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Abstract: Surface water infiltration is a primary factor responsible for engineering challenges and
geological disasters on the Loess Plateau of China (LPC). Due to the extensive groundwater in
this region, surface water must pass through thick unsaturated zones to recharge the groundwater
reservoirs. Exploring the unsaturated hydraulic characteristics of loess, especially at varying depths,
may significantly contribute to disaster prevention and mitigation and the pursuit of sustainable
development in the Loess Plateau. The soil-water characteristic curve (SWCC), intricately linked to
the soil’s pore structure, is a critical hydraulic parameter of loess. An exploration well with a depth
of 30 m was excavated in the LPC to obtain intact specimens at depths of 5 m, 15 m, and 25 m. Basic
physical property tests, SWCC measurements, and particle size distribution (PSD) analyses were
conducted. Additionally, the relationship between PSD and SWCC is discussed in this paper. The
findings highlight the influence of depth on the dominant pore size and distribution density, both
of which decreased with increasing depth. The air occlusion value of the SWCC experienced an
increase, and the slope of the SWCC in the transition zone exhibited consistency. These observations
underscore the pivotal role played by pore structure in shaping the soil’s water-retention behavior.
Furthermore, predictions based on PSD data demonstrated excellent accuracy in replicating the
wetting SWCC of loess over a wide suction range (e.g., 10-10* kPa).

Keywords: Loess Plateau of China; intact loess; soil water retention curve; pore size distribution;
buried depth

1. Introduction

Loess soils are prevalent in semi-arid and arid regions across the globe, including
countries such as China, Russia, and the USA. In China, these loess deposits date back
approximately 2.4 million years (2.4 Ma), giving rise to the renowned Loess Plateau of
China (CPL), which covers an expansive area of over 440,000 km? [1,2]. These soils typi-
cally exhibit an open structure characterized by a random arrangement of particles, high
porosity, and a substantial presence of macro pores. These can be attributed to the preva-
lence of silt-sized particles in their composition and the aeolian origin of loess soils. For
instance, in China, soil materials from the Gobi Desert have been transported by wind to the
Loess Plateau.

Loess soils typically exist in an unsaturated state and are susceptible to volume
reduction, known as collapse, upon exposure to moisture or external loading [3]. This
inherent characteristic results in a significant reduction in their strength, consequently
contributing to a range of disasters, including landslides and foundation failures. Notably,
the infiltration of surface water serves as the primary trigger for engineering and geological
disasters, such as collapsibility, landslides, and mudflows [4-7]. Due to the deep burial
of groundwater in the loess area, surface water must pass through the thick unsaturated
loess layer to recharge the groundwater [8-12]. Exploring the unsaturated hydraulic
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characteristics of loess, especially the soil buried at varying depths, has the potential
to significantly advance disaster prevention and mitigation efforts, ultimately fostering
sustainable development across the CPL.

The soil water characteristic curve (SWCC), which depicts the relationship between
soil water content (or degree of saturation) and suction, serves as a fundamental tool for
understanding the behavior of hydraulic conductivity in unsaturated soils [13-15]. Many re-
searchers have wutilized the SWCC to predict unsaturated permeability
coefficients [13,15-18]. These predictions are based on the inherent connection between the
SWCC and microstructure, especially pore size distribution (PSD). Factors influencing the
SWCC include soil type [19], stress history and stress state [20], density [16,17], soil struc-
ture [21,22], hydraulic path (i.e., drying or wetting) [23], and more. Among these factors,
stress state, stress history, and density alter the SWCC by affecting the soil’s structure.

Various SWCC functions have been proposed, including the typical unimodal SWCC
functions by van Genuchten [18] and Fredlund and Xing [13], the bimodal SWRC functions
by Otalvaro et al. [24], and the advanced functions that account for soil deformation
proposed by Romero et al. [25] and Hu et al. [17], all grounded in soil PSD characteristics.
Additionally, the choice of hydraulic path (i.e., drying or wetting) significantly influences
soil water retention behavior, with the drying path typically resulting in higher water
content or degree of saturation compared to the wetting path at the same suction value.
This phenomenon is referred to as hysteresis [26].

Historically, previous investigations into soil water retention behavior have primarily
focused on the drying path, where the soil is initially saturated before undergoing desatu-
ration, or on the drying—wetting paths to examine hysteresis [23]. Furthermore, despite
the increased interest in unsaturated soils over the past decades, relatively limited data on
intact soils have been published [27,28]. It is worth acknowledging the existence of various
studies focused on the SWCC of loess; however, most of these studies have prioritized
compacted specimens, as obtaining intact specimens is both labor-intensive and costly.
Consequently, the soil structures and SWCC characteristics of intact soil remain a subject
requiring further exploration and understanding.

In this study, a 30 m deep well was excavated in Heping Town, Lanzhou City, Gansu
Province to obtain intact samples at different depths (i.e., 5m, 15 m, and 25 m). The SWCC
for the loess samples was determined using a combination of the filter paper method and the
axis translation technique. Furthermore, we conducted a comparative analysis to examine
changes in the pore size distribution (PSD) curve for the loess samples at different depths.
The PSD curve was essential for quantitatively elucidating the distinctive characteristics of
the pore structure within the sampled layers. To enhance our understanding, we applied
the Young-Laplace equation to convert pore sizes into corresponding suction values and
overlaid the PSD and SWCC curves on the suction coordinate. This integrated approach
allowed us to dissect and interpret the intricate interplay between the pore structure
distribution of the loess and its SWCC. Ultimately, we conducted SWCC predictions using
the pore data. The results emphasize the dominant role played by pore structure in
governing the soil’s capacity to retain water. The insights gained from this study make
valuable contributions to our understanding of soil behavior under unsaturated conditions,
particularly in loess formations subjected to varying burial depths.

2. Materials and Methods
2.1. Materials

A well 30 m in depth was excavated in Heping Town, Lanzhou City, Gansu Province,
to obtain intact samples at different depths (i.e., 5, 15, and 25 m). These samples were
carefully wrapped in plastic film and then placed inside wooden containers filled with
sawdust to minimize potential disruption during transportation.

The basic physical characteristics of the samples are summarized in Table 1. The
natural moisture content of the uppermost loess was lower when compared to the deeper
layers. With increasing burial depth, several trends became evident: dry density increases,
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porosity decreases, and saturation moisture content decreases. Importantly, the plastic limit
index remained relatively stable regardless of burial depth.

Table 1. Basic physical properties of the specimens.

Samples pd (g/lem?) e w (%) Ly (%) Py, (%) PI Wsat (%)
D=5m 1.35 1.0 7.6 26.1 18.5 7.6 37.0
D=15m 1.40 0.93 16.2 27.5 19.1 8.4 344
D=25m 1.45 0.86 17.9 27.8 20.1 7.7 31.9

Grain size percentage (%)

Note: pq is the dry density; e is the void ratio; w is the soil water content; Ly, is the liquid limit; Py, is the plastic
limit; PIis the plastic index; ws,¢ is the saturated water content.

The particle size distribution curves were determined using a laser particle size an-
alyzer, as depicted in Figure 1. These curves generally followed a consistent trend. Fine
particles in the range of 0.002 mm to 0.050 mm made up most of the loess, compris-
ing about 60% to 75% of its composition. The clay fraction, with particles smaller than
0.002 mm, made up a smaller portion, around 5% to 10%. The sand fraction accounted for
approximately 10% to 30%.
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Figure 1. Grain distribution characteristics. (a) Grain size distribution curves; (b) grain size cumula-
tive distribution curves.

2.2. SWCC Measurement

The wetting SWCC was determined using the filter paper method. Since the reliability
of this method depends greatly on the meticulousness of the operators, and it is particularly
sensitive to the handling of the samples, we chose to employ the Fredlund SWCC-150
pressure plate apparatus to measure the wetting SWCC. This allowed us to compare
and verify the measuring procedures of the filter paper method. The Fredlund SWCC-
150 pressure plate offers the advantage of capturing volume changes during the SWCC
measurement process. In this experimental setup, the loess specimen, initially having a
water content of 8%, was subjected to varying levels of air pressure, namely 500, 400, 300,
200, 100, 80, 60, 40, 20, 10, 6, and 2 kPa.

For the filter paper method, the protocols aligned with ASTM Standard D5298-10 [29].
The steps are outlined as follows: (i) Specimens were dried in an oven for 24 h initially.
(ii) Specimens were incrementally wetted to specific water contents and sealed for
12 days, with water contents ranging from 3% to 30% (approximately 3% to 85% saturation).
(iii) Three circular pieces of filter paper were employed, with the suction measuring filter
paper (Whatman No. 42 filter paper) in the middle. The diameter of the suction-measuring
filter paper was slightly smaller than that of the other two filter papers. Identical soil
specimens sandwiched with the three pieces of filter paper were sealed together with
tinfoil and wax and placed in a controlled 20 °C environment to minimize evaporation
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and temperature fluctuations. (iv) After 14 days, the mass of the Whatman No. 42 filter
paper was measured using a high-precision balance with a precision of 0.0001 g. The water
content of the tested specimens was re-measured using the oven-drying method. The
suction corresponding to the newly determined soil-water content was calculated using
the calibration curve of the filter paper method recommended by ASTM D5298-10 [29].

2.3. Mercury Intrusion Method

The pore size distribution curves of the three soil samples were determined using
mercury intrusion porosimetry. The testing procedure involved shaping the soil samples
into cylindrical forms. Subsequently, the samples underwent freeze-drying to remove
moisture without altering the soil pore structure. Following this, the soil samples were
subjected to testing using an AutoPore IV 9500 (Micromeritics, Norcross, GA, USA) fully
automated mercury intrusion porosimeter. This porosimeter can apply pressures ranging
from 0 to 414 MPa and measure pore sizes within the range of 0.003 to 1000 um.

3. Results
3.1. Soil Water Retention Curves

Figure 2 presents the results obtained from the pressure plate method. Figure 2a
provides insight into the variation of void ratio during wetting as determined through the
pressure plate method. In Figure 2b, two distinct data series are displayed: one is derived
based on the initial void of the specimen, while the other incorporates modifications
accounting for specimen deformation.
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Figure 2. Deformation and soil water characteristics during wetting. (a) Wetting-induced deformation;
(b) SWCC.

It is worth noting that loess, characterized by its open structure, exhibits a pro-
nounced sensitivity to water and is prone to experiencing collapse deformation during
wetting [5,30,31]. Figure 2a reveals that the soil underwent three stages of deformation
during wetting. Initially, the deformation remained relatively limited, and subsequently it
increased rapidly. While at near saturation (e.g., 0-10 kPa), minimal to no deformation was
observed. These findings align with experimental data reported in prior studies [32-34].
Pereira and Fredlund [34] have elucidated that unsaturated soil typically undergoes three
distinct stages of collapse: the pre-collapse stage, the collapse stage, and the post-collapse
stage, in response to the decrease in suction. The pre-collapse stage is characterized by
limited elastic volumetric deformation. The subsequent collapse phase is marked by sig-
nificant volumetric compression in response to decreasing suction or increasing water
content. This phase leads to notable alterations in soil structure due to localized shearing
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of connecting bonds and clay aggregates. The post-collapse phase, manifesting at low
suctions, is characterized by minimal to no volumetric deformation.

It is important to note that the overall variation in void ratio amounted to 0.06, which
corresponded to a total strain of 6%. The impact of deformation during the test on the
SWCC was constrained within the suction range exceeding 40 kPa. However, this influence
became progressively more pronounced as suction decreased, as illustrated in Figure 2b.

Figure 3a presents a comparative analysis of the wetting SWCC data acquired through
both the axis translation technique and the filter paper method for the specimen at a depth
of D = 15 m. Notably, the data obtained from these distinct methods exhibit remarkable
alignment. This consistency not only underscores the quality and validity of the filter paper
method but also underscores the homogeneity of the specimens used in this study.
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Figure 3. SWCC of the tested specimen. (a) Comparison between the axis translation technique and
filter paper method in measuring the SWCC; (b) SWCCs of loess at different depths.

Vanapalli et al. [14] have proposed a categorization of the SWCC into three distinct
zones based on critical values: the air entry suction value (AEV) for the drying pro-
cess or the air occlusion value (AOV) for the wetting process, and the residual suction
value (¢r). These three zones are the boundary effect zone with the suction ranging from
0 to AEV/AOQOV), the transition zone with the suction spanning from AOV to ,, and the
residual zone with the suction higher .. The determination of AEV/AOV and ; can be
accomplished using the method outlined by Vanapalli et al. [20]. Notably, for the D =15m
specimen, the ¢, value is determined to be 70 kPa, while the AOV is estimated at 15 kPa. It
is evident that the influence of soil deformation on the SWCC predominantly manifests
within the boundary effect zone.

Figure 3b provides a visual representation of the SWCC for samples obtained at
varying depths. As the burial depth of the soil layer increased, the SWCC curve exhibited
an extended near-saturation zone, accompanied by an increase in the AOV. Remarkably,
the slope of the SWCC within the transition zone remained relatively consistent. This
observation underscores the fact that the primary impact of burial depth lies in its influence
on the AOV within the soil’s SWCC.

3.2. Pore Size Distribution Data

The specimen located at a depth of D = 15 m experienced structural failure dur-
ing testing, leading to the availability of data exclusively for depths of D = 5 m and
D =25 m. Figure 4 illustrates the pore size distribution (PSD) curve and the cumulative
intruded volume curves of the specimens.
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Figure 4. Pore characteristics. (a) Pore size distribution curves; (b) cumulative pore volume distribu-
tion curve.

The PSD curves for specimens at D =5 m and D = 25 m exhibited a similar overall
shape. The influence of burial depth primarily manifested within the pore size range of
1-15 pm. In the case of the D = 5 m specimen, the peak pore size was observed at 7.2 yum,
with a corresponding pore density at the peak measuring 1.035 mL/g. In contrast, for the
D = 25 m specimen, the peak pore size was slightly smaller at 6.0 pm, accompanied by a
corresponding pore density of 0.912 mL/g. When examining pore sizes smaller than 1 um
and larger than 15 um, the PSD curves for both depths essentially overlapped.

Figure 4b reveals a notable variation in the amount of mercury intrusion as the pore
size decreased within the 1 to 15 pm range, signifying that the pores were predominantly
within this size range. The total intrusion pore volumes measured were 0.3563 mL/g for
the D = 5 m specimen and 0.2995 mL/g for the D = 25 m specimen. The corresponding
porosity values for D =5 m and D = 25 m were 0.4753 and 0.4076, respectively. The non-
intruded porosity (the difference between total porosity and porosity measured by mercury
intrusion) stood at 0.0247 and 0.0748 for D = 5 m and D = 25 m, respectively. It needs to be
mentioned that mercury can only infiltrate connected pores within the sample and pores
falling within the size range of 0.003 to 1000 um. These findings suggest that the D =25 m
soil sample may possess a higher proportion of closed pores or an increased number of
minuscule pores (d < 0.003 um), contributing to the lower mercury intrusion observed in
this case.

4. Discussion

The Young-Laplace equation (Equation (1)) serves as a functional link between soil
pore diameter (d) and suction (). As the size and distribution of pore diameter (d) are
important indicators that characterize the microstructure of soil and the relationship be-
tween suction (1) and soil water content represents the SWCC, the Young-Laplace equation
establishes a connection between the micro-pore structure of soil and the macro-scale soil-

water properties.

4T, cos 6
uu_uw:l/]:wT (1)

where 1y, is the pore water pressure; u, is the air pressure; ¥ is the matric suction; Ty, is the
water-air interfacial tension with a value of 72.72 x 1073 N/m at 20 °C; 6 is the contact
angle at the air-water-soil interface, which can be assumed to be 60° as suggested by Li
et al. [35]; and 4 is the pore diameter corresponding to suction .

By employing Equation (1) to convert pore sizes into their corresponding suctions,
it became possible to establish a correlation analysis between the PSD and SWCC curves,
as illustrated in Figure 5. These two curves exhibited a noticeable correspondence. This
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alignment arose from the fact that pores within the dominant size range serve as the
principal reservoirs for water storage. Even minor fluctuations in their quantity and
distribution range can result in substantial variations in soil water content. Consequently,
the dominant pore size range depicted in the PSD curve closely corresponded to the
transitional region of the SWCC. In contrast, pores with lower distribution density store
comparatively less moisture, and variations in the quantity and range of such pores exert a
relatively modest influence on soil water content.

50 3
_______ Converted PSD
* . —D=5m
% 401 o ——D=25m =
S X8 @
= ‘Te Measured data g
\ =

£ 30 e > D=m 8
8 "'D ) D:25m g
5 A 2
< .
z 2
2 20 N 3
= G [ 5]
5] » -1 o
§ 10 1 ) L

-~ o s

i o
)
O ] T T T T 0
10° 10! 102 10° 104 10

Matric suction (kPa)

Figure 5. Relationship between the SWCC and PSD (converted to suction).

It is widely acknowledged that the process of forcing mercury into soil specimens
closely resembles the soil drying process facilitated by the axis translation technique. Under
external pressure, mercury tends to infiltrate large pores, whereas during the wetting
process, water predominantly occupies small pores. These two fluids, water and mercury,
essentially occupy complementary spaces within the soil. To calculate the volume of water
intrusion (V) associated with a specific pore size, one simply subtracts the volume of
mercury intrusion (V) from the total pore volume (V). Consequently, the soil’s volumetric
moisture content can be determined using Equation (2).

Ow= Vu/Vi) = (V—=Vu)/Vi=n—Vu/V; ()

0w is the volumetric water content; V is the total pore volume; V, represents the water
volume; V;, is the mercury intrusion volume at pore size d; n is the porosity; and V; is the
sum of the soil particles” volume and mercury-intruded pore volume.

Vm and V; can be determined through the MIP test. The soil’s SWCC can be derived
by combining Equations (1) and (2). The findings are presented in Figure 6, which demon-
strates a general alignment between the predicted results and the measured data over a
wide suction range. However, it is noteworthy that the predicted results tended to overesti-
mate the soil water content when the suction was less than 10 kPa. This discrepancy was
more pronounced in the case of the D = 5 m specimen when compared to the deeper soil at
a depth of D = 25 m. This variation may be attributed to wetting-induced soil deformation
during the measurement of the SWCC, as illustrated in Figure 2.
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Figure 6. Comparison between the measured and predicted SWCC via the pore size data for the
specimens at different depths.

It is important to note that water-retention behavior, especially within the residual
suction range, is primarily influenced by adsorption, a phenomenon governed by the
mineral composition of particles rather than capillarity [36]. This adsorption-dominated
behavior has been well-established in prior research [37,38]. Consequently, suction values
derived from pore size using the Young-Laplace equation in the high suction range may
not accurately represent the actual suction conditions. However, it is intriguing to observe
that the predicted curves exhibited a strong agreement with the measured data over a wide
suction range (e.g., 10-10* kPa), including the residual suction range (e.g., >70 kPa), as
depicted in Figure 6. This consistency is not coincidental, as similar findings have been
reported by Hou et al. [39] and Li et al. [35]. One plausible explanation for this phenomenon
may be attributed to the presence of non-intruded pores, whose volume was considered in
the calculation of the wetting SWCC using the MIP data. Conversely, these non-intruded
pores are typically disregarded when utilizing MIP data to predict the drying SWCC. In the
drying process, soil water content approaches zero as suction increases towards the highest
suction value of 10 kPa [24,27].

5. Summary and Conclusions

In this study, we investigated the SWCC and microstructure of intact specimens buried
at varying depths. SWCC data were acquired using both the filter paper method and the
axis translation technique, while microstructural analysis was performed using MIP. Our
findings provide valuable insights into the influence of burial depth on SWCC and the
characteristics of pore size distribution.

It is worth noting that at the study site, the soils buried at different depths exhibited
similar grain compositions and fundamental physical properties, despite variations in dry
density. Deeper soil burial led to a higher AOV and a comparable slope of the SWCC in the
transition zone, in comparison to specimens at shallower depths. This transitional region
of the SWCC corresponded to the dominant pore size range observed in the PSD curve.
Predictions based on MIP data demonstrated robust performance for the wetting SWCC
over a wide suction range (e.g., 10-10* kPa). However, it is important to acknowledge that
the overestimation observed in MIP predictions can be attributed to wetting-induced soil
deformation. These findings underscore the pivotal role of pore structure in governing soil
water retention behavior.

Furthermore, it is crucial to emphasize that the grain compositions of specimens
at various depths were nearly identical, as were their fundamental physical properties.
The variation in burial depth primarily contributed to differences in dry density and
pore structure. This observed influence of burial depth on the SWCC aligns with the
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influence of dry density, as in the findings reported by Wang et al. [22], Hu et al. [17], and
Gao and Sun [16]. However, it is imperative to recognize that significant variations in
SWCC and PSD may occur when soils at different depths belong to distinct types (e.g., silt
loess, paleosol).
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