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Abstract: The uniformity of remolded loess samples prepared in the laboratory directly determines
the reliability of various test results. While many tests have been designed to reflect the properties
of undisturbed loess, there are obvious structural differences between remolded and undisturbed
loess. Therefore, it is of great theoretical and practical significance to explore a non-destructive
evaluation index of the uniformity and structure of loess samples for indoor geotechnical tests. In
this study, the loess from the Malan loess section of the Chanhe River in Xi’an, China, was used as
the experimental material to analyze the uniformity of remolded loess samples in terms of the stress
distribution, stratification range, and sample variance. Based on the test results, the feasibility of
using the air permeability coefficient as an index by which to evaluate the uniformity and structure
of loess samples is investigated for the first time. The results demonstrate that when the overall
height of the sample is fixed, the higher the designed dry density of the sample and the lower the
air permeability of the sample. Moreover, when the designed dry density of the sample is constant,
with the increase in the overall height of the sample, the range of the stratified dry density of the
sample gradually decreases, as does the sample variance. The more uniform the sample, the greater
the air permeability, and under the same conditions, the air permeability of remolded soil is lower
than that of undisturbed loess. SEM images reveal that there is a considerable difference between
the structures of undisturbed and remolded loess samples. Remolded loess is characterized by the
greatly reduced effectiveness of cementation between skeleton particles, which causes its structure
to be weaker than that of undisturbed loess. In this paper, a quantitative index of loess structure
based on air permeability is proposed, and the test results show that the index can adequately reflect
the loess structure. Due to its obvious advantages of non-destructiveness, high efficiency, economy,
convenience, and high speed, it has a unique advantage for the evaluation of the uniformity and
structure of remolded soil samples.

Keywords: Malan loess; air permeability coefficient; laboratory test; uniformity; soil structure

1. Introduction

Loess, the most important aeolian sand deposit in the Quaternary, is a porous medium
system in which soil particles, air, and water coexist [1,2], and its complex material proper-
ties have been an enduring research hotspot in the field of loess engineering geology [3,4].
The indoor tests of loess materials are closely related to all types of engineering construction,
and the laboratory test index is an important basis for the evaluation of human engineering
activities [5].

Uniformity is a key factor that cannot be ignored in laboratory tests, and it is of
far-reaching significance to study the strength, deformation, and stability of loess [6–9].
Mehlich [10] analyzed the effect of soil bulk density on the uniformity of soil samples.
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Kuerbis et al. [11] analyzed the homogeneity of soil samples according to the particle
size distribution and void ratio. Wen and Li [12] used the maximum potential difference
between two carbon steel electrodes at a certain distance from the soil profile as a parameter
by which to evaluate soil uniformity. Jiang et al. [13] used planar porosity to evaluate the
uniformity of samples. Zheng et al. [14] evaluated the homogeneous damage of soil samples
via computer chromatography. Meng and Li [15] used high-precision µCT scanning images
to analyze the homogeneity of remolded loess samples. Although many researchers have
proposed different methods by which to evaluate the uniformity of samples, most methods
are time-consuming, difficult, and expensive, and some methods may inevitably cause
irreversible damage to samples.

One of the most important uses of remolded loess samples is to reflect the properties of
undisturbed loess [16,17]. Wang and Yue [18] found that the microstructure of undisturbed
loess is damaged after disturbance and remolding, and that the change in the dry density
has a great influence on the permeability coefficient, which decreases with the increase
in the dry density. Based on the theory of soil mechanics, Chen et al. [19] carried out
quantitative structural research on remolded and undisturbed saturated loess via triaxial
tests. Wu et al. [20] conducted triaxial tests of undisturbed, saturated, and remolded
loess with the same dry density, introduced the structural parameters into the dynamic
stress–strain relationship of undisturbed loess, and characterized the deformation and
dynamic characteristics of loess under dynamic load. Zhang et al. [21] studied the soil–
water characteristics of Q3 loess, and found that the pore ratio has an obvious influence on
the characteristic soil–water curves of both remolded and undisturbed loess. In the tests
of remolded loess samples, researchers can only control the initial dry density and initial
moisture content, and cannot improve the structural similarity between samples, because
the structure will significantly affect the properties of samples (such as the permeability,
collapsibility, strength, deformation characteristics, etc.). Thus, even if the initial dry density,
initial moisture content, and uniformity are completely the same, the structural differences
between undisturbed and remolded loess will inevitably have a significant impact on the
test results. Therefore, if a quantitative index that can accurately characterize the structure
of loess can be identified, it could quantitatively explain the structural differences between
undisturbed and remolded loess. However, it would also have far-reaching significance for
remolded soil tests aimed at reflecting the nature of undisturbed loess, as this index would
act as a “bridge” between the properties of undisturbed loess and remolded loess.

In view of these factors, this paper puts forward a new method by which to evaluate the
homogeneity and structure of remolded loess samples with an air permeability coefficient.
Based on the air permeability tests of in situ, undisturbed, and remolded loess samples, the
uniformity of the samples is analyzed via a combination of stress distribution, delamination
range, and sample variance. Then, the structural evaluation indexes of loess samples are
obtained via air permeability tests of undisturbed, remolded, and undisturbed saturated
loess. This method is non-destructive, efficient, economic, convenient, and fast; thus, it has
a broad application potential.

2. Test Principle and Scheme
2.1. Test Materials

The undisturbed loess used in the experiment was sampled from the Q3 Malan loess
on the loess plateau of the Chanhe third terrace in the eastern region of Xi’an, China,
which is a clay loess zone (Figure 1). The basic physical indexes were measured by particle
analysis and liquid plastic limit tests, and the data were obtained by indoor compaction
tests (Table 1). The compaction curve according to the national geotechnical test standard
(GB/SL 237-1999) is presented in Figure 2a [15]. The optimal moisture content of the loess
used in this study is 17.49%, and the corresponding maximum dry density is 1.724 g/cm3.
The particle size distribution curve and particle size grading accumulation curve of loess
samples were measured using a Bettersize2000 laser particle size analyzer (Figure 2b).
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Figure 1. (a) The loess distribution map of China and (b) the geological map of the loess plateau.
(c) Sample preparation process and pictures of the test instrument.

Table 1. The physical properties of the experimental soils.

Depth (m) Gs W (%) Wl (%) Wp (%) ρd (g/cm3)
Particle Size Composition (%)

>0.075 mm 0.075–0.005 mm <0.005 mm

2 2.47 14.80 27.30 16.10 1.30 4.47 77.09 18.44
4 2.70 16.92 29.12 17.50 1.41 2.78 73.06 24.16
6 2.58 17.10 26.90 17.30 1.47 2.94 79.34 17.72
8 3.24 17.50 28.70 17.80 1.58 2.65 76.52 20.83
10 3.72 17.70 30.40 18.20 1.65 2.24 72.47 25.29
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Figure 2. (a) The compaction curve of Malan loess in the Chanhe section. (b) The particle size
distribution curve and particle size grading accumulation curve.

2.2. Test Scheme

The air permeability measurement device used in this experiment was an improvement
of the ZC-5 air permeability meter (Figure 3) [22,23]. To meet the requirements of the loess
permeability measurement range, a vacuum chamber (10,000 mL) was added [24]. Besides,
the pressure measurement and control system (the infrared photoelectric measurement
module) were improved for a better accuracy and reduced test duration.
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Figure 3. Schematic diagram of the transient device for the measurement of the soil vacuum attenua-
tion permeability rate: (a) the host of the portable vacuum attenuation permeability meter; and (b) the
main structure of the vacuum attenuator (including an external air chamber, in situ measurement
probe, and indoor measurement sample cylinder). (c) Pictures of the test instrument.

The device consists of two kinds of test probes, one of which is a hermetic cover used
for in situ tests (the inner radius of the contact probe and the outer radius of the sealing
area are 3 and 8 cm, respectively), and the other is a test tube with a sealed base for indoor
tests (the base and the test tube are detachable and replaceable) (Figure 3b). For the two
kinds of probes, one end of the sample is open to the atmosphere, the valve is closed at
the probe, the vacuum pump is used to form negative pressure in the air chamber (the
buffer chamber and gas cylinder), and the valve is opened during the test; thus, air can
only enter the air chamber after the sample has been tested. The intelligent measurement
and control system are connected to a pressure sensor (the pressure gauge of the infrared
photoelectric measurement module) to continuously monitor the negative pressure in the
vacuum system.

In situ tests were carried out at depths of 2, 4, 6, 8, and 10 m from the surface of the
Xi’an loess profile, and soil samples were taken manually. Undisturbed soil samples with
different depths were cut into cylindrical samples with a diameter and height of 8 cm,
and then fixed in the sample cylinder, the wall of which was sealed with sealant. The
operation procedure of the indoor test was the same as that of the in situ measurement. In
undisturbed loess laboratory tests, the effect of size is not significant and can be ignored [25].
Undisturbed soil samples for the air permeability test were first vacuumed for 1 h in a
vacuum saturator, and were then soaked in deionized water for 10 h. The gas leakage was
measured immediately after removal. Considering the sidewall leakage of gas, attention
should be paid to the phenomenon of “gas slippage”. Therefore, a layer of Vaseline was
applied around the ring knife to act as a sealant [26].

During the preparation of remolded samples, undisturbed Malan loess samples from
Xi’an were dried, crushed, and screened (0.5 mm), and loess samples with moisture contents
of 11.50%, 13.50%, 15.50%, 17.50%, and 19.50% were prepared with deionized water. After
mixing, samples were placed in a moisturizing dish for 48 h to ensure a uniform moisture
content. During the test, five groups of undisturbed soil samples with the same dry
densities as those of undisturbed soil samples were prepared, and the dry densities were
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1.30, 1.41, 1.47, 1.58, and 1.65 g/cm3, respectively. The compaction method was used to
improve the sample uniformity [15,27]. The sample cylinder used in the air permeability
test was a special rigid ring cutter with a diameter of 8 cm [23,24].

In the uniformity test, the moisture content of the control sample was consistent with
the optimal moisture content of soil sample at the depth of 4 m (approximately 17.50%),
and the dry densities were 1.3, 1.4, and 1.5 g/cm3, respectively. The overall heights of
the samples were 8, 10, 12, 14, and 16 cm, respectively, and the diameter of the rigid ring
cutter was 8 cm. To study the change in the dry density of the sample, the entire sample
was layered and the change in the dry density of each layer was recorded. After the air
permeability test, the prepared sample was stratified every 0.5 cm, i.e., the first 0.5 cm was
the first layer, the sum of the first and second 0.5 cm was the second layer, etc. The 8 cm
sample was divided into 16 layers from top to bottom, and the dry density of each layer
was measured by drying and weighing. The change in the dry density distribution was
obtained by using the stratification index to evaluate the uniformity of the soil sample.
Moreover, to clearly understand the internal structures of undisturbed and remolded loess
and explore the influences of the internal microstructures on the structures, samples of the
loess injection grinding plate were also prepared, and images were collected by using a
Quanta FEG scanning electron microscope (SEM).

2.3. Calculation Formula of the Air Permeability Coefficient

The air permeability ka was calculated based on the following one-dimensional tran-
sient air permeability model of soil [28,29]:

ka =
µaZV
APatm

·S (1)

where ka is the air permeability (m2), µa is the dynamic viscosity of air (µa = 1.81 × 105 Pa·s
at 20 ◦C and 1 atm), A = π·r2

e is the cross-sectional area of air (m2), re and Z are the radius
and height of the cylindrical sample (m), respectively, V is the total volume, including the
pipe volume of the upstream outflow end of the probe penetrator (V = 3549.5 cm3), and Patm

is the standard atmospheric pressure (101.325 kPa). Moreover, S = 1
t−t0

ln
[

Patm+Pt
Patm−Pt

Patm−P0
Patm+P0

]
is the slope of the logarithmic pressure function f(t) = ln

[
Patm+Pt
Patm−Pt

Patm−P0
Patm+P0

]
and time t, where

P0 is the pressure of the vacuum air chamber when t = t0, i.e, the initial pressure (Pa), and
Pt is the pressure of the vacuum air chamber at time t (Pa) [30,31].

3. Results and Mechanism Analysis
3.1. Uniformity Analysis of Remolded Specimens
3.1.1. Influence of the Sample Height on Uniformity

Figure 4 exhibits the variations in the layered dry densities of samples with overall
heights from 8 to 16 cm under different designed dry densities. When the designed dry
density and moisture content were fixed, the stratified dry density of the sample was found
to decrease with the increase in the stratified thickness. The smaller the delamination
thickness, the closer it is to the top of the sample; when the layer thickness is small, the
dry density of the sample is larger than the designed dry density. With the increase in the
overall height of the sample, the layered dry density curve tended to be flat and close to
the designed dry density. At this time, the overall change in the remolded sample was
represented by the upper part being denser than the lower part. The reason may be that
with a higher sample height under the same dry density, the arrangement of soil particle
aggregates yields during compaction, and there are greater the number of particles in the
same volume of soil, resulting in a reduction in the number of pores. At the same time, the
space where water can exist is reduced, and the channels through which water and air can
move become smaller [32]. A small number of through-pores are gradually blocked with
the increase in the delamination height of the sample, resulting in the gradual stabilization
of the dry density and better uniformity.
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3.1.2. Stress Distribution Analysis of Sample Uniformity

The stress distribution during sample preparation is presented in Figure 5. The upper
part of the compacted sample was in contact with the pressure column of the mold under
the action of pressure. With the transfer of pressure from top to bottom, the higher the
sample height and the longer the transfer distance, the lower the dry density of the lower
part of the soil. Moreover, the closer the layered dry density to the designed dry density, the
smoother the curve trend. This is related to the upper limit of the dry density of samples
prepared by the indoor sample preparation instrument. As the dry density of the sample
becomes closer to this upper limit, it becomes more difficult for the force exerted by the
compaction column to compact the soil sample. At this time, the less force consumed by
the top of the soil sample, the more force transferred to the bottom, the denser the bottom,
and the closer to the upper limit of dry density. Finally, the dry density of each part of the
soil sample reaches the upper limit, the cohesion and internal friction angle of soil sample
increase with the increase in the dry density [33], and the sample is more uniform.
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3.1.3. Analysis of Sample Uniformity via the Range Method

Based on the stress distribution, the uniformity of soil samples in the middle and
bottom was better than that in the upper part of the sample. Samples with different overall
heights under the same designed dry density and the same moisture content were prepared.
The upper soil of each sample was then removed, and samples of 6 cm in the middle and
lower parts were taken for testing (that is, the sample was stratified by 0.5 cm, and divided
into 12 layers from top to bottom). The maximum difference of the layered dry density
(i.e., the range) of each part was measured, as reported in Table 2, and the range of variation
is presented in Figure 6. The results demonstrate that with the increase in the overall height
of the sample, the range of the dry density of the stratified sample gradually decreased,
and the uniformity of the sample increased with the increase in the number of layers. By
changing the overall height of the sample, the lower part of the sample can be taken, which
can effectively avoid the sampling of the denser part and leave a more uniform soil sample.
Under the effect of compaction, loess particles are cemented and a skeleton is formed, and
the cohesion and internal friction angle reach stable values. At this time, the pores between
particles are not simply compressed, but it is more likely that the skeleton changes and soil
particles slide, which increases the density and uniformity of the soil [15].
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Table 2. The range of the dry densities of the stratified samples.

Designed Dry Density of
the Sample ρd (g/cm3)

Overall Height h of the Prepared Sample (cm)

8 10 12 14 16

1.5 0.134450 0.110383 0.087022 0.059050 0.032733
1.4 0.107363 0.097991 0.053462 0.039350 0.028700
1.3 0.080375 0.073550 0.036197 0.029375 0.018952
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It can also be seen from Figure 6 that with the increase in the overall height of the
sample, the differences in the range of the dry densities of the stratified samples with
different designed dry densities gradually become stable. This can effectively explain the
finding that with the increase in the overall height of the sample, the external force required
by the soil sample increased, while the consumption of the top soil sample decreased after
using a certain amount of force. Moreover, the force transferred to the bottom increased,
resulting in more uniform stress on the whole sample and a more uniform stress distribution,
which made the soil sample more uniform. This may also be due to the changes in the
relative positions of water and air in the soil structure formed by remolded soil and matrix
suction. With the increase in height, the more uniform the sample, the more uniform the
particle arrangement, the closer the skeleton particles, the more diverse the structural units,
and the more stable the porosity and permeability.

3.1.4. Analysis of Sample Uniformity via the Discrete Element Method

To characterize the uniformity of samples, the variance of the dry density of samples
was introduced for analysis. Variance is the degree of deviation between a set of measure-
ments and its average, which represents a measure of sample uniformity. The following
formula was used in this study:

σ2 =
1
n ∑

{
[ ρd(hx)− ρd(hx) ]

2
}

(2)

where σ2 represents the sample variance, ρd(hx) is the dry density value of a certain layer
(such as the dry density of the first layer), where x = 1, 2, 3 . . . n, n is the number of layers in
the sample (for example, n = 16 in the 8 cm sample), and ρd(hx) is the average dry density
of the sample (i.e., the designed dry density).

As can be seen from the results reported in Table 3, all 15 samples exhibited a
certain degree of inconsistency (σ2 > 0). The sample variance was the highest when
ρd(hx) = 1.5 g/cm3, and it was the lowest when ρd(hx) = 1.3 g/cm3. At the same height,
the higher the dry density, the greater the variance, and the lower the uniformity of the
sample. Based on the sample variance diagram presented in Figure 7, it can be concluded



Appl. Sci. 2022, 12, 9412 9 of 18

that under the same dry density, the greater the height, the smaller the variance, and the
lower the dispersion of the sample, that is, the more stable the variation in the sample
difference, and the better the uniformity of the sample. This demonstrates that the sample
variance reflects the dispersion and uniformity of the sample; the variance has a certain
positive correlation with the dry density of the sample and a stable inverse correlation with
the height of the specimen.

Table 3. The variance in the dry densities of the stratified samples.

Designed Dry Density of the
Sample ρd (g/cm3)

Overall Height h of the Prepared Sample (cm)

8 10 12 14 16

1.5 2.83 × 10−3 2.60 × 10−3 2.21 × 10−3 1.82 × 10−3 1.31 × 10−3

1.4 2.17 × 10−3 1.91 × 10−3 1.64 × 10−3 1.56 × 10−3 1.25 × 10−3

1.3 1.94 × 10−3 1.63 × 10−3 1.59 × 10−3 1.50 × 10−3 1.11 × 10−3
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3.2. Analysis of the Air Permeability of In Situ, Undisturbed, and Remolded Loess Samples

Figure 8 compares the results of the contact in situ air permeation test and undisturbed
indoor air permeation test. At the depths of 2 and 4 m in the test site in Xi’an, the air per-
meability values of the in situ contact samples were 1.1832 × 10−12 and 9.0319 × 10−13 m2,
respectively, while the values for the indoor undisturbed samples at the same depths were
1.3025 × 10−12 and 9.9136 × 10−13 m2, respectively, thereby presenting respective increases
of 1.1008 and 1.0976 times. Good correspondence was found between the in situ and
indoor air permeability test results, and the air permeability of indoor samples was slightly
higher than that of in situ samples. At the depths of 6, 8, and 10 m, the air permeability of
undisturbed soil was slightly less than that determined by the in situ test. Moreover, the air
permeability was found to decrease with the increase in depth, i.e., the air permeability of
surface soil was better than that of deep soil. This is the result of the years-long geological
process of loess; from the loose accumulation of the surface layer to the repeated deposition
of the inner layer, pores became relatively denser, the connecting force between skeleton
particles was enhanced, and soil tended to be more uniform. Compared with the indoor
measurement method, the in situ test has the advantage of undisturbed formation and can
better reflect the actual formation situation [34].

Figure 9 presents the variation curves of the air permeability coefficients of remolded
loess samples with different overall heights and designed dry densities. It can be seen from
the figure that, with the increase in the height of the remolded sample, the air permeability
coefficient was found to gradually increase, i.e., with the increase in the overall height of
the sample, the sample tended to be more uniform, and the more uniform the soil sample,
the greater the air permeability coefficient. The pores of remolded soil are occupied by soil,
water, and air, and due to the differences in interfacial tension, air always occupies large
pores with priority, while water occupies small pores or pore throats with priority [35].
The more uniform the sample, the shorter the time taken for air to pass through soil,
and the greater the air permeability coefficient. Furthermore, when the dry density and
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water content of the remolded soil sample are low, soil is loose, soil with a low water
content has more pores, the pore distribution is more uniform, the actual airflow path is
more tortuous, the air permeability is higher [36,37], and the uniformity of the sample is
obviously improved.
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3.3. Quantitative Index of Loess Structure Based on Air Permeability

The remolding process of soil consists of the reconstruction of its structure. The
structure of remolded soil is quite different under different moisture contents. Under
compaction, the soil particles in remolded loess are randomly arranged, the pores in soil
are relatively uniform, and the structure and degree of cementation are relatively poor as
compared with those of undisturbed soil. The moisture content and dry density have a
certain impact on remolded loess. As indicated by the w-log k curves presented in Figure 10,
when ρd < 1.58 g/cm3, the air permeability of the soil sample was found to first increase
and then decrease with the increase in the water content. When the water content w was
less than the optimal water content of 17.5%, the air permeability was found to increase.
However, when w > 17.5%, the air permeability was found to decrease rapidly. When the
dry density ρd ≥ 1.58 g/cm3, the air permeability of remolded loess was found to decrease
slowly with the increase in the water content.
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With the increase in the buried depth of undisturbed air-dried loess, the overlying
load of the soil increases, which results in particle compaction, a significant decrease in the
numbers of macropores and mesopores, and an increase in the number of small holes and
micropores. Macropores and mesopores play a leading role in the process of air infiltra-
tion [23]. The variation in the grain composition of Malan loess with changes in the buried
depth was found to cause the air permeability parameters to decrease with the increase
in the buried depth (Figure 11). From the comparison of the air permeability of the undis-
turbed and remolded loess samples presented in Figure 11, it can be seen that, under the
condition of the same water content and dry density, the air permeability of the remolded
loess samples was lower than that of undisturbed loess, and when ρd > 1.58 g/cm3, the air
permeability coefficient of remolded loess decreased more obviously. This is consistent
with Zhu’s research, suggesting that the process of soil reconstruction by a given method
is that the macropores in soil are filled, that is, the metastable structure could be further
gradually weakened by the addition of silt particles [9]. The larger the dry density, the
denser the remolded soil, the more soil skeleton particles per unit volume, the less effective
the pores in terms of air permeability, the smaller the air permeability coefficient, and the
more uniform the remolded structure. Because the macropores of the undisturbed samples
were filled with water in the process of vacuum saturation, the effective permeability of
the pores that facilitated the passage of air were reduced and the structure was relatively
dense, so the measured air permeability coefficient of the undisturbed saturated samples
was much smaller than that of the remolded samples.

Because the measurement of the air permeability coefficient is highly economical,
convenient, and time-saving, a quantitative index of the loess structure based on air
permeability is subsequently proposed. Another clear benefit of this definition is to create a
dimensionless physical descriptor for future and further comparisons.

mk =
m1

m2
=

ko/kr

ks/ko
=

(ko)
2

kr·ks
(3)

In Equation (3), mk is defined as the structural index of loess based on air permeability,
m1 reflects the variability of the loess structure, which is positively correlated with m1, m2
reflects the structural stability of loess, which is negatively correlated with m2 [38,39], ko is
the air permeability coefficient of undisturbed loess, kr is the air permeability coefficient of
remolded loess, and ks is the air permeability coefficient of undisturbed saturated loess.
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Figure 11. The air permeability of undisturbed, undisturbed saturated, and remolded loess samples
(the dry density and moisture content of the remolded loess samples were consistent with those of
the undisturbed loess samples).

The dry density of loess at different depths varies, as does the corresponding structure
and the texture index. The measured data are presented in Figure 12. When the dry density
was ρd < 1.58 g/cm3, the air permeability and structural texture index mk of the remolded
loess were found to first decrease and then increase with the increase in the moisture
content. When the dry density was ρd ≥ 1.58 g/cm3, mk was found to increase with the
increase in the moisture content of the remolded loess, and the range of the increase in
mk varied with the dry density. The texture index of remolded loess was found to be
different from that of undisturbed loess, and it also varied with the increase in depth in the
same section. This internal reasoning is as follows: the greater the depth, the greater the
overburden weight, the longer the sedimentation time, the fuller the consolidation, and the
stronger the structure.
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In the process of various disturbances, the structure of loess changes, the strength of
the soil decreases, and the structural potential of loess is released [40,41]. The stronger
the initial connection of undisturbed loess, the denser the internal structure of the soil,
and the smaller the air permeability coefficient ko. Moreover, the greater the strength
loss of remolded loess, the smaller the air permeability coefficient kr with the increase in
the dry density, and the greater the soil structural parameters. The greater the structural
damage of saturated undisturbed loess, the greater the strength loss, the more obvious
the attenuation of the soil structure, the smaller the air permeability coefficient ks and the
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larger the soil structural parameters. Throughout the remodeling process, the structure
of the original sample is gradually lost, and a secondary structure is gradually generated.
With the gradual loss of structural strength, the structure reflected by this parameter also
changes [3]. Meanwhile, undisturbed loess and remolded loess have a similar pore size
distribution [42]. In undisturbed loess, the particles come into point-to-point contact with
adjacent particles through cementation bonds, with abundant pores [43]. However, there
are few cementitious materials in remolded loess [44], and the cohesion (c) is slightly lower
than that in undisturbed loess [43]. The sample forms a chain arrangement structure, the
grains are mainly in point-to-face and face-to-face contact, the pores become smaller, and
the ventilation channel becomes narrower. Therefore, for undisturbed loess and remolded
loess with complex structure and pores, it is reasonable to explore structure using the air
permeability test [30].

3.4. Structural Differences between Undisturbed and Remolded Loess Based on SEM Images

The special microstructure of loess consists of three parts: structural unit (single min-
eral and aggregate), pore (macropore, overhead pore, and intergranular pore), and effective
cement (clay) [45].The air permeability of soil is affected by the soil type, texture [46], buried
depth, and compactness, and is especially impacted by the soil structure [47,48].

In the process of the deposition and consolidation of undisturbed loess, the aggregates
of soil particles are mostly spatially oriented, which is significantly different from the
structure of remolded soil. By comparing the microstructures of undisturbed and remolded
loess via SEM images (Figure 13a,b), it was found that when the dry density and moisture
content were the same, the undisturbed loess had a macropore skeleton structure, there
was clastic cementation at the contact points between particles, the pore distribution was
uneven, macropores were clustered, the pores were interconnected, and most of them
were through-macropores and through-mesopores. The particles of the remolded samples
were compactly arranged, and the skeleton particles and fine particles formed aggregates.
The pore distribution was uniform, and most were dispersed and broken micropores and
small pores.

Figure 13(a-1) shows an undisturbed loess sample. In its single mineral particle
or aggregate structure, particles are mainly in point-to-point contact. Figure 13(a-2) is
the conceptual diagram of particle contact. Most particles are arranged randomly, and
the surrounding particles are filled with clastic effective cement; Figure 13(b-1) reflects
the dense particle distribution of remolded loess, and pores between mineral particles
are significantly reduced. Due to the change in structure, the structural unit changes
from single mineral particles to aggregate structure, particles change from point-to-point
contact to point-to-face and face-to-face contact, and the structure tends to be more stable
Figure 13(b-2).

Undisturbed loess has a skeleton composed of soil and aggregate particles, and there
are many pores between skeletons. The fundamental reason why loess loses its original
stability is that the structural units between loess particles are destroyed. Remolded soil
samples are characterized by the destruction of joints, fissures, and aggregates in undis-
turbed soil, thereby forming a relatively uniform small pore structure [37]. Disturbances
can destroy the connections and stable spatial arrangement of soil, and can release the struc-
tural potential of cementation between soil particles. When the soil skeleton is compacted,
the weak cemented and unstable parts are destroyed first, and the secondary cemented and
stable parts gradually take effect. They eventually change not only the arrangement, but
also the pore connection characteristics of soil particles [3,40]. The influence of disturbance
on soil is represented by the change in the micro- and macrostructures, including the
pore geometry, aggregate size distribution, and aggregate stability [49]. Compared with
undisturbed soil, remolded soil has better gradation, particles are uniform in size and
arranged in a more orderly fashion, the cementation between particles is strengthened, and
small particles fill the pores between large particles. When the pores become smaller, the
connections between skeleton particles and colloid clay components are closer, thereby
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forming a more stable structure, and soil has better uniformity. These factors increase the
length and decrease the width of the passages in which air moves through soil, which
increases the time taken for air to permeate. This verifies that the air permeability rate of
remolded soil is lower than that of undisturbed loess.
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Figure 13. SEM images of (a) undisturbed and (b) remolded loess and concept diagrams of particle contact.

3.5. The Geological Origin of the Structural Differences between Undisturbed and Remolded Loess

The structural differences between undisturbed and remolded loess are due to their
different growth histories. Undisturbed loess has experienced a long geological history, in
which countless drying/wetting cycles have occurred. This repeated history of increasing
and decreasing moisture is bound to have an important impact on the distribution of clay
particles, colloidal particles, and even soluble salts in loess. The microscopic mechanism of
this process is presented in Figure 14. The “adhesive bridge” effect of cementation between
loess skeleton particles is enhanced, and the surfaces of the mineral crystal particles of the
skeleton, which forms the main part of the pore wall, are smoother, thereby weakening
the viscous force of seepage through pores. For remolded loess samples, the distribution
of clay particles returns to randomness (just like the random distribution of clay particles
when loess is newly deposited) due to the screening, grinding, humidification, and other
occurrences during the sample preparation process. Therefore, the distribution of clay
particles around the skeleton minerals in remolded loess is not uniform, and the strength
of the new “adhesive bridge” is relatively weak. On the other hand, due to the random
distribution of the clay coat, the surfaces of the mineral crystals of the skeleton, which is
the main component of the pore wall, are relatively rough, so they exert a strong viscous
force on the seepage through the pores.
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Figure 14. The conceptual model of the effect of drying/wetting cycles on the distribution of effective
cementation between loess skeleton particles.

There are substantial differences between the structures of undisturbed and remolded
loess samples. The reason for this is that undisturbed loess has experienced countless
drying/wetting cycles during the process of soil formation after deposition. During these
cycles, the redistribution of clay, colloidal particles, and soluble salt ions increases the
effectiveness of the cementation between loess skeleton particles, thereby endowing the
loess with a strong structure. However, remolded loess is characterized by the reduced
effectiveness of cementation between skeleton particles, which causes its structure to be
weaker than that of undisturbed loess.

Clay migration also plays a very important role in the process of loess soil formation.
To a certain extent, clay migration has two effects (Figure 15 [50]). First, for particles with
surface defects, the colloid clay component preferentially fills pores between the skeleton
particles and the connected areas of finer particles via selective filling. Second, for flat and
smooth particles, the colloidal components of clay tend to adsorb on the flat or concave
surfaces of skeleton particles. The filling and adsorption effects can round the edges of
loess skeleton particles, increase the particle size, slow the migration rate of clay particles,
and improve the connection between skeleton particles and colloid clay components,
thereby forming a more stable structure. These reasons explain why the cohesion and
permeability coefficient of undisturbed loess are greater than those of remolded loess,
which has been confirmed by many studies [51,52]. The structural differences between
undisturbed and remolded loess can also affect their permeability coefficients [53,54], as
shown in Figures 8–12.
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4. Conclusions

This paper proposed a new method by which to evaluate the homogeneity and struc-
ture of remolded loess samples based on the air permeability coefficient. The conclusions
are as follows:

1. When the moisture content is fixed, the delamination dry density of remolded samples
changes with the designed dry density and the overall height of the sample.

2. With the increase in sample height, the air permeability coefficient of the sample
gradually increases, which indicates that the sample tends to be more uniform with
the increase in the overall sample height. The more uniform the soil sample, the
greater the air permeability coefficient of the remolded sample.

3. When the dry density was ρd < 1.58 g/cm3, the air permeability and structural texture
index mk of remolded loess were found to first decrease and then increase with the
increase in moisture content; when ρd ≥ 1.58 g/cm3, mk was found to increase with
the increase in the moisture content of remolded loess, and the range of the increase
in mk was found to vary with dry density.

4. Combined with the microscopic scanning electron microscope images, it was revealed
that the redistribution of clay, colloidal particles, and soluble salt ions in undisturbed
loess during countless drying/wetting cycles endows the loess with a strong structure.
However, remolded loess is characterized by the greatly reduced effectiveness of
cementation between skeleton particles, which causes its structure to be weaker than
that of undisturbed loess.

In summary, the air permeability coefficient is demonstrated to be a powerful tool in
evaluating the homogeneity and structure of remolded loess samples, with good application
prospects. However, compared with the visual damage of the water permeability test, there
are still many variables that cannot be controlled independently. For example, since the
undisturbed loess has a more open pore structure, the results of the air permeability test are
related to the number and connectivity of effective pores in the soil. This test may therefore
have certain limitations in determining microstructure information using macrophysical
indicators. This will require us to introduce other influencing factors in future research for
in-depth analysis and verification.
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