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Abstract: To explore the influence of sample preparation methods on the permeability and microstruc-
ture of remolded loess, remolded loess collected from Heifangtai was taken as the research object. A
total of 40 sets of falling-head permeability tests were conducted using two commonly used sample
preparation methods, and five different dry density and four initial water content conditions. Addi-
tionally, the electrical conductivity of the leachate and the microscopic structure of the samples were
analyzed. The results demonstrate that compared to the transfer wetting method, the homogeneity of
samples prepared using the pre-wetting method is inferior. This difference is particularly evident
when the initial water content is high. Due to the long duration of the permeability test, the pore
structure is prone to change, resulting in relatively higher permeability coefficients. Moreover, the
total dissolved solids (TDS) of the leachate exhibit a significant decrease with increasing seepage time,
indicating the loss of soluble salts. Microscopic structural analysis reveals that samples prepared
using the pre-wetting method exhibit a greater number of large pores and aggregates, which are
intrinsic factors contributing to the observed differences in permeability between the two sample
preparation methods. Furthermore, it should be noted that the impact of the sample preparation
method on the permeability of remolded loess is more significant when the dry density is relatively
low (specifically, less than 1.45 g/cm3). Conversely, when the dry density is higher, the influence
becomes less pronounced.

Keywords: permeability; sample preparation methods; remolded loess; dry density; moisture content;
pore characteristic; leachate

1. Introduction

China is one of the countries with the most widespread distribution of loess in the
world, accounting for approximately 6.8% of its total land area. Loess is mainly distributed
in the northwest region of China known as the Loess Plateau [1–3]. This plateau is situ-
ated in arid and semi-arid climatic zones, and has experienced intensive and large-scale
irrigation activities that have led to numerous geological disasters like landslides and sub-
sidence [4–7]. Heifangtai in Gansu Province serves as a resettlement area for the Liujiaxia
Reservoir, and has experienced frequent loess landslides due to large-scale agricultural
irrigation. These landslides have caused significant loss of life and property for the local
residents. As one of the most typical areas exhibiting loess landslide induced by irrigation,
Heifangtai is known as a “microcosm of loess landslide geological disasters in the Loess
Plateau” and has garnered attention from scholars [8–10]. The destruction of loess slopes
in the region is influenced by several factors, including soil structure, shear strength, and
pore water chemistry [11–14], which are closely related to soil permeability.

In previous research, a significant number of laboratory experiments have been con-
ducted to investigate the hydraulic properties of loess. Remolded loess samples are com-
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monly used as a means to reflect the hydraulic characteristics of in situ loess and guide
engineering activities. The sample preparation process plays a critical role in determining
the hydraulic properties of remolded soil samples in laboratory geotechnical tests. For
compacted samples, the typical procedure involves drying and pulverizing the soil into
a dry powder, which is then sieved to obtain a homogeneous texture. Subsequently, the
dry powder is mixed with sprayed water to achieve the desired initial weight moisture
content. The moist soil is then compacted under static or dynamic conditions to reach a
target dry unit weight (or void ratio). During the rehydration process of the dried soil
powder, the formation of aggregates composed of fine soil particles occurs [15]. Changes
in moisture content during the sample preparation process influence the compactness of
unsaturated loess and alter particle arrangement, thereby impacting the heterogeneity and
permeability of the soil [16]. The sample preparation method has a remarkable influence
on the internal structure of the soil and directly affects the mechanical properties of the
samples. Consequently, it is crucial to consider the soil formation process when applying
these samples in engineering practice.

The main factors that contribute to differences in microstructure and control the
permeability of compacted loess are the initial water content and compaction degree. Hao
found that the initial water content of uncompacted unsaturated loess usually influences
the structural characteristics of the loess after compaction [17]. Lu et al. discovered that
the initial water content of loess significantly influences changes in pore structure, with
greater changes observed at higher initial water contents [18]. Zhai et al. [19–21] found that
changes in moisture content affect the distribution of soil–water characteristic curves and
are linked to pore size distribution. Xu et al. discovered that dry density has two different
effects on the permeability of saturated loess. In low-density soil, small particle migration
can block pores and reduce permeability. In high-density soil, bonding materials dissolve,
increasing pore size and enhancing permeability [22]. Cuisinier et al. found that the water
content and dry density predominantly affect the distribution of larger-pore voids during
compaction, thus affecting permeability [23]. Yuan et al. noted that increasing the dry
density of loess decreases the volume of large pores and increases the volume of small and
medium-sized pores, ultimately resulting in lower saturated permeability coefficient [24].
Zhang et al. [25] discovered that clay particles disperse and cause damage to the pore
structure after water absorption and expansion. Wei et al. found that changes in loess
permeability are closely related to pore size distribution, and the throat size distribution
in loess pores plays a decisive role in determining permeability [26,27]. Guo et al. have
shown that the saturated hydraulic conductivity decreases as the dry density or molding
water content increases, due to a reduction in cumulative volume and porosity, leading to a
gradual decline in hydraulic conductivity [28]. These changes have a significant impact on
the strength of the soil and can lead to variations in slope stability. At the same time, it is
also found that during the seepage process, loss of salt in the soil can increase pore size and
cause the interior to become loose, thereby affecting the soil’s permeability. Qajar found
that the dissolution of chemicals is a homogenization of pore structure [29]. The presence
of salt in saline soil can also have a significant impact on permeability. The presence of
sulfate (Na2SO4) can cause further structural changes in eroded soil, leading to the gradual
development of internal cracks [30]. When soluble salts are involved in soil permeation,
more pronounced changes in soil structure and permeability occur [31].

In addition, a large number of tests have found that sample preparation methods had
a significant effect on the physicochemical properties and pore characteristics of the sample.
Nimmo et al. observed up to a fivefold difference in unsaturated hydraulic conductiv-
ity between sandy soil samples prepared using different compaction methods [32]. Jang
et al. used electron microscopy to demonstrate that dry-packed samples had more ordered
internal arrangements and evenly distributed pores compared to wet-packed samples, indi-
cating that sample preparation could result in different initial structures [33]. Delage et al.
quantitatively studied the microstructure of compacted silt and found that the preparation
method significantly influenced the pore size distribution of the soil; wet samples exhibited
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a significant matrix-type structure, while dry samples formed a skeleton structure made
up of powder aggregates, which directly impacted the mechanical properties of the sam-
ples [34]. Gao et al. discovered that reconstituted specimens demonstrated higher strength,
larger stiffness, and more obvious morphology than compacted samples under the same
conditions, with mercury intrusion testing revealing a unimodal pore size distribution in
reconstituted samples and a bimodal distribution in compacted samples. [35]. Teng et al.
used nuclear magnetic resonance technology to test the pore distribution of powdered
soil under different compaction methods and found that the sample preparation had a
significant influence on the saturated hydraulic conductivity coefficient. They suggested
that the variation in the pore structure of the soil during the flow of water in the soil
should be observed in studies of permeability tests [36]. Therefore, whether the soil sample
preparation method will affect the pore characteristics of the soil mass, and then affect its
structure and permeability, is a problem worthy of attention.

The primary objective of this study is to explore the influence of different sample
preparation methods on the permeability of remolded loess. Its specific aims are as follows:
(1) Investigate the variations in permeability of loess with different dry density, while
exploring the interactions among internal components during long-term seepage processes.
(2) Analyze the pore structure and contact mechanisms of remolded loess under different
sample preparation methods, in order to reveal the impact of sample preparation conditions
on the microstructure and permeability of remolded loess. (3) Combine macroscopic
experiments and qualitative analysis of microscopic characteristics to reveal the internal
factors of permeability changes resulting from different sample preparation methods.

2. Materials and Methods
2.1. Sample Characteristics

The soil sample examined in this study was collected from Yongjing County, Gansu
Province, located in the western Loess Plateau of China at coordinates 36◦06′35.15′′ N and
103◦20′11.79′′ E. The site belongs to the fourth-level terrace of the Yellow River, and the
sampled loess layer is approximately 3 m below the surface. The soil material is identified
as Q3 loess (also known as Malan loess in China), which appears yellow in color and
exhibits uniform texture, loose structure, and fine particles. The undisturbed dry density
of the loess was measured as 1.35 g/cm3 with a moisture content of 7.01%. Following
transportation of the soil sample to the laboratory, physical properties were assessed in
accordance with ASTM 2006 [37] protocols, which are indicated in Table 1. Subsequently,
the mineral composition of the loess was examined via X-ray diffraction analysis, presented
in Table 2. Based on the soil classification set forth in ASTM D2487, the test soil was
categorized as low-plasticity clay (CL). Laser particle size analysis using a Bettersize
2000 instrument was employed to measure the particle size distribution of the loess. Results
revealed that the sample comprised 21.42% clay particles (d < 0.005 mm), 70.29% silt
particles (0.005 mm < d < 0.075 mm), and 8.29% sand particles (d > 0.075 mm), as illustrated
in Figure 1. The maximum dry density obtained from the laboratory compaction test was
1.65 g/cm3, with an optimum moisture content of 15.6%.

Table 1. Basic physical properties of loess.

Physical Properties Values Determination
Method

Limit Water Content and
Related Properties Values Determination

Method

Dry density, ρd
(g/cm3) 1.35 ASTM D7263 [38] Liquid Limit, ωL (%) 25.7

ASTM D4318 [39]Natural moisture
content, ω (%)

7.01 ASTM D2216 [40] Plastic Limit, ωP (%) 16.5
Plasticity Index, Ip (%) 9.2

Specific gravity, Gs 2.71 ASTM D854 [41] Classification CL ASTM D2487 [42]
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Table 2. Mineralogical composition of loess.

Mineral Quartz Plagioclase Potassium
Feldspar Calcite Dolomite Chlorite Illite Amphibole Mundic

Wt (%) 48.1 18.4 3.1 11.0 6.6 5.5 5.5 0.9 0.9
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Figure 1. Particle size distribution of samples (D10, D30, and D60 are the particle sizes corresponding
to 10%, 30%, and 60% finer materials on the cumulative particle size distribution curve, respectively).

2.2. Experimental Design

The permeability coefficient was measured using the laboratory falling-head method.
Two methods for preparing remolded loess were considered: pre-wetting method and
transfer wetting method. Based on the initial dry density and water content of the undis-
turbed soil samples, as well as the maximum dry density and optimum water content in
the laboratory, four water content levels (5%, 10%, 15%, 20%) and five dry density levels
(1.25 g/cm3, 1.35 g/cm3, 1.45 g/cm3, 1.55 g/cm3, 1.65 g/cm3) were selected, resulting in
a total of 40 sets of falling-head permeability tests. The specific experimental design is
presented in Table 3.

Table 3. Permeability test method design.

Sample
Number

Initial
Moisture

Content (%)

Dry Density
(g/cm3)

Sample
Preparation

Method

Sample
Number

Initial
Moisture

Content (%)

Dry Density
(g/cm3)

Sample
Preparation

Method

P-W5-D1.25 5 1.25 P T-W5-D1.25 5 1.25 T
P-W5-D1.35 5 1.35 P T-W5-D1.35 5 1.35 T
P-W5-D1.45 5 1.45 P T-W5-D1.45 5 1.45 T
P-W5-D1.55 5 1.55 P T-W5-D1.55 5 1.55 T
P-W5-D1.65 5 1.65 P T-W5-D1.65 5 1.65 T

P-W10-D1.25 10 1.25 P T-W10-D1.25 10 1.25 T
P-W10-D1.35 10 1.35 P T-W10-D1.35 10 1.35 T
P-W10-D1.45 10 1.45 P T-W10-D1.45 10 1.45 T
P-W10-D1.55 10 1.55 P T-W10-D1.55 10 1.55 T
P-W10-D1.65 10 1.65 P T-W10-D1.65 10 1.65 T
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Table 3. Cont.

Sample
Number

Initial
Moisture

Content (%)

Dry Density
(g/cm3)

Sample
Preparation

Method

Sample
Number

Initial
Moisture

Content (%)

Dry Density
(g/cm3)

Sample
Preparation

Method

P-W15-D1.25 15 1.25 P T-W15-D1.25 15 1.25 T
P-W15-D1.35 15 1.35 P T-W15-D1.35 15 1.35 T
P-W15-D1.45 15 1.45 P T-W15-D1.45 15 1.45 T
P-W15-D1.55 15 1.55 P T-W15-D1.55 15 1.55 T
P-W15-D1.65 15 1.65 P T-W15-D1.65 15 1.65 T

P-W20-D1.25 20 1.25 P T-W20-D1.25 20 1.25 T
P-W20-D1.35 20 1.35 P T-W20-D1.35 20 1.35 T
P-W20-D1.45 20 1.45 P T-W20-D1.45 20 1.45 T
P-W20-D1.55 20 1.55 P T-W20-D1.55 20 1.55 T
P-W20-D1.65 20 1.65 P T-W20-D1.65 20 1.65 T

Note: P indicates the pre-wetting method; T indicates the transfer wetting method; Wi indicates the corresponding
water content; Di represents the corresponding dry density; Example P-W5-D1.25 represents the sample with
pre-wetting, initial moisture content of 5% and dry density of 1.25 g/cm3.

2.3. Sample Preparation

The sample preparation process for the entire experiment is shown in Figure 2 and
can be roughly divided into the following steps:
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Preparation of Experimental Materials: The loess collected from the field was baked in
an oven at 105 ◦C for over 8 h. Once the temperature was lowered to room temperature,
impurities and roots were removed from the soil using a 2 mm sieve [43]. The sieved soil
samples were sealed and stored in a dry environment.
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Sample Configuration: Distilled water was sprayed onto the surface of dry soil accord-
ing to the pre-designed moisture content (5%, 10%, 15%, 20%). The soil was then wrapped
in plastic wrap and sealed for at least 72 h at room temperature (20 ◦C) to ensure thorough
mixing of soil and water.

Sample Preparation: The pre-wet preparation method according to the preset dry
density and ring knife specifications (inner diameter 61.8 mm, height 40 mm) accurately
weighed the wet soil mass to 0.01 g. The wet soil was poured into the compactor, leveled,
and compressed with static pressure at a stable rate. After reaching the target height,
pressure application was stopped, and the sample was kept in this state for 10 min to
ensure stable internal structure formation. The transfer wetting method used the water film
transfer method to increase water content [44,45]. The preparation method of the transfer
wetting method was similar to that of the pre-wetting method; an annular sample with 5%
moisture content was prepared first. The amount of water required to increase each dry
density annular sample to the target moisture content was calculated. The top and bottom
of the annular sample were placed on wet filter paper. Distilled water was slowly dropped
onto the filter paper from the top and bottom surfaces using a pipette; the process was
performed on an electronic balance. This allowed the water to slowly penetrate into the
soil. After even distribution of water inside the sample, the top and bottom were tied with
permeable stone, wrapped in plastic wrap, and stored in a humidifier at room temperature
(20 ◦C) for 72 h [46]. The water content was measured again using a weighing method,
with error control within ±0.2% of the target moisture content [47]. Finally, the wrapped
samples were stored in the constant humidity incubator for further use.

2.4. Permeability Coefficient Test

The constant-head permeability test [48,49] and the falling-head permeability test [28]
are widely used to study soil permeability. For coarse-grained soils with high permeability,
a constant-head test is typically used. However, for fine-grained soils with low permeability,
a falling-head test is often more suitable [50], as it enables quicker completion of multiple
repeat tests [51]. These factors ensure that the experiment can be conducted smoothly.
Therefore, in this study, the falling-head test method was selected, and the permeameter
(TST-55, Nanjing soil instrument Factory Co., Ltd., Nanjing, China) was used to test the
permeability coefficient. Samples prepared using any of the sample preparation methods
were placed in the TST-55 permeameter to measure the permeability coefficient. The electri-
cal conductivity of the leachate was measured during the permeability test. Conductivity
was measured using a portable conductivity meter (DDBJ-350, INESA Scientific Instrument
Co., Ltd., Shanghai, China). To eliminate the effect of ions present in the percolating fluid
on the conductivity, distilled water was used as the percolating fluid. The entire testing
process is illustrated in Figure 3.

The general process of the experiment and testing is as follows:
a. Connect the instrument and saturate the sample. The sample can be saturated

directly using the variable head permeability apparatus until a uniform and continuous flow
is achieved at the outlet, indicating that the sample is essentially saturated. Subsequently,
the coefficient of permeability is tested.

b. Fill the piezometer with water to a certain height, record the initial water head
height and start time of the test. When the water in the piezometer flows to a certain height
below, measure the water head height and the temperature and conductivity values of the
permeated water within this interval.

c. Repeat step b to continuously measure the coefficient of permeability. In order to
reduce errors caused by different water head heights in the measuring pressure tube, keep
h1 and h2 approximately equal in each test to maintain a constant hydraulic gradient.

d. When the elapsed time for a single sample (h1 − h2) is roughly equal or the
conductivity of the permeating solution stabilizes within a certain range, the permeability
testing for the single sample is terminated.



Water 2023, 15, 3469 7 of 23
Water 2023, 15, 3469  7  of  24 
 

 

 

Figure 3. Permeability coefficient test device diagram: (1) inlet; (2) vent; (3) water supply bottle; (4) 

pressure gauge tube; (5) water stop clamp; (6) exhaust port; (7) permeameter; (8) conical bottle; (9) 

conductivity meter; (10) outlet. 

The general process of the experiment and testing is as follows: 

a. Connect  the  instrument  and  saturate  the  sample. The  sample  can be  saturated 

directly using the variable head permeability apparatus until a uniform and continuous 

flow  is  achieved  at  the  outlet,  indicating  that  the  sample  is  essentially  saturated. 

Subsequently, the coefficient of permeability is tested. 

b. Fill  the piezometer with water  to a certain height, record  the  initial water head 

height and start time of the test. When the water in the piezometer flows to a certain height 

below, measure the water head height and the temperature and conductivity values of the 

permeated water within this interval. 

c. Repeat step b to continuously measure the coefficient of permeability. In order to 

reduce errors caused by different water head heights in the measuring pressure tube, keep 

h1 and h2 approximately equal in each test to maintain a constant hydraulic gradient. 

d. When  the  elapsed  time  for  a  single  sample  (h1 －h2)  is  roughly  equal  or  the 

conductivity of the permeating solution stabilizes within a certain range, the permeability 

testing for the single sample is terminated. 

The permeability coefficient k is calculated according to the following equation: 

 
1

T
2 1 2

2.3 lg
haL

k
A t t h




  (1)

where  kT  is  the  permeability  coefficient  at  temperature  T  °C;  a  represents  the  cross-

sectional area of the water head pipe (cm2); L represents the seepage path, the height of 

the  sample  (cm);  A  represents  the  cross-sectional  area  of  the  sample  (cm2);  (t2  −  t1) 

represents the time difference between the start and end times (s); h1 and h2 represent the 

initial and final water heads, respectively (cm). 

The viscosity of a liquid is a characteristic that affects its resistance to movement and 

is related to temperature. The permeability is sensitive to temperature because it reflects 

the  ease with which  fluids  flow  through  pore  spaces.  To  prevent  temperature  from 

affecting  the results of  the permeability coefficient, a standard  temperature of 20 °C  is 

used. When  the actual  temperature deviates  from 20 °C, k  is adjusted according  to  the 

following equation: 

T
20 T

20

k k



   (2)

where K20 and KT are permeability coefficient at 20 °C and T °C, respectively, and η20 and 

ηT are the coefficients of dynamic viscosity at 20 °C and T °C, respectively. 

   

①

②

③

④

⑤ ⑥

⑦

⑧

⑩

贮存

设置

取消

打印

确认
模式

O FF
ON

⑨
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The permeability coefficient k is calculated according to the following equation:

kT = 2.3
aL

A(t2 − t1)
lg

h1

h2
(1)

where kT is the permeability coefficient at temperature T ◦C; a represents the cross-sectional
area of the water head pipe (cm2); L represents the seepage path, the height of the sample
(cm); A represents the cross-sectional area of the sample (cm2); (t2 − t1) represents the time
difference between the start and end times (s); h1 and h2 represent the initial and final water
heads, respectively (cm).

The viscosity of a liquid is a characteristic that affects its resistance to movement and is
related to temperature. The permeability is sensitive to temperature because it reflects the
ease with which fluids flow through pore spaces. To prevent temperature from affecting the
results of the permeability coefficient, a standard temperature of 20 ◦C is used. When the
actual temperature deviates from 20 ◦C, k is adjusted according to the following equation:

k20 = kT
ηT

η20
(2)

where K20 and KT are permeability coefficient at 20 ◦C and T ◦C, respectively, and η20 and
ηT are the coefficients of dynamic viscosity at 20 ◦C and T ◦C, respectively.

2.5. Microstructure Testing

In this study, the evaluation of pore structure following partial seepage was conducted
using the Stemi-508 body microscope and the Nikon polarizing microscope. The remodeled
loess samples were prepared through the following steps. Soil columns with a thickness
of approximately 2 cm were extracted from the sample surface, dried to remove moisture,
treated with a curing agent for solidification, and allowed to naturally harden after the
curing process. Subsequently, the samples were subjected to grinding and light dissection.
A field of view measuring 2 cm × 2 cm was selected for observation and photography
using a stereoscope, with a magnification of 20 times. The captured images were stitched
together for analysis of surface porosity. Moreover, a portion of the dissected specimens
was sliced and magnified 100 times under a polarized light microscope, providing a wider
field of view with clear boundaries of pores and particles. This allowed for improved
identification of cement and agglomerates, facilitating the observation of soil particle
aggregation phenomena.
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3. Results and Analysis
3.1. Permeability Test Results of Remolded Loess under Pre-Wetting

(1) Permeability Coefficient of Samples with Different Initial Water Content and Dry
Density Conditions

The variation of permeability coefficient over time for the samples prepared using the
pre-wetting method is depicted in Figure 4. The results indicate that increasing the dry
density reduces the permeability coefficient of the samples, and the trend of changes in the
permeability coefficient with seepage time varies among different samples. For samples
with low compaction degree and loose particle structure at dry density of 1.25 g/cm3 and
1.35 g/cm3, the permeability coefficient decreases continuously with an increase in seepage
time, and the decrease is more significant at lower dry density. Conversely, for samples
with dry density of 1.45 g/cm3, 1.55 g/cm3, and 1.65 g/cm3, the permeability coefficient
is relatively small and remains stable. In some cases, the permeability coefficient slightly
increases within a small range with an increase in seepage time, and this phenomenon
is most evident at water contents of 10% and 15%. Samples with different dry density
exhibit two types of changes in permeability coefficient over seepage time: a decrease for
lower dry density and an increase for higher dry density. When the dry density is constant,
the permeability coefficient decreases as the initial water content increases, and this effect
is most pronounced at lower dry density. Furthermore, as the dry density increases, the
extent of permeability decrease becomes weaker.
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Figure 4. Variation in Permeability Coefficient of Samples with Different Dry Density under
Pre-Wetting Method over seepage Time. (a) 5% moisture content; (b) 10% moisture content;
(c) 15% moisture content; (d) 20% moisture content.

(2) Electrical Conductivity of Samples with Different Initial Water Content and Dry
Density Conditions

The presence of salt in soil can significantly affect the pore structure, which in turn
impacts its permeability [47]. During experiments, the EC value is a sensitive indicator of
changes in salt solution concentration [52]. Figure 5 illustrates the electrical conductivity
changes of the leachate from each sample as a function of seepage time at various water
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contents ranging from 5% to 20%. The change in EC values can provide a qualitative
analysis of the transport of soluble salts in soil with moisture.
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Figure 5. Variation in Electrical Conductivity of Samples with Different Dry Density under
Pre-wetting Method over seepage Time. (a) 5% moisture content; (b) 10% moisture content;
(c) 15% moisture content; (d) 20% moisture content.

The exudation rate of soluble salts in the sample is fastest with a dry density of
1.25 g/cm3, and the exudation rate of soluble salts decreases continuously with increasing
dry density. The peak electrical conductivity of different samples occurs at the beginning of
the experiment, with higher dry density and lower water contents resulting in higher peak
electrical conductivities. Generally, the initial electrical conductivity values range between
6 × 103 µs/cm and 8 × 103 µs/cm when the salt content in the samples is highest. As the
seepage time increases, the flowing liquid continuously carries salt out of the pores of the
samples. The trend of electrical conductivity changes in different samples is roughly similar,
except for the time it takes for the curve to reach a horizontal value. When the dry density
is low, the sample porosity is high, distilled water flows rapidly through the pores, and the
rate of salt leaching is high, causing a rapid decrease in leachate electrical conductivity. In
contrast, when the dry density is high, the pore size of the sample is smaller, and the rate of
salt leaching is slower, resulting in a relatively slower change in electrical conductivity of
the leachate. Water content has a weaker influence on the change in electrical conductivity
of samples with low dry density, but a stronger influence on samples with high dry density.

3.2. Permeability Test Results of Remolded Loess under Transfer Wetting Method

(1) Permeability Coefficient of Samples with Different Initial Water Content and Dry
Density Conditions

The permeability coefficient of samples under different dry density with the transfer
wetting method is illustrated in Figure 6. The results demonstrate that the permeability
coefficient decreases as the dry density increases under the same water content. Specifi-
cally, higher dry density corresponds to lower permeability coefficients. In general, the
permeability coefficient of samples under the transfer wetting method exhibits two trends
over time. For samples with low dry density (1.25 g/cm3 and 1.35 g/cm3), the permeability
coefficient shows a continuous decreasing trend with seepage time. However, this trend is
less pronounced compared to that observed in the pre-wetting method. As the dry density



Water 2023, 15, 3469 10 of 23

increases from 1.45 g/cm3 to 1.65 g/cm3, the degree of decrease in the permeability coeffi-
cient also decreases, indicating that the decrease in permeability coefficient with increasing
dry density is not linear. For samples with dry density greater than 1.45 g/cm3, the perme-
ability coefficient changes only within a very small range during seepage. Additionally,
for samples with a water content of 5%, the permeability coefficient slightly increases
with seepage time, while for samples with other water contents, the curve showing the
relationship between the permeability coefficient and time is approximately horizontal.
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Figure 6. Variation in Permeability Coefficient of Samples with Different Dry Density under
Transfer wetting method over seepage Time. (a) 5% moisture content; (b) 10% moisture content;
(c) 15% moisture content; (d) 20% moisture content.

(2) Electrical Conductivity of Samples with Different Initial Water Content and Dry
Density Conditions

Figure 7 illustrates the changes in conductivity under the transfer wetting method.
The results show that at the beginning of the experiment, the conductivity value was ap-
proximately 8 × 103 µs/cm, which was when the sample had the highest salt accumulation.
Despite differences in the degree of curve bending, the trend of conductivity variation for
each sample produced by the transfer wetting method was consistent. The lower the dry
density, the less the soil mass per unit volume, and the lower the salt content in the soil. The
corresponding peak conductivity is low. As the volume of pores in the sample increased,
liquid flow became easier, resulting in faster changes in effluent conductivity, exhibiting
a steep drop in conductivity over time and ultimately stabilizing at a lower conductivity
value. With an increase in sample dry density, the porosity decreased, resulting in an
increase in the peak conductivity and a higher bending point on the curve. The rate of salt
diffusion into the soil gradually slowed down, leading to a decrease in the rate of decline
in effluent conductivity and ultimately stabilizing at a relatively higher conductivity value.
There was almost no difference in the conductivity variations at different levels of water
content, indicating that the change in conductivity is more influenced by dry density than
by water content.
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Figure 7. Variation in Electrical Conductivity of Samples with Different Dry Density under Trans-
fer wetting Method over seepage Time. (a) 5% moisture content; (b) 10% moisture content;
(c) 15% moisture content; (d) 20% moisture content.

4. Discussion
4.1. Effect of Dry Density on the Permeability

During the seepage, the permeability coefficient of remolded loess undergoes con-
tinuous changes. In order to better characterize the relationship between permeability
coefficient and dry density of remolded loess, the test results were averaged to obtain the
variation characteristics of the permeability coefficient under different sample preparation
methods with changes in dry density (Figure 8). The permeability coefficient of remolded
loess decreases as the dry density increases, and the decrease in permeability coefficient
with increasing dry density is non-linear. The negative exponential function y = Ae−ax + B
was used to fit the permeability coefficient of remolded loess at various dry density under
different water contents, and the fitting results showed that the correlation coefficients
were all greater than 0.98. This indicates that the permeability coefficient exhibits a good
negative exponential relationship with dry density during the seepage.

Loess is a material with significant structural performance, and dry density is a
commonly used indicator that characterizes the compactness of soil. It is also one of
the crucial factors that affect the permeability of compacted loess [53,54]. Dry density
can directly reflect the impact of pore structure compactness on permeability as it is
fundamentally determined by the particle skeleton structure’s tightness in the soil [55,56].
To quantitatively evaluate the degree of change in permeability coefficient with dry density,
the increase in permeability coefficient (∆K) and the relative increase rate of permeability
coefficient δK are calculated using the following formulas:

∆K = Ke − Ki (3)

δK =
∆K

Ki
× 100% (4)

where ∆K represents the increase in permeability coefficient (cm/s) and δK represents the
relative increase rate of permeability coefficient (%). Ki and Ke indicate the initial and final
permeability coefficients (cm/s) during the seepage period, respectively.
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Figure 8. Permeability coefficient variation with dry density for remolded loess samples prepared
using different methods.

Based on the analysis of Figure 9, it is evident that when dry density is less than
1.45 g/cm3 under both sample preparation methods, the final permeability coefficient is
less than the initial permeability coefficient, with a decrease in permeability coefficient of
around 20%. The degree of decrease in permeability coefficient gradually decreased with
the increase in dry density. Low dry density samples have a low degree of compaction and
a large void ratio. As water flows through the pores of the soil, erosion occurs, which causes
the aggregation particles to break into smaller pieces. Fine particles move upward along the
direction of flow, forming a structure with a tight upper section and a loose lower section.
When the water head pressure changes, the loose pore structure in the lower section is
prone to collapse, causing pore blockage and changing the uniformity of the soil sample
structure. This results in the degradation of the soil structure along the direction of flow,
reducing the effective pores for flow. For dry density greater than 1.45 g/cm3, the relative
increase rate of permeability coefficient no longer decreases but instead begins to increase.
Samples with higher dry density have a high degree of compaction, and the initial pore
structure is stable. During the process of flow, this dense pore structure remains mostly
unchanged, and the number of primary pore channels remains constant. With the progress
of flow, the binding film formed on the surface of particles near the primary pore channel
and small substances dissolved in the flow bring out soil, increasing the effective void ratio
and permeability of the soil. When the dry density increases to 1.65 g/cm3, the soil reaches
its most compact state. The contact between soil particles and water molecules is the closest,
and the basic structure of the soil is composed of single particles and aggregates. As the
particle arrangement becomes denser, more aggregates form [57], and the volume of voids
between aggregates decreases continuously. As the dry density increases to a certain extent,
the proportion of large and medium pores in the soil will become relatively small [58]. This
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leads to a lower level of soil permeability, with the rate of change in permeability coefficient
tending to zero.
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Figure 9. Characteristics of permeability coefficient increment with respect to dry density variation.

4.2. Effect of Initial Moisture Content on the Permeability

Figure 10a,b depict the initial-stage permeability characteristics of samples prepared
using two different methods, as a function of water content. Figure 10c,d show the final-
stage permeability characteristics of samples prepared using two different methods, as a
function of water content. Under both sample preparation methods, the permeability of the
remolded loess decreases with an increase in the initial moisture content. However, due to
the poor pore uniformity during the pre-wetting method under different initial moisture
content conditions, the permeability is higher compared to the samples prepared using
the wetting method under the same conditions. The permeability of loess decreases with
increasing initial water content due to a series of physicochemical reactions that occur in
the presence of minerals such as calcite, dolomite, chlorite, and illite, which are abundant in
loess. As the initial water content increases, the hydration of carbonate minerals leads to the
formation of calcium carbonate cemented particles that fill the pores in the loess, thereby
decreasing its permeability [59,60]. Moreover, increasing the soil water content causes more
water molecules to come into contact with dry soil particles, thickening the surface-bound
water film on each particle. This results in a decrease in the total porosity of the sample
with a constant sample volume. At the same dry density, the effective permeable pore
channels decrease, resulting in a lower permeability of the sample. In addition, an increase
in water content causes clay minerals to adsorb water and expand, filling the internal pores
of the sample and blocking the throat of the pores, leading to a decrease in the connectivity
of the pores and thus a decrease in the permeability of the sample.

The pre-wetting method used at a 10% water content results in a good balance between
soil particles and water, with particles arranged in good agreement, resulting in high pore
penetrability and good permeability. The transfer wetting method used when the water
content changes to 20% shows an increase in permeability, with the soil being influenced
by the already-formed pore structure. The binding water film around the soil particles
cannot continue to increase indefinitely, and some of the water exists in the form of free
water in the soil pores, which softens and dissolves the binding water film around the
particles during the seepage process. This increases pore penetrability, effective porosity,
and enhances permeability.

Under both sample preparation methods, the initial water content has a more sig-
nificant effect on the permeability of loess when the dry density is lower. The higher the
clay content, the greater the possibility of cementation occurring in the clay components,
and the easier it is for the soil to have an unstable structure due to the cohesion of the
clay aggregates and the morphological characteristics of the silt particles. This may lead
to infiltration collapse in low-density pre-wetted samples. This collapse is the result of
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the combined action of primary and secondary microstructures. The former comprises
large amounts of weakly cemented, unsaturated, porous pure clay, and clay–silt mixed
aggregates, which collapse the overall structure when they are relaxed after wetting. The
latter is caused by unstable particle contacts and clay coatings on silt particles, leading to
weaker permeability.
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different methods: (a) the initial stage of pre-wetting method, (b) the initial stage of transfer wetting
method, (c) the final stage of pre-wetting method, (d) the final stage of transfer wetting method.

4.3. Relationship between Concentration of Leaching Solution (TDS), Dry Density,
and Permeability

The experiment revealed that the concentration of leachate varies significantly under
the combined effects of water, soil, and salt. Previous research has shown that the abrupt
change in electrical conductivity can partly reflect changes in the internal structure of the
soil. By selecting the electrical conductivity values at the point of transition from steep to
gentle and their corresponding permeability coefficients for each sample, we constructed
the distribution relationship shown in Figure 11. The hydraulic conductivity of soil changes
as a result of the interactions between water, soil particles, and chemical substances [52,61].
Ions in the pore water can cause the dissolution of structural media, altering the pore
characteristics and ultimately the soil permeability [62]. Salt content in the soil changes
with the movement of water, and there exists a certain relationship between the electrical
conductivity of leachate and soil moisture content, bulk density, and cation exchange
capacity, which partly indicates the salt content and its changes in the soil [63,64]. The
pore liquid exists in the soil pores, and the connectivity of pores is affected by the internal
structure of the soil, which also impacts the electrical conductivity of leachate to some extent.
The experimental soil contains a high content of fine clay particles, affecting the deposition
and dispersion of surface substances and influencing the pore structure and surface double
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layer structure of the soil. Stronger soil permeability corresponds to stronger ion-exchange
capacity between the aqueous solution and the soil, and vice versa. Electrical conductivity
and permeability coefficients are concentrated in two areas, showing an aggregation trend
of low electrical conductivity and high permeability, and high electrical conductivity and
low permeability, respectively.
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Figure 11. Characteristics of permeability coefficient variation with respect to electrical conductivity.

4.4. Effect of Sample Preparation Method on Permeability
4.4.1. Pore Distribution Characteristics under Sample Preparation Method

In this experiment, selected samples after seepage were subjected to fine-pore struc-
tural analysis. The images captured using the Stemi-508 body microscope were processed
and stitched together, and then binarized to extract the pores. The results of the surface
porosity of the specimens are presented in Figure 12. It was observed that the surface poros-
ity of samples prepared using the pre-wetting method was higher at the same dry density.
As the dry density increased, the surface of the samples tended to become denser, resulting
in a reduction in surface porosity. The reduction percentages were found to be 6.97%, 6.16%,
3.125%, 4.66%, and 0.67%. Additionally, the ratio of larger pores in the samples prepared
using the transfer wetting method was lower compared to the samples prepared using
the pre-wetting method. This indicates that fine pores are more likely to form under the
transfer wetting method. Loess has preferential flow based on large-pore channels during
seepage [65–67]. The pre-wetting method increases the initial bonding degree of the soil,
causing it to form more large-pore structures during compaction, indirectly increasing the
possibility of preferential flow. Therefore, samples prepared under the transfer wetting
method have lower permeability at the same water content and dry density than those
obtained under the pre-wetting method.
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The permeability of loess is closely linked to the pore channels between its soil par-
ticles. Due to its high water sensitivity, loess undergoes structural changes upon contact
with water, leading to alterations in its permeability [68]. Compaction and water content
are crucial factors that affect the microstructure of compacted loess [69]. In the process of
preparing samples using the pre-wetting method, extensive interactions between water
molecules and soil particles during the particle wetting stage result in the formation of a
thick water film. As clay mineral particles absorb water, they swell and form interconnec-
tions, creating a cohesive aggregate structure. During compaction, large pores visible to the
naked eye are formed, while in the molding process, particles of the aggregate are arranged
in a spaced-out pattern, forming a porous structure (as shown in Figure 13a,c,a’,c’). The
surface structure of the sample is loose, the pore distribution is not uniform, there are more
large pores, and the water-conducting pores are more developed to form a better channel
for seepage. The transfer wetting method sample has low initial water content, less particle
surface cementation material, uniform macro-expression of the particle texture, no obvious
phenomenon, a tight compaction process of particle arrangement, and uniform pore size
formation. Moreover, when the water film transfer method is used to increase the water
content of the sample, the water is endowed with the pore space of the soil body and then
slowly with a combination of particles, and then the physical and chemical changes take
place. Thus, in this process, a sample has been compacted into a certain size of ring knife
sample, and a certain arrangement has been formed between the particles; with a certain
pore structure, water molecules in the process of combining with the soil particles are more
likely to thicken the water film of individual particles and seldom form a large cementing
material so as to produce the agglomerated granular structure, comprising compacted sam-
ples of the pore size distribution of a relatively more centralized, macroscopic performance
of the surface, which is dense, with a slightly greater large-pore size and more developed
medium-sized pores (as shown in Figure 13b,d,b’,d’).
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Figure 13. Characteristics of surface pore density variation for samples prepared using different
methods (Figure (a): P-W20-D1.35, Figure (b): T-W20-D1.35, Figure (c): P-W20-D1.55, Figure (d): T-W20-
D1.55; Figures (a’–d’) show their binarized images).

4.4.2. Cementation Degree and Contact Relation Characteristics of Soil Particles under
Sample Preparation Method

After the experimentation, a meticulous process of curing, polishing, and thin-slice
preparation was undertaken for a specific portion of the sample. Subsequently, the prepared
slices were subjected to observation under a Nikon polarizing microscope, employing a
magnification of 100 times. This carefully chosen magnification not only provided a broad
and comprehensive field of view but also rendered the pores and particle boundaries
remarkably distinct. Moreover, the cementitious materials and aggregates exhibited ex-
cellent discernibility, enabling precise analysis and quantification. The distribution and
aggregation characteristics of skeletal particles, agglomerates, and pores in the sample
are illustrated in Figure 14. Under the pre-wetting method, the sample exhibits a greater
number of large-sized pores, while small-sized pores are interspersed within the larger pore
spaces. The skeletal particles are dispersed randomly, with fine particles bonding to form
larger agglomerates (Figure 14a,c). Under the transfer wetting method, the sample exhibits
fewer large-sized pores, with a predominance of smaller-sized pores. The distribution of
skeletal particles appears more uniform, resulting in the formation of smaller aggregates
(Figure 14b,d).

Loess pores can be classified into two main categories: interparticle pores and bonding
material pores. The former can be further divided into scaffold pores and inlay pores.
The microstructure characteristics of the samples are summarized in Table 4. At low dry
density, the soil structure is loose, and the particle arrangement is scattered, resulting in
high soil porosity. Skeleton particles primarily contact through edges or corners, forming a
framework that supports seven aerial pores, which account for a significant proportion of
the total pore space (as shown in Figure 14a,b). As the compactness increases, soil particles
pack more tightly, with skeleton particles intertwining and stacking together firmly. Particle
contact is mainly through edges or surfaces, creating more inlay pores that exhibit slit-like
shapes and smaller diameters. These pores are typically more stable than scaffold pores.
Fine particles and easily soluble salts often fill the pores among the skeleton particles,
forming some bonds between them. This results in a decrease in the proportion of scaffold
pores and an increase in the ratio of inlay pores and bonding material pores (as shown in
Figure 14c,d).



Water 2023, 15, 3469 18 of 23Water 2023, 15, 3469  19  of  24 
 

 

 

Figure 14. Mineral aggregation characteristics for samples prepared using different methods (Figure 

(a): P-W20-D1.35, Figure (b): T-W20-D1.35, Figure (c): P-W20-D1.55, Figure (d): T-W20-D1.55). 

Table 4. Microstructure characteristics of sample. 

Dry Density 

(g/cm3) 

Microstructure 

Characteristics 
The Pre‐Wetting Method  The Transfer Wetting Method 

1.35 

Particle morphology 

Large particles are scattered and 

fine particles are distributed 

among them 

Large particles are scattered and fine 

particles are partially agglomerated 

Contact relationship 
Overhead contact mainly; angular 

contact is most common 

Mainly overhead contact, followed by 

angular or edge contact 

Pore structure 
Mostly large pores, and mainly 

overhead pores 

Mostly mesoporous pores, and mainly 

overhead pores 

Cementation degree  Micro-cementation  Semi-cementation 

1.55 

Particle morphology 
Large particles are scattered and 

fine particles are clustered 

Large particles are evenly distributed, with 

fine particles interspersed among them 

Contact relationship 
Mainly mosaic contact, followed 

by angular or edge contact 

Mainly mosaic contact, mainly edge 

contact 

Pore structure 
Mostly mesoporous pores, and 

mainly mosaic pores 

Mostly small pores; the cementation pore 

is the main type, folllowed by mosaic pore 

Cementation degree  Partial cementation  Strong cementation 

During  seepage,  low-dry-density  soils  have  larger  pore  diameters  and  higher 

porosity. Once the seepage fluid fills the pores, particles experience buoyancy from the 

pore water pressure. Under hydraulic pressure, the pores in the soil expand and connect 

Figure 14. Mineral aggregation characteristics for samples prepared using different methods
(Figure (a): P-W20-D1.35, Figure (b): T-W20-D1.35, Figure (c): P-W20-D1.55, Figure (d): T-W20-D1.55).

During seepage, low-dry-density soils have larger pore diameters and higher porosity.
Once the seepage fluid fills the pores, particles experience buoyancy from the pore water
pressure. Under hydraulic pressure, the pores in the soil expand and connect with each
other through weak interparticle bonds, forming preferential seepage paths. Long-term
seepage causes soil particles to float, altering their positions within the soil. Larger particles
are pushed together under the hydraulic pressure, further enlarging the preferential seepage
path. Fine particles seep through the soil matrix [70,71] and gradually move upward. Easily
soluble salt particles are carried out of the soil along with the seepage water, increasing
the total porosity of the soil. This leads to more-frequent movement of fine particles
and gradual accumulation of larger particles at the bottom of the soil, blocking the pores
and reducing the soil permeability. This phenomenon causes infiltration subsidence and
structural damage to the soil (as shown in Figure 15a). High-dry-density soils have smaller
pore diameters and lower porosity during seepage. The flow path remains stable, and the
hydraulic pressure does not significantly impact the particle arrangement. The soil can
only establish a stable seepage path by connecting some weakly bonded pores under the
effect of permeation pressure. Over time, salt particles and some weak bonding materials
are eroded by seepage, but the main seepage channels remain stable, and the permeability
remains relatively low and constant (as shown in Figure 15b). Therefore, in engineering
practice, it is recommended to control the compaction degree as much as possible to ensure
that the soil has a high dry density and stable pore structure. This can effectively reduce
the risk of structural damage and soil instability caused by seepage-induced geological
hazards during water seepage.
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Table 4. Microstructure characteristics of sample.

Dry Density (g/cm3)
Microstructure
Characteristics The Pre-Wetting Method The Transfer Wetting Method

1.35

Particle morphology
Large particles are scattered and

fine particles are distributed
among them

Large particles are scattered and
fine particles are partially

agglomerated

Contact relationship Overhead contact mainly; angular
contact is most common

Mainly overhead contact,
followed by angular

or edge contact

Pore structure Mostly large pores, and mainly
overhead pores

Mostly mesoporous pores, and
mainly overhead pores

Cementation degree Micro-cementation Semi-cementation

1.55

Particle morphology Large particles are scattered and
fine particles are clustered

Large particles are evenly
distributed, with fine particles

interspersed among them

Contact relationship Mainly mosaic contact, followed
by angular or edge contact

Mainly mosaic contact, mainly
edge contact

Pore structure Mostly mesoporous pores, and
mainly mosaic pores

Mostly small pores; the
cementation pore is the main type,

folllowed by mosaic pore

Cementation degree Partial cementation Strong cementation
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5. Conclusions

In this study, the influence of sample preparation methods on the permeability of
remolded loess was investigated through falling-head permeability tests. The permeability
coefficients and leachate conductivity of samples prepared using different methods were
measured. The face porosity of the samples was analyzed under a stereomicroscope,
while the pore size and aggregate size were examined using a polarizing microscope. The
changes in the permeability of remolded loess were analyzed by combining macroscopic
experiments and microscopic structural analysis of the samples’ preparation methods.
Based on the experimental results, the mechanisms behind the changes in the permeability
performance of remolded loess were discussed, leading to the following conclusions:

1. The sample preparation method, initial moisture content, and dry density exert a
significant influence on the permeability of remolded loess.

2. Compared to the transfer wetting method, samples prepared by using the pre-
wetting method exhibit poorer homogeneity, particularly noticeable at higher initial mois-
ture contents. Over prolonged permeability tests, the pore structure is prone to alterations,
leading to higher permeability coefficients.

3. Monitoring the total dissolved solids (TDS) in the infiltrating fluid during the
permeation process reveals that soluble salts within the soil progressively leach out with
the infiltrating liquid, thereby impacting both the soil structure and permeability regardless
of the sampling method employed.

4. Comparing the microstructure of the two sample preparation methods, the samples
subjected to the pre-wetting method have a greater number of large pores and an obvious
aggregate structure, which is also the internal factor leading to the difference in permeability
between the two sample preparation methods.

5. While the impact of the sampling method on the permeability of remolded loess
is minimal when the dry density is relatively high (specifically exceeding 1.45 g/cm3),
it is crucial to consider the influence of the sampling method when investigating the
permeability of remolded loess under lower dry density.
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