil specimens in a shrinkage test was to place a soil specimen covered in plastic film on
the scanner turntable. Prior to scanning, the following criteria should be met.

(a) The bottom surface of the soil specimen is flat, as the surface will not be captured in
scanning and is assumed to be flat when editing the cloud point.

(b) The plastic film has no fines or stains, especially around the circumference of the soil
specimen.

The option ‘Laser 1’ in the MFstudio software should be selected for greater accuracy
of scanning. To achieve great accuracy in the scanning process, the following settings
should be used:

(a) Foragood set of laser lines, the geometry should be set to 60% or adjusted according
to the lighting changes in the environment.

(b) Texture settings should be set to 60% for optimal color capture exposure, and texture
capture should be turned off. Otherwise, the settings should be adjusted to match the
soil specimen’s color and texture.

(c) If the height of the soil specimen is different, adjust the vertical scan path accordingly.

(d) For scanning a soil specimen with a height of 30 mm, the vertical scan path should
be set to two bars. If the height of the soil specimen is different, the vertical scan path
should be modified accordingly.

(e) The horizontal scan path should be increased to 100% to scan the entire soil specimen
in 360°.

After adjusting to the required settings, the quick scan that generally takes about 4
min should be carried out with the above settings. When the scanning is completed, any
unwanted points of the point cloud may be cleaned using the editing tools. Editing the
point cloud with a brush cleaning tool is advised for accuracy. Figure 3 shows the point
cloud of a soil specimen after editing in MFstudio. The file should be exported using ‘Ex-
port’ under the file menu and saved as XYZ files. Then, the ‘Import Mesh’ under the file
menu should be chosen by opening the previous XYZ file in the MeshLab software.

The point cloud of a soil specimen will appear, as shown in Figure 4. Under the filter’s
‘Normals, Curvatures and Orientation” menu, the ‘Compute normals for sets’ should be
selected, and an appeared pop-up box should be closed by clicking ‘Apply” with the de-
fault setting. In addition, ‘Screened Poisson Surface Reconstruction’ should be picked
from the filter’s ‘Remeshing, Simplification, and Reconstruction’ menu, and a pop-up box
will emerge. After creating an exterior mesh, the pop-up should be closed by clicking ‘Ap-
ply’. The newly constructed Poisson mesh layer should be chosen in the right-hand panel.
Then, ‘Select Faces with edges longer than’ should be picked from the ‘Selection” menu of
the filter, and a small pop-up window will appear. The pop-up box should be closed by
clicking ‘Apply” with the default edge threshold setting. The edges beyond the point
cloud’s threshold must be picked and highlighted in red. Subsequently, under the filter’s
menu of ‘Selection’, the ‘Delete Selected Faces’ must be chosen. The protruding edges will
be trimmed away, as shown in Figure 5.
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Figure 2. Initial calibration of the 3D scanner.
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Figure 3. Point cloud of a soil specimen after editing in MFstudio.
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Figure 4. Point cloud of a soil specimen imported into MeshLab.
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Figure 5. Exterior mesh surface after trimming in MeshLab.

A file name should be specified (e.g.,, LOCATION OF SOIL DDMMYY HH: MM C)
and saved as an STL file by choosing ‘Export Mesh as’ under the file menu. After the file
is saved successfully, the Meshmixer software may be opened, and the file should be im-
ported. The previous STL file should be located and opened. The mesh of a soil specimen
will appear in Meshmixer, where after a solid soil specimen is formed, the “Make Solid’
under the edit tab should be selected, as shown in Figure 6.

Figure 6. Creation of a solid soil specimen in Meshmixer.

Subsequently, ‘Inspector’ should be chosen under the analysis tab. ‘Auto Repair All’
and ‘Done’ are available options. This function examines the solid soil specimen for flaw
holes and seals them, making it watertight. By selecting “Export’ under the file menu, the
file should be saved in STL ASCII format (e.g.,, LOCATION OF SOIL_DDMMYY_HH:
MM_D). Then, the previous STL ASCII file may be imported into the MeshLab software.
Afterwards, the volume of the solid soil specimen may be obtained by selecting ‘Com-
puter Geometric Measures’ under the filter's menu of ‘Quality, Measure and Computa-
tions’. If an error indicates that the mesh is not watertight, this extra step is required. The
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‘Close Holes' filter should be selected and applied from the ‘Remeshing, Simplification,
and Reconstruction” menu. This technique should then be repeated to determine the vol-
ume of the solid soil specimen. Meshmixer can also be used to measure the volume of
solid soil specimens. The ‘Stability” button can be picked under the analysis tab, and a side
box with volume will appear, as shown in Figure 7. Finally, under the same tab, ‘Orienta-
tion” should be selected to rotate the solid soil specimen into an upright position.

Figure 7. Volume measurement of a solid soil specimen in Meshmixer.

5. Testing on Residual Soil

A Gel-Push (GP) method of data collection adopted from Taylor et al. [52] was ap-
plied to gather the undisturbed soil specimen across distinct sites, such as Tampines (with
a 3—-4 m depth) and Seletar Hill (3-4 m depth). The GP method is an innovative technique
for collecting soil samples that involves using a specialized probe to insert a viscous gel
into the soil at a desired depth. This gel encapsulates soil particles, minimizing disturb-
ance and preserving the in situ properties of the sample. Once the probe is withdrawn,
the gel, along with the collected soil, is extracted, allowing for easier transportation and
analysis while maintaining the integrity of the sample. Figure 1 illustrates the landmarks
of the soil specimens mentioned along Singapore’s topographic map. Onward, with a test
hole physically excavated toward a level ranging from 1.5 m, the earth has been bailed
about a level between 1.5 and 3.0 m. The GP tester was again used throughout soil explo-
ration for the collection of undisturbed samples of soil with high-quality. The GP tester
also employs a polymer solution with a high concentration to lessen the resistance within
the soil specimen and collecting pipe. Throughout the research lab, individual samples
taken were once again manually compressed one by one from tester pipes. Following that,
earth samples were cut to the necessary length and width for numerous scientific tests.

After extrusion, the samples were subjected to index property tests to determine var-
ious index soil qualities. The tests were conducted according to the standards outlined in
Table 1. The ASTM D6836-16 was used to perform laboratory tests to determine the drying
SWCC [53]. The following equipment was used for measurements of SWCC in this study:
a Tempe Cell and 1 bar ceramic disk, a Pressure Plate and 5 bar ceramic disk, and a WP4C
Dewpoint Potentiometer. The soil sample was cylindrical in shape with a height of 5 cm
and a diameter of 5 cm.

Prior to the SWCC test using Tempe cell, the one-bar ceramic disk was saturated in a
desiccator with deaired distilled water. The soil specimen was then set into the Tempe cell.
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The specimen was saturated by applying de-aired distilled water from the top of the
Tempe cell. The saturation process was ceased when the water content of the soil specimen
reached its saturated value of at least 95%, which is the typical value adopted in practice
for saturation of soil samples [53]. After the saturation stage, the weight of the saturated
specimen and the Tempe cell was recorded. The air pressure system was connected from
the top of the Tempe cell. Air pressure was then applied to the specified value to create
respective matric suction in the soil specimen. Air would not flow through the porous
ceramic disk when higher air pressure was introduced into the cell, as long as the air pres-
sure did not exceed the air-entry value of the ceramic plate, and the ceramic plate was
kept saturated. For this reason, the bottom of the Tempe cell was connected to a container
filled with water to maintain the degree of saturation of the ceramic disk. Weighing the
specimen at regular intervals was necessary to obtain sufficient data for the plot of the
water volume change in the specimen at various matric suctions.

The pressure plate consists of a pressure chamber that contains a saturated five-bar
ceramic disk. The pressure plate was connected to a burette for measurement of water
volume change and maintenance of degree of saturation of the ceramic disk. There must
be a good contact between the soil specimen and the ceramic disk to ensure the water flow
between the specimen and the ceramic disk is continuous. As with the Tempe cell test, the
specimen was weighed at regular intervals. When equilibrium was reached, a higher pore-
air pressure was then applied.

The WP4C Dewpoint Potentiometer was utilized to measure the water potential of a
soil specimen. The specimen is equilibrated with the headspace of a sealed chamber, con-
taining a mirror. At equilibrium, the water potential of the air in the chamber and the water
potential of the specimen become the same. The mirror temperature is controlled by a
thermoelectric (Peltier) cooler. A photoelectric cell detects the exact point at which con-
densation occurs on the mirror. The device directs a beam of light onto the mirror reflect-
ing into a photodetector, which senses the change in reflectance when condensation oc-
curs on the mirror. A thermocouple, attached to the mirror, records the temperature at
which condensation occurs. Values start to be displayed, and this indicates that initial
measurements are being recorded. A green LED is flashed with a beeping sound when it
reaches the final value. The final water potential and temperature of the specimen are dis-
played on the screen of the device. The device uses an internal fan that circulates the air
within the specimen chamber to reduce the equilibrating time. The WP4C Dewpoint Po-
tentiometer measures the total suction (sum of the osmotic and matric suctions) in the soil
specimen. Soils bind water mainly through matric forces and therefore dominate the ma-
tric component, especially at low water content.

The shrinkage test was carried out on soil specimen with 5 cm diameter and 3 cm
height. The soil specimen was exposed to air evaporation for a certain period of time. 10
sets of 3D scan tests on different soil specimens from the same soil type were conducted
to ensure the reasonableness of shrinkage curve. Soil volume change measurement using
3D scanning involves capturing high-resolution data (following procedures explained in
Section 4) was carried out to monitor changes in soil dimensions over time. The measure-
ment of soil volume and water volume was conducted three times a day until the soil
volume and water volume was considered constant. The measurement data of soil volume
change was converted into void ratio, whereas the measurement data of water volume
change was converted into gravimetric water content. The void ratio was plotted against
gravimetric water content to generate the shrinkage curve. The discrete data of shrinkage
curve was best fitted using Equation (1). The discrete data from SWCC test using Tempe
cell, pressure plate, and WP4C were best fitted using Equation (2) (for unimodal SWCC)
or Equation (3) (for bimodal SWCC). Then, the fitting parameters of Equation (1) were
used to calculate the void ratio for every gravimetric water content in the SWCC plot gen-
erated using either Equation (2) or Equation (3). Finally, SWCC in terms of degree of sat-
uration against soil suction can be plotted.
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Table 1. Index properties testing standards.

Index Properties Test Testing Standards
Specific gravity ASTM D854-14 [54]
Grain-size distribution ASTM D422-63 [55]
Atterberg limits ASTM D4318-17el [56]
Soil Classification (Unified Soil Classification System) ASTM D2487-17 [57]

6. Results

The specific gravity, grain-size distribution, Atterberg limits, and soil classification
are shown in Table 2. It can be seen that the soil consists predominantly of fines, exhibits
high plasticity, and can be classified as MH soil under the Unified Soil Classification Sys-
tem (USCS). Figure 8 depicts the w-SWCC data for the Tampines soil specimen. The w-
SWCC discrete data are fitted using Equation (2) since it shows unimodal shape. The
measurement data of soil and water volume change with time using the proposed 3D scan
method are converted into void ratio against gravimetric water content, called shrinkage
curve. Figure 9 shows the average data of shrinkage curve from 10 sets of 3D scans. The
SWCC data, in terms of degree of saturation against suction (S,-SWCC), are established
using the shrinkage curve from 3D scanning measurements. Figure 10 depicts the S, -
SWCC for Tampines specimen with shrinkage curve from 3D scan measurement. The dis-
crete data of the SWCC in Figure 10 are best fitted using Equation (3) since it shows a
bimodal shape. Figure 11 shows the S,.-SWCC for the Tampines specimen after ignoring
the shrinkage curve from the 3D scan data. The discrete data of SWCC in Figure 11 are
best fitted using Equation (2) since it shows a unimodal curve. To prevent excessively large
m, n,and 6, values, these parameters are limited to a maximum of 6. Tables 3 and 4 show
the parameters used for best fitting.

Table 3 indicates the fitting parameters for the shrinkage-incorporating SWCC as
shown in Figure 10. Table 3 shows distinct differences between the macro pore (sub-curve
1) and micro pore (sub-curve 2). The air starts to enter soil macro pores when suction is
around 320 kPa (air-entry value of sub-curve 1, ¥,,). The pore size that has maximum
number of pores can be found within suction around 1500 kPa (suction at inflection point
of sub-curve 1, ¥,,,). The air starts to enter soil micro pores when suction is around
125,000 kPa (air-entry value of sub-curve 2, 1,,). The pore size that has maximum number
of pores can be found within suction around 200,000 kPa (suction at inflection point of
sub-curve 2, Y,,,).

Table 2. Index properties.

Properties Value
Bulk density, p (Mg/m?) 2.15
Water content, w (%) 16.3
Void ratio, e 0.42
Liquid limit, LL (%) 52
Plastic limit, PL (%) 24
Plasticity index, PI (%) 28
Specific gravity, G 2.65
Grain size distribution—gravel (%) 6
Grain size distribution—sand (%) 52
Grain size distribution—silt (%) 20
Grain size distribution—clay (%) 22
Unified Soil Classification System (USCS) MH

Saturated coefficient of permeability, ks (m/s) 2.65 x 10
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Table 4 shows the best-fitting parameters of the SWCC which does not include the
shrinkage curve as presented in Figure 11. The fitting parameter of a =600 does not rep-
resent the air-entry value of 600 kPa. Figure 11 indicates the decrease in degree of satura-
tion happens from beginning of test which is not reasonable. The fitting parameters n and
m are associated with the shape of SWCC which has steep slope of SWCC.

Figures 10 and 11 indicate the importance of accurate measurements of soil volume
change. As the soil suction increased up to 100 kPa, volume changes were observed from
the S,-SWCC obtained without the shrinkage curve from the 3D scan. For the S,.-SWCC
obtained incorporating the shrinkage curve from the 3D scan, the volume of the sample
remained almost constant, with no changes in the degree of saturation. The residual water
content and residual suction obtained from the shrinkage-incorporating S,-SWCC from
the 3D scan were completely different from those obtained from the shrinkage-ignoring
S-SWCC from the 3D scan. With proper measurements of soil volume change, the deter-
mination of SWCC variables will be accurate. This will reduce the inaccuracies associated
with the determination of other unsaturated soil properties, such as unsaturated permea-
bility. The use of incorrect SWCC and unsaturated permeability may lead to inaccurate
seepage analyses results. Hence, there will be incorrect distribution of pore-water pressure
and total head as well as soil water content during rainfall.
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Figure 10. SWCC of Tampines soil specimens with regard to degree of saturation, using shrinkage

curve from 3D scan.
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Figure 11. SWCC of Tampines soil samples in terms of the degree of saturation without shrinkage

curve from 3D scan.

Table 3. SWCC parameters in saturation degree, using shrinkage curve from 3D scan.

SWCC Parameters Value
Air-entry value of sub-curve 1, 1, (kPa) 320
Suction at inflection point of sub-curve 1, ¥,,; (kPa) 1500
Sub-curve 1 .
Saturated degree of saturation of sub-curve 1, 65, (%) 100
Standard deviation of sub-curve 1, s; 2.5
Air-entry value of sub-curve 2, 1,, (kPa) 125,000
Suction at inflection point of sub-curve 2, kPa 200,000
Sub-curve 2 Degree of sa‘curalt)ion of sub-curve 2, Him(z%() ) 40
Standard deviation of sub-curve 2, s, 1.0
Residual suction, ¢, (kPa) 4800
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Table 4. SWCC parameters in saturation degree, discarding shrinkage curve from 3D scan.

Properties Value
a 600
n 1.6
m 0.5
C, 1500
Residual suction, i, (kPa) 20,000

7. Discussion

The soil classified as MH (inorganic silt and fine sand) exhibits notable characteris-
tics, such as a high plasticity index of 28%, a moderate void ratio of 0.42, and a saturated
coefficient of permeability of 2.65 x 10 m/s, indicating low to moderate drainage capabil-
ities [58]. The grain size distribution, consisting of 42% sand, 30% silt, and 28% clay, sug-
gests a balanced texture that influences its mechanical behavior and water retention prop-
erties [59]. High plasticity can lead to challenges like shrink—swell behavior, which is crit-
ical in engineering applications, particularly for foundation design and earthworks, where
moisture fluctuations can affect stability and performance [60].

The shrinkage curve from 3D scan measurement indicates a change in void ratio from
the initial condition of 0.68 to 0.48 at the end of the tests. The decrease in void ratio is
considered moderate from saturated water content of 24% to 15%. This change is associ-
ated with moderate reduction in pore spaces and water content, leading to densification
which automatically results in a higher density at the end of shrinkage test.

Figure 10 and Table 3 show the differences in the air-entry values and inflection
points between macro and micro pores suggest significant changes in water retention
characteristics as soil suction increases. This behavior cannot be shown in Figure 11 and
Table 4. Incorporating a shrinkage curve appears crucial for accurately modeling the
SWCC, as indicated by the discrepancies observed in the model without it. The incorpo-
ration of a shrinkage curve into the SWCC significantly influences the accuracy of water
retention modeling in soils. When soil experiences changes in moisture content, it can un-
dergo volumetric shrinkage, particularly in fine-textured soils. This shrinkage alters the
soil structure, affecting pore size distribution and connectivity. By integrating the shrink-
age curve, the model better accounts for the gradual transition of moisture levels and the
associated changes in pore sizes. This ensures that the air-entry values and inflection
points reflect more realistic conditions, particularly in how macro and micro pores behave
under varying suctions. Without this consideration, models may inaccurately predict sat-
uration levels, leading to erroneous conclusions about soil behavior in real-world appli-
cations.

Moreover, the presence of a shrinkage curve provides insight into the mechanical
properties of the soil as it dries and shrinks. For instance, as suction increases, the effective
stress within the soil matrix changes, which can impact not only water retention but also
soil strength and stability. This is particularly critical in engineering applications, where
understanding the interplay between moisture content, pore pressure, and soil structure
can inform decisions related to construction, land management, and agricultural practices.
Thus, including a shrinkage curve in the SWCC modeling enhances its predictive capabil-
ities and offers a more comprehensive understanding of soil behavior under fluctuating
moisture conditions.

8. Conclusions

The relevant methodologies, technology, and software for measuring soil volume
change utilizing 3D scanning technology have been proposed in this work. For accurate
3D modeling with Meshlab and Meshmixer software, the geometry and texture settings
should be adjusted at around 60%. For measuring soil volume, 3D scanning should be
accurate to within 0.1 mm. Within soil suction of 100 kPa, the volume of the sample
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remained almost constant with no changes in the degree of saturation. The case study was
presented to highlight the significance of 3D scanning technology in determining SWCC
factors.

The characterization of MH soil, with its high plasticity index and specific grain size
distribution, highlights the intricate relationship between soil properties and engineering
performance. The significant shrinkage observed during moisture fluctuations under-
scores the importance of considering volumetric changes in soil when assessing its behav-
ior. Incorporating a shrinkage curve into the SWCC modeling is essential for accurately
predicting water retention characteristics and understanding the transitions between
macro and micro pore behaviors. This integration not only enhances the model’s predic-
tive capabilities but also reflects more realistic conditions that can inform construction and
land management practices.

Author Contributions: Conceptualization, methodology, investigation: S.0., A.S., Y.K,, H.R. and
Z.Q.; data curation, visualization: 5.0., Y.K. and Z.Q.; writing—original draft preparation: S.O., A.S.
and H.R; writing—review and editing: 5.-W.M., ] K. and Y.K,; supervision: S.-W.M., ]. K. and H.R.;
project administration, funding acquisition: A.S., 5.-W.M. and J.K. All authors have read and agreed
to the published version of the manuscript.

Funding: The Nazarbayev University Research Fund financed this study through Collaborative Re-
search Program (CRP) Grant No. 11022021CRP1512. The writers are appreciative for this help. Any
opinions, findings, conclusions, or recommendations stated in this material are solely those of the
author(s) and do not necessarily reflect the views of Nazarbayev University.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1.

10.

11.

12.

Bimaganbetova, M.; Zhang, D.; Kim, J.; Shon, C.S.; Lee, D. Structural responses of energy storage pile foundations under ther-
mal-mechanical loadings. J. Build. Eng. 2022, 45, 103539.

Khanal, C; Land, J. Study on Two Nematode Species Suggests Climate Change Will Inflict Greater Crop Damage. Sci. Rep. 2023,
13, 14185. https://doi.org/10.1038/s41598-023-41466-x.

Afolagboye, L.O.; Talabi, A.O.; Owoyemi, O.O. The Use of Polidori’s Plasticity and Activity Charts in Classifying Some Residual
Lateritic Soils from Nigeria. Heliyon 2021, 7, €07713. https://doi.org/10.1016/j.heliyon.2021.e07713.

Yin, S.; Huang, ].N.; Li, X,; Bai, L.; Zhang, X.; Li, C. Experimental Study on Deformation Characteristics and Pore Characteristics
Variation of Granite Residual Soil. Sci. Rep. 2022, 12, 12314.

Skiadaresis, G.; Schwarz, J.; Stahl, K.; Bauhus, J. Groundwater Extraction Reduces Tree Vitality, Growth and Xylem Hydraulic
Capacity in Quercus Robur During and After Drought Events. Sci. Rep. 2021, 11, 5149. https://doi.org/10.1038/s41598-021-84322-
6.

Li, X;; Hu, C,; Li, F,; Gao, H. Determining Soil Water Characteristic Curve of Lime Treated Loess Using Multiscale Structure
Fractal Characteristic. Sci. Rep. 2020, 10, 21569.

Zhang, W.G.; Zhang, R.H.; Han, L.; Goh, A.T.C. Engineering Properties of the Bukit Timah Granitic Residual Soil in Singapore.
Undergr. Space 2019, 4, 2. https://doi.org/10.1016/j.undsp.2018.07.001.

Ualiyev, D.; Galymzhankyzy, A.; Manap, I.; Omarova, Z.; Temirbekov, D.; Tukaziban, A.; Artyk, Z.; Shon, C.S.; Zhang, D.C.
Effect of Recycled Waste PET Bottle Fibers on Mechanical Properties of Geopolymer Mixtures Containing Crushed Waste Glass
Sands. Key Eng. Mater. 2024, 979, 117-123. https://doi.org/10.4028/p-7qdQwk.

Alnmr, A.; Alzawi, M.O.; Ray, R.; Abdullah, S.; Ibraheem, J. Experimental Investigation of the Soil-Water Characteristic Curves
(SWCC) of Expansive Soil: Effects of Sand Content, Initial Saturation, and Initial Dry Unit Weight. Water 2024, 16, 627.
https://doi.org/10.3390/w16050627.

Saha, A.; Sekharan, S. Importance of Volumetric Shrinkage Curve (VSC) for Determination of Soil-Water Retention Curve
(SWRC) for Low Plastic Natural Soils. J. Hydrol. 2021, 596, 126113. https://doi.org/10.1016/j.jhydrol.2021.126113.

Fredlund, D.G.; Rahardjo, H.; Fredlund, M.D. Unsaturated Soil Mechanics in Engineering Practice; John Wiley & Sons Inc., 2012.
https://doi.org/10.1002/9781118280492

Brooks, R.H.; Corey, A.T. Hydraulic Properties of Porous Media. Colorado State Univ. Hydrol 1964, 3, 27.



Appl. Sci. 2024, 14, 10938 16 of 17

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.
36.

37.

38.

39.
40.

41.

42.

Van Genuchten, M.T. A Closed-Form Equation for Predicting the Hydraulic Conductivity of Unsaturated Soils. Soil Sci. Soc. Am.
J. 1980, 44, 892-898. https://doi.org/10.2136/sssaj1980.03615995004400050002x.

Kocaman, K.; Ozocak, A.; Edil, T.B.; Bol, E.; Sert, S.; Onturk, K.; Ozsagir, M. Evaluation of Soil-Water Characteristic Curve and
Pore-Size Distribution of Fine-Grained Soils. Water 2022, 14, 3445. https://doi.org/10.3390/w14213445.

Bhadiyadra, K.; Ong, D.E. Mechanics of Rainfall-Induced Landslides After a Prolonged Dry Period Based on Laboratory Tests
and Numerical Models Incorporating Soil-Water Characteristic Curves. Geosciences 2024, 14, 174. https://doi.org/10.3390/geosci-
ences14070174.

Lépez-Acosta, N.P.; Mendoza-Promotor, J.A. Study of Unsaturated Soils by Coupled Numerical Analyses of Water Flow-Slope
Stability. Ground Water 2016, 163, 216. https://doi.org/10.5772/63903.

Onyelowe, K.C.; Mojtahedi, F.F.; Azizi, S.; Mahdi, H.A.; Sujatha, E.R.; Ebid, A.M.; Darzi, A.G.; Aneke, F.I. Innovative Overview
of SWRC Application in Modeling Geotechnical Engineering Problems. Designs 2022, 6, 69. https://doi.org/10.3390/de-
signs6050069.

Sharipov, A.; Satyanaga, A.; Abishev, R.; Moon, S.; Taib, A.M.; Kim, J. Influence of Slope Geometry on Stability of Clayey Soil
Slopes. Geotech. Geol. Eng. 2023, 41, 2939-2950. https://doi.org/10.1007/s10706-023-02438-0.

Satyanaga, A.; Wijaya, M.; Zhai, Q.; Moon, S.W.; Pu, J.; Kim, J.R. Stability and Consolidation of Sediment Tailings Incorporating
Unsaturated Soil Mechanics. Fluids 2021, 6, 12. https://doi.org/10.3390/fluids6120423.

Nguyen, M.; Zhang, D. Soil Responses to Monotonic and Cyclic Lateral Displacement of a Buried Pipe. ASCE ]. Pipeline Syst.-
Eng. Pract. 2019, 10.

Chua, Y.S.; Rahardjo, H.; Satyanaga, A. Structured Soil Mixture for Solving Deformation Issue in GeoBarrier System. Transp.
Geotech. 2022, 33, 04019012. https://doi.org/10.1016/j.trgeo.2022.100727.

Hamdany, A.H.; Shen, Y.; Satyanaga, A.; Rahardjo, H.; Lee, T.T.D.; Nong, X. Field Instrumentation for Real-Time Measurement
of Soil-Water Characteristic Curve. Int. Soil Water Conserv. Res. 2022, 10, 4. https://doi.org/10.1016/j.iswcr.2022.01.007.

Ma, L.; Guo, J,; Liang, D.; Ding, X.; Xue, Y. Model Modification of the Soil-Water Characteristic Curve of Unsaturated Weak
Expansive Soil. Appl. Sci. 2024, 14, 7498. https://doi.org/10.3390/appl4177498.

Krosley, L. Likos, WJ.; Lu, N. Alternative Encasement Materials for Clod Test. Geotech. Test. ]. 2003, 26, 4.
https://doi.org/10.1520/gtj11259;.

Le Roux, S.G.; Du Plessis, A.; Clarke, C.E. MicroCT-Based Bulk Density Measurement Method for Soils. |. S. Afr. Inst. Civ. Eng.
2019, 61, 2-9. https://doi.org/10.17159/2309-8775/2019/v61n1al.

Li, Y,; Rahardjo, H.; Satyanaga, A.; Rangarajan, S.; Lee, D.T.T. Soil Database Development with the Application of Machine
Learning Methods in Soil Properties Prediction. Eng. Geol. 2022, 306, 106769.

Sander, T.; Gerke, H.H. Noncontact Shrinkage Curve Determination for Soil Clods and Aggregates by Three-Dimensional Op-
tical Scanning. Soil Sci. Soc. Am. . 2007, 71, 5. https://doi.org/10.2136/sssaj2006.0372.

Stewart, R.D.; Abou Najm, M.R.; Rupp, D.E.; Selker, ].S. An Image-Based Method for Determining Bulk Density and the Soil
Shrinkage Curve. Soil Sci. Soc. Am. J. 2012, 76, 4. https://doi.org/10.2136/sssaj2011.0276n.

Lu, N.; Kaya, M. A Drying Cake Method for Measuring Suction-Stress Characteristic Curve, Soil-Water-Retention Curve, and
Hydraulic Conductivity Function. Geotech. Test. ]. 2013, 36, 1. https://doi.org/10.1520/GTJ20120097.

Zhang, X,; Li, L.; Chen, G,; Lytton, R. A Photogrammetry-Based Method to Measure Total and Local Volume Changes of Un-
saturated Soils during Triaxial Testing. Acta Geotech. 2015, 10, 1. https://doi.org/10.1007/s11440-014-0346-8.

White, D.J.; Take, W.A.; Bolton, M.D. Soil Deformation Measurement Using Particle Image Velocimetry (PIV) and Photogram-
metry. Geotechnigue 2003, 53, 7. https://doi.org/10.1680/geot.2003.53.7.619.

Jain, S.; Wang, Y.H.; Fredlund, D.G. Non-Contact Sensing System to Measure Specimen Volume during Shrinkage Test. Geotech.
Test. ]. 2015, 38, 6. https://doi.org/10.1520/GTJ20140274.

Li, L.; Zhang, X. Factors Influencing the Accuracy of the Photogrammetry-Based Deformation Measurement Method. Acta Ge-
otech. 2019, 14, 2. https://doi.org/10.1007/s11440-018-0663-4.

Rosenbalm, D.; Zapata, C.E. Effect of Wetting and Drying Cycles on the Behavior of Compacted Expansive Soils. . Mater. Civ.
Eng. 2017, 29, 04016191. https://doi.org/10.1061/(ASCE)MT.1943-5533.0001689.

Considine, M. Soils Shrink, Trees Drink, and Houses Crack. ECOS Mag. 1984, 41, 13-15.

Mills, A.; Love, P.E.; Williams, P. Defect Costs in Residential Construction. . Constr. Eng. Manag. 2009, 135, 12-16.
https://doi.org/10.1061/(ASCE)0733-9364(2009)135:1(12).

Hamdany, A.H.; Wijaya, M.; Satyanaga, A.; Rahardjo, H.; Qian, Z; Lim, A.; Kim, J. Numerical Simulation on the Effect of Infil-
tration and Evapotranspiration on the Residual Slope. Sustainability 2023, 15, 8653. https://doi.org/10.3390/su15118653.

Childs, E.C.; Collis-George, N. The Permeability of Porous Materials. Proc. R. Soc. Lond. A Math. Phys. Sci. 1950, 201, 392-405
https://doi.org/10.1098/rspa.1950.0068.

Blight, G.; Leong, E.C. Mechanics of Residual Soils; CRC Press: London, UK, 2012. https://doi.org/10.2113/gseegeosci.v.2.255.
Wong, K.S.; Li, W.; Shirlaw, N.; Ong, ].C.W.; Wen, D.; Hsu, ].C.W. Old Alluvium: Engineering Properties and Braced Excavation
Performance. Undergr. Singap. 2001, 210-218.

Sharma, J.S.; Chu, J.; Zhao, J. Geological and Geotechnical Features of Singapore: An Overview. Tunn. Undergr. Space Technol.
1999, 14, 4. https://doi.org/10.1016/S0886-7798(00)00005-5.

Little, A.L. The Engineering Classification of Residual Tropical Soils. In Proceedings of the 7th International Conference on Soil
Mechanics and Foundation Engineering, Mexico City, Mexico, 28-29 August 1969; Volume 1.



Appl. Sci. 2024, 14, 10938 17 of 17

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.
59.

60.

Mwendwa, S. Revisiting Soil Texture Analysis: Practices towards a More Accurate Bouyoucos Method. Heliyon 2022, 8, 5.
https://doi.org/10.1016/j.heliyon.2022.09395.

Kim, Y.; Satyanaga, A.; Rahardjo, H.; Park, H.; Sham, A.W.L. Estimation of Effective Cohesion Using Artificial Neural Networks
Based on Index Soil Properties: A Singapore Case. Eng. Geol. 2021, 289, 106163. https://doi.org/10.1016/j.enggeo.2021.106163.
Shao, L.; Wu, S.; Guo, X.; Wen, T. One-Dimensional Seepage of Unsaturated Soil Based on Soil-Water Characteristic Curve.
Processes 2022, 10, 2564. https://doi.org/10.3390/pr10122564.

Hu, B.; Hu, Q,; Liu, Y.; Tao, G. Research on the Improvement of Granite Residual Soil Caused by Fly Ash and Its Slope Stability
under Rainfall Conditions. Appl. Sci. 2024, 14, 3734. https://doi.org/10.3390/app14093734.

Zhang, L.; Han, ]. Improving Water Retention Capacity of an Aeolian Sandy Soil with Feldspathic Sandstone. Sci. Rep. 2019, 9,
14719.

Zhai, Q.; Rahardjo, H.; Satyanaga, A.; Zhu, Y.; Dai, G.; Zhao, X. Estimation of Wetting Hydraulic Conductivity Function for
Unsaturated Sandy Soil. Eng. Geol. 2021, 285, https://doi.org/10.1016/j.enggeo.2021.106034

Fredlund, D.G.; Xing, A. Equations for the Soil-Water Characteristic Curve. Can. Geotech. ]. 1994, 31, 521-532.
https://doi.org/10.1139/t94-061.

Leong, E.C.; Rahardjo, H. Review of Soil-Water Characteristic Curve Equations. ]. Geotech. Geoenviron. Eng. 1997, 123, 12.
https://doi.org/10.1061/(ASCE)1090-0241(1997)123:12(1106)

Satyanaga, A.; Rahardjo, H.; Zhai, Q.; Moon, S.W.; Kim, J. Modelling Particle-Size Distribution and Estimation of Soil-Water
Characteristic Curve Utilizing Modified Lognormal Distribution Function. Geotech. Geol. Eng. 2024, 42, 1639-1657.
https://doi.org/10.1007/s10706-023-02638-8.

Taylor, M.L.; Cubrinovski, M.; Haycock, I. Application of New ‘Gel Push’ Sampling Procedure to Obtain High Quality Labora-
tory Test Data for Advanced Geotechnical Analyses. In Proceedings of the NZSEE Conference, Christchurch, New Zealand, 13—
15 April 2012.

ASTM D6836-16; Standard Test Methods for Determination of the Soil Water Characteristic Curve for Desorption Using Hang-
ing Column, Pressure Extractor, Chilled Mirror Hygrometer, or Centrifuge. ASTM International: West Conshohocken, PA, USA,
2016.

ASTM D854-14; Standard Test Methods for Specific Gravity of Soil Solids by Water Pycnometer. ASTM International: West
Conshohocken, PA, USA, 2014.

ASTM D422-63; Standard Test Method for Particle-Size Analysis of Soils. ASTM International: West Conshohocken, PA, USA,
2007.

ASTM D4318-17¢1; Standard Test Methods for Liquid Limit, Plastic Limit, and Plasticity Index of Soils. ASTM International:
West Conshohocken, PA, USA, 2017.

ASTM D2487-17; Standard Practice for Classification of Soils for Engineering Purposes (Unified Soil Classification System).
ASTM International: West Conshohocken, PA, USA, 2017.

Das, B.M. Advanced Soil Mechanics. 5th ed.; CRC Press: Boca Raton, FL, USA, 2019. https://doi.org/10.1201/9781351215183.
Holtz, R.D.; Kovacs, W.D.; Sheahan, T.C. An Introduction to Geotechnical Engineering; Prentice-Hall: Englewood Cliffs, NJ, USA,
1981.

Terzaghi, K.; Peck, R.B.; Mesri, G. Soil Mechanics in Engineering Practice, 3rd ed.; John Wiley & Sons: New York, NY, USA, 1996.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual au-
thor(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.



