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Abstract: The precision and reliability of test findings are closely related to the uniformity of remolded
loess samples. Although many methods to evaluate the uniformity of remolded loess have been
proposed, they have not been widely accepted, due to the many defects. Therefore, it is necessary to
explore the evaluation method and index of the uniformity of remolded loess samples in laboratory
tests. In this paper, variations in shear strength and microscopic properties along the sample height
were examined using the direct shear test and scanning electron microscopy (SEM) test. The feasibility
and reliability of employing shear strength as an indicator to assess the uniformity of remolded
loess samples were confirmed based on the test results. The results showed that the shear strength
and shear strength parameters decreased from top to bottom along the sample height, and that the
difference in the shear strength and shear strength parameters between the top and the bottom of
remolded loess samples increased with the increase in the sample height. The variation tendency
of the shear strength and shear strength parameters altered when the height-diameter (H/D) ratio
exceeded 0.97. The SEM test results revealed that as the sample height increased, the disparity in
microstructure and pore distribution in various portions of remolded loess samples became more
apparent. The effect of sample height on the uniformity of remolded loess samples was mostly
attributable to the variation in coating thickness and the content of clay particles on the surface of
coarse particles, induced by a reduction in compactness from the top to the bottom of samples. The
coefficient for evaluating the uniformity of the remolded loess sample was defined as the ratio of
the shear strength at the top to that at the bottom of the remolded sample, and 0.8 was chosen as the
threshold value. The shear strength reflected the uniformity of remolded loess samples as accurately
as the microscopic test parameters. Furthermore, the direct shear test is the most classic and widely
used laboratory test, with a low cost, easy accessibility, short test cycle, simple data processing and
low environmental requirements, which provides another feasible method to evaluate the uniformity
of remolded loess.

Keywords: uniformity; remolded loess; shear test; SEM test; shear strength; uniformity coefficient

1. Introduction

Loess is a predominantly silt-sized clastic sediment with visible pores formed by the
accumulation of wind-blown dust that covers approximately 10% of Earth’s land area. In
China, the Loess Plateau accounts for 6.44% of land area and 45% of Shaanxi Province [1-4].
As a kind of building material, its special mechanical properties have always been the focus
of geotechnical engineering [5-9]. The laboratory test of remolded loess is a prerequisite to
engineering operations, and the laboratory test index is a key reference for engineering.

The uniformity influences the laboratory test index by affecting the microstructure of
the soil [6], which has direct effects on the safety and reliability of engineering [10,11]. In
this context, researchers exerted considerable effort to improve the uniformity of remolded
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samples [12-14]. However, regardless of the procedure used, the heterogeneity of the
remolded sample could not be prevented [12-17]. Therefore, researchers redirected their
attention to developing techniques for evaluating the uniformity of remolded samples.
Table 1 summarizes the methods or tests for evaluating soil uniformity. Mehlich [18]
examined the uniformity of the samples by measuring the volumetric weight of the soil and
determined that the height-diameter (H/D) ratio should not exceed 0.4. Meshram et al. [19]
established the empirical correlation of in situ density estimation of subgrade materials,
based on the penetration rate and moisture content obtained from the dynamic conical
penetrator test, to evaluate the uniformity of soil. Bradshaw [20] used the density of
the whole sample as an index to evaluate the uniformity. Jung et al. [11] investigated
the uniformity of the roadbed based on the bearing ratio of California. Zhang et al. [21]
evaluated the uniformity of artificial loess and natural loess using the compression modulus
and demonstrated that in the vertical direction, the uniformity of artificial loess was
larger than that of natural loess, while the converse was true in the horizontal direction.
Although the above methods can directly obtain the index to evaluate the homogeneity of
the sample, they cannot reflect how the homogeneity changes in the sample, either from
the whole or the local. In addition, the methods are inevitably disturbed by external factors
(such as temperature and water evaporation) and human factors (such as the extrusion of
adjacent soil when cutting the sample). Consequently, the effectiveness and precision of
the uniformity assessment approach are highlighted. Xue [22] used the air permeability
rate as an index to evaluate soil uniformity and concluded that the uniformity of samples
increased with their height and degree of compaction. Bellotti et al. [23] used the local
relative density value to evaluate the sample uniformity based on the test correlation
between dry sand and thermal conductivity. Reza et al. [24] studied the influence of various
cone-falling parameters (cone angle, diameter, overload, and cone surface roughness)
on the liquid limit of the sample, and found that the uniformity of the sample could be
evaluated by the drop weight depth. The aforementioned methods have the benefits
of a short testing period and straightforward operation, but the results of parallel tests
frequently reveal differences and require sophisticated experimental environments. With
the development of science and technology, it is possible to study uniformity from the
microscopic perspective. The available methods include scanning electron microscopy
(SEM) [1,6,25], mercury intrusion porosimetry (MIP) [26], and computed tomography
(CT) [4]. By acquiring objective microscopic metrics, these methods may more precisely
assess the homogeneity of soil. Unfortunately, these methods are often time-consuming
and costly, and have some drawbacks in the identification of the interface between soil
particles and pores. Therefore, the development of a method to evaluate the uniformity of
the sample that is cheap and easy to apply, with a short test period and accurate and reliable
results, is the key to ensure the accuracy of the test results and the safety and reliability of
the building. In the realm of geotechnical engineering, soil failure was often referred to
as shear failure [2,27,28]. Not only are shear strength and strength parameters (internal
cohesion ¢ and internal friction angle) a representation of the mechanical properties of soil,
but they are also the fundamental indices of engineering design [7,29,30]. In addition, the
direct shear instrument was widely used in engineering activities due to its low cost (a
brand new Z]J strain-controlled direct shear instrument costs no more than USD 3000), easy
operation, rapid data processing (the whole test took less than 10 min to conduct), and
reliable test data [31]. Of course, the direct shear test also has some defects, such as the
prescribed shear surface and inability to control the drainage conditions strictly.

In this study, the direct shear test was carried out on specimens cut from remolded
loess samples with heights of 2~10 cm in layers to verify the feasibility of evaluating the
uniformity of remolded loess samples by shear strength. The scanning electron microscopy
(SEM) tests were carried out on the remolded loess specimens and their shear planes in
order to analyze the changes of microstructure and pore distribution along the sample
height, and thus verify the accuracy of evaluating the uniformity of remolded loess samples
by shear strength. In addition, the coefficient to evaluate the homogeneity of remolded
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loess was defined based on the shear strength. The direct shear test has the advantages of
low cost, short cycle, simple operation, wide application, and accurate test results, which
provides another feasible method for evaluating the uniformity of remolded loess samples.

Table 1. Summary of methods or tests for evaluating the uniformity of soil sample.

Author Test or Method
Mehlich [18] Measuring the volumetric weight of the soil
Meshram et al. [19] Dynamic conical penetrator test
Bradshaw [20] Measuring the density of the whole sample
Jung et al. [11] California bearing ratio test
Zhang et al. [21] Confined compression test
Xue [22] Air permeability test
Bellotti et al. [23] Thermal probe method
Reza et al. [24] Fall cone test
Li et al. and Wang et al. [1,6,25] Scanning electron microscopy (SEM)
Yu et al. [26] Mercury intrusion porosimetry test (MIP)
Wang et al. [4] computed tomography (CT)

2. Materials and Methods
2.1. Materials

The loess soil used in this paper was taken from a typical loess section in Xi’an,
China. The sampling depth was 5 m below the surface and the disturbance to the soil was
minimized during sampling. The basic physical indexes and compression curves of the
samples are shown in Table 2 and Figure 1, respectively. The moisture content and dry
density used in this paper are the optimal moisture content (17.2%) and the corresponding
maximum dry density (1.72 g/cm?3).

Table 2. Physical properties of the test sample.
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Figure 1. The compaction curve of loess used in this study.
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2.2. Direct Shear Specimens Preparation and Direct Shear Test

The natural loess samples were dried in an oven at 105 °C for more than 24 h, then
crushed and sieved with a 2 mm sieve. The water was sprayed on the soil with a watering
can and mixed to form a soil-water mixture, then the mixture was weighed until the target
moisture content was reached. Subsequently, the mixture was sealed in a plastic bag for
more than 24 h to make the moisture fully uniform.

The remolded loess samples were prepared by a one-time static pressing method using
a self-made hydraulic sample preparation instrument (Figure 2a). The instrument consists
of four parts: frame; hydraulic jack; sample mold (the inner diameter of which is 6.18 cm);
and pressure hammer. The sample preparation process was as follows: The oil valve of
the jack was first tightened and the hammer was fixed in the groove of the top slab, and
the mold was placed on the jack tray to align the axes of the press hammer, mold, and
piston rod. The mixture was then added to the mold and compressed to its maximum dry
density by shaking the hand lever to make the piston rod move upward. The height and
dry density of the remolded sample can be controlled by the length of the pressure hammer
entering the mold and the mass of the mixture added. Finally, the oil valve was released
and the remolded sample was removed from the mold (Figure 2b). The specimens used
for the direct shear test were cut alternately along the sample height with a thickness of
2 cm, to reduce the disturbance to the nearby soil, and labelled with the sample height and
the number of layers (Figure 2c). For example, 4-2 represents the specimen taken from the
second layer of the remolded sample with a height of 4 cm. The specimens were sealed in
plastic bags and the direct shear test was performed immediately.

= == a2
D 215 T4 |7
jack tray 6=1 . | B
6=2 | i 83 |° (104 °

'U' 63 8-4 10-5

© Remove the sample @ Direct shear
from the mold specimen Preparation

| pistonrod
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== shear apparatus

@ Schematic diagram of hydraulic sample

Figure 2. Preparation of specimens for direct shear test.

In this study, the ZJ strain control direct shear apparatus was employed (Figure 2d).
Four identical specimens were placed in a shear box with vertical pressures of 100 kPa,
200 kPa, 300 kPa, and 400 kPa, respectively. The loading rate of 0.8 mm/min was set to
make the specimens sheared within 5 min. In this test, 3 batches of parallel tests were
conducted on the same number of specimens, each batch of 4 single specimens, and a
total of 180 specimens were tested. The direct shear test scheme is shown in Table 3. The
specimen was damaged if the dial gauge readings reversed significantly or stayed constant
throughout the test. Generally, the specimen should be shear to 4 mm; however, if the dial
gauge reading continues to increase, the specimen should be shear to 6 mm. The shear
stress of the sample is calculated according to the following formula:

CR
T=—x10 1

A M
where 7 is shear stress, measured in kPa; C is the calibration coefficient of the dynamometer,
measured in N/0.01 mm; R is the dial indicator reading, measured in 0.01 mm; and A is
the sample area, measured in mm?. Then, the T-AL relationship curve was drawn with the
shear stress T as the vertical coordinate and the shear displacement (corresponding to R)

AL as the horizontal coordinate. The peak value or stable value on the curve was selected
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as the shear strength, 7. If there was no obvious peak value, the shear stress corresponding
to the shear displacement of 4 mm was selected as the shear strength. According to
Mohr—Coulomb criterion, the relationship between shear strength and shear strength
parameter (c and ¢) meets the following equation:

Ty = c+ tang (2)

where Tris the shear strength, measured in kPa; c is the internal cohesion, measured in
kPa; and ¢ is the internal friction angle, measured in degrees. Next, the L7 -P relationship
curve was drawn with the 7y as the vertical coordinate and the vertical pressure P as the
horizontal coordinate. For a straight line drawn on the curve, the intercept between the
line and the vertical coordinate is ¢, while the angle between the line and the horizontal
coordinate is ¢.

Table 3. Direct shear test scheme.

Specimen ID

Specimen Size Specimen Quantity Parallel Batch Loading Rate Vertical Pressure
(Hx D)1 per Batch Quantity (mm/min) (p/kPa)

2-1
4-1
4-2
6-1
6-2
6-3
8-1
8-2
8-3
8-4
10-1
10-2
10-3
10-4
10-5

100
200
300
400

2 x6.18 4 3 0.8

1 H: specimen height, in cm. D: specimen diameter, in cm.

2.3. Specimen Preparation for SEM Test

Figure 3 shows the preparation process of the loess cylindrical specimens used for
the SEM test. The SEM tests were performed on cylindrical specimens cut from 2 cm and
10 cm samples to show the difference in microstructure induced by the sample height. The
cylindrical specimen includes remolded and sheared cylindrical specimens. The remolded
cylindrical specimens of the 10 cm sample were cut from top to bottom along the sample
height at a distance of 2 cm, while for the 2 cm sample, the cylindrical specimens were
cut from the top, middle, and bottom of the sample to correspond with the 10 cm sample
(Figure 3a). The sheared cylindrical specimens were cut from the center of the soil after
shearing and air drying with the shear plane as the observation surface (Figure 3b). The
diameter and height of the cylindrical specimen were 1 cm (Figure 3c). All the cylinders
were labelled according to sample height, sample position, and whether they were remolded
or sheared. The letters R and S signify remolded and sheared, respectively, the numbers 10
and 2 represent sample height, and the number behind the short line represent the layer to
which the cylinder specimen belongs. For example, the R 10-3 represents the cylindrical
specimen cut from the third layer of the remolded sample with a height of 10 cm. All
the cylindrical specimens were broken to expose the fresh section (except for the sheared
cylindrical specimens) and treated with gold spraying (Figure 3d). Then, the Quanta FEG
450 SEM was used for image observation and acquisition (Figure 3e).
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Figure 3. Preparation of SEM test specimens.

2.4. Image Post-Processing

In this paper, the Image-Pro Plus (IPP) software was used for image processing and
data collection of the SEM images obtained. Refer to the papers of Wang et al. for the
relevant operational details [25].

3. Results and Discussion
3.1. Shear Strength and Shear Strength Parameter

The shear strength of soil in different layers of remolded loess samples is shown in
Figure 4. As the sample height increased, the shear strength at the top and middle of the
sample increased, while the shear strength at the bottom of the sample decreased. This
finding indicates that the difference in shear strength between the top and bottom of the
sample increased with the increase in sample height, but the uniformity of the sample
decreased. The fluctuation of shear strength at the top of the sample was stronger than that
at the bottom, indicating that the interaction of soil particles at the top of the sample was
more intense than that at the bottom during the shear process. This can be attributed to
the fact that the compactness at the top of the sample increased with the increase in the
sample height, that the pores in the soil were few and small in size, and that the soil was
relatively uniform. Consequently, the interaction between soil particles began to strengthen
shortly after the shear test began and became more intense as the test continued. In contrast,
the compactness at the bottom of the sample decreased gradually with the increase in
sample height, the pores in the soil were greater in number and larger in size, and the
uniformity of the soil deteriorated. The majority of the shear process was dominated by the
decrease in the spacing between soil particles, and the interaction of soil particles was only
strengthened gradually over a brief period of time before the shear test concluded.

Figure 5 depicts the shear strength parameters (internal friction angle ¢ and internal
cohesion c) of different layered soils of remolded loess samples. The ¢ and ¢ decreased
from top to bottom along the sample height and the variation of c was greater than ¢.
Furthermore, the ¢ and c at the top of the sample increased with the increase in the sample
height, but at the bottom of the sample the opposite was true. The reduction of ¢ from the
top of the sample to the bottom increased from 4.98% of 4 cm to 19.31% of 10 cm, whereas
the corresponding reduction of c was 6.26% and 52.83%, respectively. As the sample height
increased from 2 cm to 10 cm, the ¢ and c at the top of the sample increased by 34.03%
and 17.20%, respectively, while they decreased by 36.77% and 5.42%, respectively, at the
bottom of the sample. These findings imply that the response of ¢ to the uniformity of
remolded loess samples was more sensitive than ¢. In addition, the increment of ¢ from
2 cm to 6 cm was greater than that from 6 cm to 10 cm, whereas the change of ¢ was the
opposite, indicating that the sample height has a clear effect on the uniformity of remolded
loess samples, and that the non-homogeneity will be exacerbated significantly when the
height-diameter (H/D) ratio exceeds 0.97.
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Figure 4. Shear strength of different layered soils of the remolded loess samples.
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Figure 5. Variation of shear strength parameters of different layered soils along the sample height.

Figure 6 shows the variations in ¢ and c at the top and bottom of remolded loess
samples. The variations of ¢ and ¢ with sample height can be divided into two stages:
the modest change stage (2-6 cm) and the obvious change stage (610 cm). At the top of
the sample, as the sample height increased from 2 cm to 6 cm, the ¢ and ¢ increased by
3.84% and 13.36%, respectively, while the comparable increases from 6 cm to 10 cm were
29.08% and 3.38%, respectively. At the bottom of the sample, when the sample height
increased from 2 cm to 6 cm, the ¢ and @ decreased by 13.41% and 4.76%, respectively, and
the corresponding reduction from 6 cm to 10 cm was 26.98% and 0.69%, respectively. The
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Internal friction angle (¢/°C)

different change trends can be attributed to the decrease in compactness along the sample
height [32]. With the increase in compactness, the void ratio and the distance between soil
particles decreased, and the interlocking between soil particles was enhanced. In addition,
the soil-ring wall friction was relatively weak when the H/D was less than 0.97; moreover,
the component of the external force required to overcome the friction was modest, and the
sample tended to be compressed as a whole. When the H/D exceeded 0.97, the friction
was enhanced and the component of the external force required to overcome the friction
increased, causing the soil to be partially compressed. The above discussion proved that it
is feasible to evaluate the uniformity of remolded loess samples by shear strength.

12

—l— Internal friction angle at the top of the sample
—@— Internal friction angle at the bottom of the sample

—_

obvious change modest change
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Figure 6. Variation of ¢ and c at the top and bottom of the remolded loess samples with
sample height.

3.2. Pore Distribution

Analyzing the distribution of pores is the key to effectively evaluating the uniformity of
samples [4,14,33]. The pores in loess can be divided into four types according to their mean
diameters (the average length of diameters measured at 2-degree intervals and passing
through the pore’s centroid) [25]: macropores (>32 pm); mesopores (8-32 pm); small pores
(2-8 pm); and micropores (<2 um). The inhomogeneity of the sample becomes more
obvious when the total pore area increases and the distribution frequency of macropores
at a lower level under the observation area is fixed; otherwise, the sample is generally
uniform [33]. The pore frequencies and total pore areas of 2 cm and 10 cm samples are
presented in Figure 7. The pore frequency of all parts of a 2 cm and 10 cm sample decreased
rapidly as the mean pore diameter increased, and the pores of all parts of the samples were
mainly distributed in the range of 2-12 um (Figure 7a). The disparity in pore frequencies
across various portions of the 10 cm sample was more pronounced than that of the 2 cm
sample. As for pore area (Figure 7b), which increased from top to bottom along the sample
height in the 10 cm sample, this result is consistent with the findings of Wang et al. [4] and
Jiang et al. [14], but the pore area of various parts of the 2 cm sample was almost identical.
Based on the difference in the distribution of pore frequency and pore area between the
10 cm and 2 cm samples, it can be concluded that the pore distribution at the top of the
10 cm sample is small in size and high in number, whereas the pore distribution at the
bottom is the exact opposite, indicating that the connectivity of the pores in the 10 cm
sample is enhanced from top to bottom along the sample height. However, there was no
discernible variation in the pore distribution of the 2 cm sample. This discrepancy indicates
that the uniformity of remolded loess samples deteriorated as sample height increased, but
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(a) Pore frequency

the shear strength differential across sample portions increased, comparable to the findings
of the direct shear test. Comparing the variation of the shear strength and pore distribution
of the 10 cm sample with the sample height reveals that the response of shear strength
to the uniformity of the remolded loess sample has a strong correlation with the SEM

test results.
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Figure 7. Pore frequency and pore area in different parts of the 2 cm and 10 cm samples.

3.3. Microstructure of Shear Plane
Figure 8 shows the SEM images of the shear planes at the top (510-1 and 52-1), middle
(510-3), and bottom (510-5) of the 2 cm and 10 cm samples (the 2 cm sample has only
one shear plane). The magnifications on the left and right were chosen to be 1000 times
and 5000 times, respectively, to study the soil’s general structure and the finer details of
the particles. The magnifications on the left and right were chosen to be 1000 times and
5000 times, respectively, to study the soil’s general structure and the finer details of the
particles. All shear planes showed evidence of aggregates, inter-aggregate pores, and intra-
aggregate pores, and the microstructure of S2-1 was comparable to that of S10-1. On 510-1
and 52-1, dense structures were observed, with indirect cementing connections serving as
the primary forms of connection between soil particles. In contrast, the structures of S10-3
and S10-5 were relatively loose, with improved direct connections between particles but
primarily indirect cementing connections. On all shear planes, the coarse particles (mainly
silt) are closely coated by clay particles and cementing materials (mainly carbonates) to
form clay-coated silts, which form the indirect cementing connections with other soil
particles. From S10-1 to 510-5, the intensity of indirect cementing connection decreased, the
number and size of inter-aggregate pores increased, and the surface of the coarse particle
became relatively clean and easier to identify, leading to the increase in pore connectivity
and intergranular distance. Additionally, the fissure was observed in 510-1 and S2-1 but not
in 510-3 and S10-5, and the chute with the same width as the soil particle size was observed
at S10-5. High magnification images also revealed clastics and sliding scratches on the

surfaces of all soil particles, indicating that particle slippage and breakage occurred during
the shear process. Similar phenomena were also observed by Nan et al. [30]. Furthermore,
the failure surface of the coarse particles at S10-1 and S2-1 was relatively smooth and

complete, while the 5S10-5 was distributed with grooves.
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Figure 8. SEM images of the 2 cm and 10 cm samples.

As can be seen from Figure 8, both inter-aggregate pores and intra-aggregate pores
are distributed on all shear planes. From S10-1 to S10-5, the compactness decreased, and
the number and size of the inter-aggregate pores increased. This result is similar to that
of Meng et al. [33] and Wang et al. [4]. On the one hand, this result demonstrates that
the shear strength of the remolded loess sample decreased from top to bottom along the
sample height, which is consistent with the results of the direct shear test. On the other
hand, the shear process does not fully alter the compactness and pore distribution (inter-
aggregate and intra-aggregate pores exist concurrently). The similar result was reached by
Nan et al. [30], who found that, even with increased compactness, double pores will
not totally vanish. The fissure in 510-1 and S2-1 showed that the soil was relatively
uniform. This is due to the fact that, during the process of shear, soil particles slide
and rotate [28,30,31], necessitating the soil to create corresponding space through the
compression of pores. The compression primarily occurs in inter-aggregate pores because
the intra-aggregate pores are not easily compressed [30,31]. When the compactness was
smaller, the proportion of inter-aggregate pores was larger, the non-uniformity of the sample
was more obvious, and the space required for the soil particles to slide was provided by
the compression of the inter-aggregate pores. When the compactness was higher, the
proportion of inter-aggregate pores was relatively small, and the uniformity of the sample
was more obvious. In this case, the space needed for a particle to slide was partially
supplied by the inter-aggregate pores, and the remaining space was provided by the shape
of fissures. Therefore, in the shear plane of a sample with a large compactness, noticeable
fissures were more likely to manifest themselves.

Particles larger than 5 um are considered the skeleton particles of loess [1,6,25]. Table 1
shows that the total proportion of clay and silt is greater than 97%. As a result, silt and
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clay can be regarded as the primary functional components of loess. The cementing
material in loess is fully dissolved at a higher moisture content, and the coating on the
surface of coarse particles, together with clay particles (Figure 9a), form a clay-coated silt
(Figure 9b), which serves as a wrapping and fixing material [1,6]. The coated silt particles
form clay-silt mixture aggregates by clay particles and a clay bridge bond (Figure 9c¢); the
intra-aggregates pores are mainly formed during this process. Subsequently, the clay-silt
mixture aggregates are cemented by clay particles and clay bridge bonds to form the larger
aggregates (Figure 9d); the inter-aggregate pores are mainly formed during this process.
A change in this process was not obvious even at a higher moisture content [34]. With
the compactness decreased from top to bottom along sample height, the thickness of the
coating and the amount of clay also decreased (Figure 9b,e), and the wrapping and fixing
effect on coarse particles also weakened. The thickness of the coating and the amount of
clay were considered as one of the reasons for the difference in soil uniformity of different
parts of the remolded loess sample.
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Figure 9. A conceptual model for the effect of uniformity on the cementation process and the failure
of particles in remolded loess.

The thicker coating and numerous clay particles at the top of the remolded loess
sample buffered soil-ring wall friction and caused the extrusion of soil particles during
the shear process. In this case, the external forces the coarse particles were subjected to
were more uniform, and the coarse particles tended to be shear failure along a plane; hence,
the failure surface was relatively smooth. However, the coating thickness and the number
of clay particles on the coarse particle surface at the bottom of the remolded loess sample
decreased. As a result, the buffering effect reduced, and the coarse particles were crushed
due to the local stress concentration. Consequently, grooves were observed on the failure
surface of the coarse particle (Figure 9f). The different failure surfaces of coarse particles
showed that the influence of the microstructure change on the uniformity caused by the
sample height should be attributed to the change in the number of clay particles and the
thickness of the coating on the surface of the coarse particles.

3.4. Uniformity Coefficient Based on Shear Strength

The pore area ratio (PAR), which measures the proportion of the pore area to the image
area, was developed to assess the uniformity of samples [6,14]. The correlation between
the PAR and the shear strength of the 10 cm sample is shown in Figure 10. In contrast to
the shear strength, the PAR increased progressively from top to bottom along the sample
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height. The relationship again proved that the response of shear strength to the uniformity
of remolded loess samples was highly consistent with the SEM test results, and that it
is accurate and reliable to characterize the uniformity of the remolded loess sample by
shear strength.
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Figure 10. The relationship between the PAR and shear strength of the 10 cm sample.

The non-uniformity of the remolded loess sample was primarily illustrated by the
noticeable difference between the top and bottom of the sample by discussing the findings
of the direct shear test and SEM test. Because the direct shear test has the advantages of low
cost, high efficiency, and simple operation, a quantitative index to evaluate the uniformity
of remolded loess was proposed.

5, = 32 ©

where S, is defined as the uniformity index of the remolded loess sample based on shear
strength. S, and S; represent the shear strength at the bottom and top of the sample,
respectively. This definition provides a dimensionless and easy-to-apply index for eval-
uating the uniformity of remolded loess samples. The more uniform the remolded loess
sample, the closer the uniformity coefficient is to 1. The calculation results of the uniformity
coefficient of remolded loess samples with different heights, under all levels of vertical
pressure, is shown in Table 4. The variance of the uniformity coefficient is smaller at
400 kPa, illustrating that the data obtained from the direct shear test at 400 kPa was
more stable.

Table 4. Uniformity coefficient based on shear strength under different vertical pressures.

Vertical Pressures Sample Height (h/cm) Variance (5)
(p/kPa) 4 6 8 10
100 0.96 0.84 0.79 0.71 0.09
200 0.94 0.88 0.83 0.76 0.06
300 0.92 0.83 0.8 0.74 0.07

400 0.95 0.86 0.85 0.81 0.05
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The correlation between the uniformity coefficient and sample height is seen in
Figure 11. The uniformity coefficient and sample heights were discovered to have an
exponential connection through the fitting relationship. The uniformity coefficient of 0.8 at
400 kPa was used as the threshold value for assessing the uniformity of the remolded loess
sample based on the experimental results. When the uniformity coefficient is more than 0.8,
the remolded loess sample was quite homogeneous; otherwise, the inhomogeneity of the
remolded sample may have significantly affected the test results.
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Figure 11. The relationship between the uniformity coefficient and sample height.

In conclusion, the direct shear test has the advantages of simple operation, short test
cycle, low cost, and accurate experimental results. Additionally, the uniformity coefficient
based on the shear strength offers the benefits of straightforward computation and easy
application, and it has a unique advantage in evaluating the uniformity of remolded
loess samples.

4. Further Studies and Limitations

In conclusion, it is demonstrated that the shear strength is a useful measure for
assessing the uniformity of remolded loess samples. The samples used for this test were,
however, prepared by a one-time static pressing at the optimal moisture content and
maximum dry density. Expanding the range of moisture content and dry density will
help further illustrate how the conclusion is applicable. Additionally, the shear strength
cannot define microscopic factors like pore frequency and pore area when compared to the
microscopic test. Future research should include more correspondences and parameters to
further improve this.

5. Conclusions

(1) The shear strength and shear strength parameters decreased from top to bottom
along the sample height. The shear strength and shear strength parameters at the
top of the remolded loess sample increased with the increase in sample height, but
at the bottom the opposite was true. The difference in shear strength and the shear
strength parameters between the top and bottom of the remolded loess sample in-
creased with the increase in sample height and increased significantly when the H/D
exceeded 0.97;
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(2) The difference in pore distribution and microstructure of different parts of the re-
molded loess sample increased with the increase in sample height. The reduction
in compactness was the key factor in how sample height affected the uniformity of
remolded loess. The content of clay particles and the coating thickness on the surface
of coarse particles in the soil decreased with the decrease in compactness. The coarse
particles at the top of the sample crushed along a certain plane, due to the buffered
external forces, while the coarse particles at the bottom of the sample were crushed
due to stress concentration;

(38) The ratio of the shear strength at the top of the remolded loess sample to that at the
bottom at 400 kPa was defined as the uniformity coefficient, and 0.8 was considered
as the evaluation threshold value. The sample was relatively uniform when the
uniformity coefficient exceeded 0.8. Otherwise, the non-uniformity of the sample may
have significantly affected the experimental results;

(4) According to the analysis of the results of the direct shear test and SEM test, there
is a certain correlation between the response of shear strength to the uniformity of
remolded loess and the microscopic test. The direct shear test has the advantages of
accurate experimental results, low cost, short test cycle, and easy operation, while
the uniformity coefficient has the advantages of simple calculation and easy appli-
cation. It provides another feasible method to evaluate the uniformity of remolded
loess samples.
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