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Previous studies have shown that structure has a significant influence on the mechanical deformation
of unsaturated loess, but there is little published information focused on the influence mechanism

of microstructure and mesostructure on the mechanical properties of loess. In this paper, the
unsaturated undisturbed loess and its remolded loess under the same physical condition were taken
as the research objects. The unsaturated triaxial shear tests with constant suction and net confining
pressure were carried out, and the microstructure differences between the two are compared by using
SEM and CT scanning to reveal the influence of structure on strength characteristics. The test results
show that the cohesion and internal friction angle of undisturbed loess are greater than those of
remolded loess. The angle of undisturbed soil particles is obvious, and the particles are bracket contact
with good cementation. The remolded loess particles are close to round shape, and the particles are
inlaid contact with destroyed cementation. The average radius of undisturbed soil is higher than that
of remolded soil, indicating that there are bracket pores in undisturbed soil, but the bracket structure
and macropores are deformed during shear deformation, and good structural and cementation ensure
the strength of loess specimens.

Soil structure refers to the arrangement and connection between soil particles, which is an important mechanical
feature of loess, and has a direct impact on the actual engineering mechanical properties'~®. With the increase of
the number of engineering projects in loess areas, the related research on loess properties is also being deepened,
and structure is one of the important parts. The structure of undisturbed soil has an impact on its mechanical
properties in the process of shearing until the failure, and its structure gradually decreases after the failure of
the undisturbed soil. Besides, the corresponding mechanical properties also change, which can be considered
as manifestation of the transition to non-structural remolded soil. Therefore, in-depth study of the structural
differences between loess, especially between undisturbed and remolded soil, is helpful to further reveal the
mechanical deformation mechanism of loess, and provide theoretical guidance for engineering construction.

Starting with the study of soil microstructure proposed by Terzaghi'?, he found that honeycomb structure
was the most common in clay, and then several models describing microstructure were established. Subse-
quently, Foldschmidt and Casagrand!' proposed two new structures, i.e., the card and book structure of soil,
which developed the soil structure on the basis of the original structure. Mitchell'? proposed the concept that
soil structure is the arrangement of particles and the role of cementation. Leroueil'® proposed that soil should
be called structural soil. Affected by structure, undisturbed and remolded soil have fundamental differences in
mechanical properties. At present, many scholars have studied the structural characteristics and mechanical
deformation characteristics of soil from the macro and micro perspectives.

From a macro perspective, HadziNikovi¢, Gordana D' studied the natural samples of loess sediments with
undisturbed macroporous structure and loess sediments with damaged soil structure, and analyzed the influence
of natural soil structure on unsaturated shear strength. On this basis, the undisturbed and remolded loess were
gradually taken as the research object, combined with the triaxial test, from the perspective of ultimate strength,
tensile strength, shear strength and parameters, by comparing the strength differences between undisturbed and
remolded loess, the influence of structure on strength was discussed'>!°, In addition, because unsaturated loess
is formed under arid and semi-arid climate conditions, its special sensitivity to water—collapsibility has always
been a subject of concern in geotechnical engineering academic and engineering circles. Therefore, collapsibility
tests and suction control triaxial tests were carried out on undisturbed and remolded loess specimens, and used
the concept of disturbance state (DSC) to characterize the stress—strain behavior of undisturbed and remolded
specimens of collapsible loess in the shear process, so as to study the influence of disturbance and structure on
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hydraulic characteristics of collapsible loess***!. The obvious feature of collapsible loess is that it may produce
large additional compression deformation after immersion and it is the basic work for the formulation of com-
paction standards to know well the characteristics of high pressure compression and additional compression
deformation of compacted loess. Therefore, the compression characteristics of undisturbed and compacted loess
through a series of suction control measuring instruments were studied, and the influence of structure on the
hydraulic properties of loess specimens from a macroscopic point of view was discussed®?. Based on a series of
indoor tests, the influence of structure on the mechanical properties of unsaturated loess through theoretical
calculation was quantified?. The above researches provide an important research basis for further understanding
the influence of structure on the mechanical properties of loess, but the results obtained from the macro per-
spective cannot fully explain the influence mechanism of micro-structure on the mechanical properties of loess.

Microcosmic method is another perspective for analyzing soil structure, which can be used to more intuitively
understand soil particle morphology, connection mode and pore characteristics. Electron microscopy was widely
used in the 1950s. In 1959, Rosenqvist applied electron microscope to the study of soil microstructure for the
first time®*. By the 1970s, the use of scanning electron microscope had made a qualitative leap. At present, it is
the most common method in the study of soil microstructure. The undisturbed and remolded loess were used
as the research object, combined with macroscopic triaxial test, on the basis of studying the difference of shear
characteristics between them, scanning electron microscope (SEM) was used to observe the microstructure
characteristics of loess specimens before and after triaxial test. The influence of microstructure and structural
change on strength and deformation characteristics of loess were analyzed*-?%. Meanwhile, the structure and
mechanical properties of natural collapsible loess and acid treated loess were studied and compared, and ana-
lyzed the difference of microstructure by using scanning electron microscope (SEM)¥. With the development of
observation technology, the researchers combined SEM with energy dispersive X-ray (EDX) and X-ray diffraction
(XRD) to detect the change process of strength parameters and microstructure of natural loess and alkali-treated
loess at four different concentrations, and analyzed the evolution results of shear strength index and stress—strain
characteristics of loess®>*!. In the late 1980s, CT technology began to be applied to soil science and was intro-
duced into the field of geotechnical engineering. With its technical characteristics of non-destructive detection
and real-time scanning during the test, it can qualitatively and quantitatively characterize the microstructure
parameters of loess and analyze the microstructure evolution in the process of loess collapse®. On this basis, CT
technology made it possible to study the three-dimensional internal fracture propagation of loess under differ-
ent test conditions®, and proposed a method to quantitatively describe the loess structure and related evolution
laws** to reflect the relevant mechanical properties of unsaturated structural loess®>. The above studies discussed
the shear strength of loess from different perspectives through micro-structure. Moreover, to the authors’ best
knowledge, there is little published information focused on the influence mechanism of microstructure (electron
microscope scanning) and mesostructure (CT scanning) on the mechanical properties of loess.

It is known that there is a big difference in strength characteristics between undisturbed loess and remolded
loess. Therefore, it is of great significance to analyze the influence of structure on the strength characteristics
of loess by combining macroscopic triaxial shear with microscopic structure. In this paper, the macroscopic
triaxial tests with controlled suction and confining pressure are carried out on unsaturated undisturbed and
remolded loess specimens. The differences of micro-structural characteristics between undisturbed and remolded
loess in particle size, skeleton, porosity and other aspects are compared through microscopic and mesoscopic
approaches. Based on this, the reasons for the differences in shear strength between undisturbed and remolded
loess in macroscopic triaxial tests controlling suction and confining pressure are analyzed, which provides an
important experimental basis and scientific reference for further revealing the influence of structure on the
strength characteristics of loess. The main structure of this paper is as follows. In the second section, the test
scheme (triaxial shear test, electron microscope scanning and CT scanning) and materials are described in
detail. In the third section, the stress—strain relationship and strength parameters are mainly described. In the
fourth section, the influence mechanism of the differences in the microstructure characteristics, pore structure
distribution characteristics and water holding characteristics of undisturbed loess and remolded loess on the
strength characteristics of loess is discussed.

Materials and methods

Macromechanical test. Specimen preparation. The specimens are taken from Weiyang District, Xi'an
City, Shaanxi Province. The exploratory wells are manually excavated at the site. Several undisturbed loess speci-
mens (30x30x30 cm) are obtained under the surface 5 m (as shown in Fig. 1a). To prevent the moisture from
evaporation, plastic film is used to wrap the specimens for transporting them back to the laboratory. The relative
density of loess particles used in the test is 2.71, and its physical indexes are shown in Table 1.

The undisturbed triaxial specimen is made into a cylindrical shape in the diameter of 39.1 mm and the height
of 80 mm by using a cutter (as shown in Fig. 1b). The remolded specimen is prepared by using the residual
undisturbed loess specimen (as shown in Fig. 1¢) which is quickly crushed through the 1 mm sieve (as shown
in Fig. 1d). The moisture content and dry density are controlled to be the same as those of the undisturbed
loess specimen, and the loess mass is prepared by dividing 5 layers (as shown in Fig. 1e) and the same amount
is placed in the device (as shown in Fig. 1f) layer by layer. The specimen is compacted by the remolded loess
specimen preparation equipment (as shown in Fig. 1g), and the remolded specimen size is the same as that of
the undisturbed loess specimen (as shown in Fig. 1h).

The initial moisture content of the specimen is 13.45%. According to previous experience, if the matrix suc-
tion should be controlled, the moisture content of the specimen has to be increased. In this paper, the water film
transfer method is used to increase the moisture content of the specimen to 20%. The water is evenly dripped
on the undisturbed specimen for several times at 2-3 h intervals. The specimens after the adjustment of the

Scientific Reports |

(2022) 12:1502 | https://doi.org/10.1038/s41598-022-05464-9 nature portfolio



www.nature.com/scientificreports/

80 mm

Height

Diameter =39.1 mm

Figure 1. Sampling equipments and methods for undisturbed and remolded loess. (a) The undisturbed loess
specimen cut on site. (b) Undisturbed loess cutter. (c) Remolded loess specimen before crushing through

the 1 mm sieve. (d) Remolded loess specimen after crushing through the 1 mm sieve. (e) The remolded loess
specimen is compacted by dividing 5 layers. (f) Moulds for pressing remolded loess specimen. (g) The remolded
specimen. (h) The remodeling specimen preparation equipment.

Initial moisture content | Dry density | Void ratio | Saturation | Liquid limit | Plastic limit
w (%) pd(g/em’) | E S, (%) wy, (%) we (%)
13.45 1.35 1.01 36.09 27.32 16.94

Table 1. Initial physical index of undisturbed loess specimens.

moisture content are placed in the humidifier, and rotated once every 12 h. The weight change of the specimens
is weighed to ensure that the target moisture content is achieved. The specimen is placed in a humidifier for not
less than 72 h. The initial moisture content of remolded loess specimens is the same as that of undisturbed loess
specimens, which is 13.45%, and the moisture content is increased to 20% by using water film transfer method.

Test steps.  In this paper, the triaxial consolidation draining shear test with constant suction and net chamber
pressure is adopted. The triaxial apparatus of unsaturated loess is shown in Fig. 2. The pressure chamber used in
this test is a double-layer pressure chamber, and two pressure volume controllers are used to control the confin-
ing pressure (internal pressure and external pressure) respectively, in order to reduce the deformation of the
pressure chamber and avoid the error caused by the volume change test of the sample. In the test, the confining
pressure is controlled by three levels, namely 50, 100 and 200 kPa, and the initial suction is controlled at 50, 100,
and 200 kPa, respectively, and they are applied by the gas pressure volume controller. There are 9 undisturbed
specimens and remolded specimens each, i.e., 18 specimens in total. The specimen suction balance and con-
solidation process stability standard is within 2 h volume change, and displacement does not exceed 0.01 cm®.
Besides, the volume change is tested by using GDS pressure volume controller. Triaxial shear rate is 0.016 mm/
min, if the stress—strain curve has a peak, the peak of the principal stress difference on the curve is taken as the
failure point. In the case that there is no peak, when the axial strain reaches 15%, take the corresponding princi-
pal stress difference as the failure point, and stop shearing.

Microscopic and mesoscopic scanning. Microscopic scanning specimens and apparatus. To reveal the
difference of macroscopic mechanical behavior between undisturbed and remolded loess, the microstructure
of the two kinds of loess specimens is analyzed by scanning electron microscope. Before SEM scanning, the
prepared triaxial undisturbed and remolded loess specimens are cut into strips of about 2x 1.5x 1.5 cm with a
small knife, and a circle of grooves with the depth of about 2 mm is carved in the middle. Then, the grooves are
broken down, and a relatively flat section is selected, and the dust is blown off with a rubber ball. After that, the
specimens are adhered to the base of the observation room, and the VEGA II XMU scanning electron micro-
scope is used for scanning. The resolution is 40.2 um. During the scanning process, the specimen is moved into
the field of view, and the representative areas are selected to take pictures, thus avoiding the singular points. Each
area is photographed from high magnification to low magnification, mainly including 50, 500, 5000 and 10,000.
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Figure 2. Unsaturated triaxial apparatus.

Resolution ratio/um | Voltage/kV Electric current/puA
40.20 180 120

Time of exposure/s Scanning time/min

0.60 70

Table 2. CT scan related test parameters.

Mesoscopic scanning specimens and apparatus. For the CT three-dimensional structure reconstruction scan-
ning, the undisturbed and remolded ring-knife specimens are prepared first, with the diameter of about 61.8 mm
and the height of about 20 mm. To avoid the influence of metal on CT scanning, the ring cutter is made of Peek
material (polyetheretherketone) with high strength and processability into the parts in precise size. The appara-
tus used in this specimen test is the industrial CT with high spatial resolution of nanoVoxel-2000 series equipped
with 3 um (flat panel detector)/500 nm (objective coupling detector). Using this apparatus for data acquisition,
and based on CT data results, quantitative analysis of the specimen internal porosity and connectivity, statisti-
cal pore radius data is implemented. High-resolution scanning imaging of the specimen is conducted, an image
is taken every 0.25° in the size of 1920 x 1536. To improve the resolution, the specimen rotates for two circles,
and a total of 1440 frame images are taken. Other test parameters are shown in Table 2. The three-dimensional
reconstruction is carried out according to the CT scanning results of loess specimens, and then the pores are
extracted combined with the three-dimensional image to analyze the differences in the pore structure of undis-
turbed and remolded loess.

Test result and analysis.

The stress—strain relationship between undisturbed and remolded loess. Figure 3 is the
(01—03)—¢, relationship curve and Fig. 4 is the &, —¢, relationship curve of triaxial draining shear tests of 18
specimens under different net confining pressures and the same suction condition. It can be seen from the figure
that when the matric suction is the same, the deviatoric stress of undisturbed and remolded loess specimens
increases with the increase of net confining pressure of (63—u,), and when the axial strain is constant, the devia-
toric stress of undisturbed loess is slightly higher than that of remolded loess. The deviatoric stress—strain curve
of undisturbed loess develops from weak hardening to strong hardening. The deviatoric stress—strain curve
of remolded loess at low confining pressure tends to be softening curve, and it shows hardening curve at high
confining pressure. However, the shear strength of both loess increases with the increase of suction. When the
axial strain &, is small, the slope of the initial curve of deviatoric stress (o] —03) of undisturbed loess specimen
is obviously larger. At the same time, it can be seen that the smaller the net confining pressure, the steeper the
initial curve of deviatoric stress (01 —o73). At relatively large &,, when the deviatoric stress increases gradually, the
slope of the curve first decreases gradually and then stabilizes. The reason is that the lower confining pressure is
not enough to damage the structure of loess at the early stage of shear. For remolded loess specimens, no matter
whether the confining pressure is large or not, there is a cross phenomenon in the stress-strain diagram, indicat-
ing that the strength failure of loess at the initial stage of deviatoric stress is obvious. In addition, when the axial
strain is small, the slope of the curve is large. With the increase of axial strain, the slope of the curve is basically
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Figure 3. Curves of deviatoric stress and axial strain of unsaturated undisturbed and remolded loess under the
same suction and different net confining pressure.
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Figure 4. Curves of volume strain and axial strain of unsaturated undisturbed and remolded loess under the
same suction and different net confining pressure.
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Suction u | Net confining pressure | gs(kPa) pr(kPa)

(kPa) (kPa) The undisturbed loess | The remolded loess | The undisturbed loess | The remolded loess
50 62.33 54.40 62.33 54.40

50 100 109.41 84.51 159.41 134.51
200 172.29 163.82 322.29 313.82
50 92.62 80.12 42.62 30.12

100 100 139.14 127.23 139.14 127.23
200 218.05 205.33 318.05 305.33
50 113.71 101.68 48.33 36.29

200 100 173.92 152.91 103.92 9291
200 250.79 234.10 250.79 234.10

Table 3. gy and py of unsaturated loess under triaxial shear failure.

stable. The deviatoric stress of intact loess increases rapidly at the axial strain of about 1—1.5% ; while when the
axial strain of remolded loess reaches 3% , the deviatoric stress increases to a larger value.

Under different confining pressures, the volumetric strain &, of undisturbed loess increases gradually with
the increase of axial strain €,. When the net confining pressure is large, the structure between loess particles
is destroyed, and the internal microstructure cannot withstand external load, resulting in the increase of loess
specimen deformation. In addition, when the axial strain ratio is small, the slope of the volumetric strain — axial
strain curve is large. As the axial strain increases gradually, the slope of the curve decreases gradually, indicating
that at the initial stage, the volumetric deformation rate of the loess specimen is fast. When a certain deforma-
tion is reached, the volumetric deformation rate decreases gradually, and the volumetric deformation difference
decreases. The change trend of volumetric strain of remolded loess specimen with axial strain is the same. The
main difference is that when the suction is large, the volumetric strain of remolded loess specimen is larger than
that of undisturbed loess specimen under the same conditions. The remolded loess specimen is formed by the
crushing and reorganization of the undisturbed loess specimen. Even if the particles are rearranged to form a
new granular structure, the connection between particles has been destroyed, therefore, the structural strength
and structural stability are not as good as those of the undisturbed loess specimen.

Strength parameters analysis of undisturbed and remolded loess. The (61—03)—¢, curve of tri-
axial drained shear test with constant suction and net confining pressure is shown in Fig. 4. It can be seen from
the figure that the triaxial shear test of unsaturated undisturbed and remolded loess is hardened and broken, and
the stress of axial strain &, = 15% is taken as the breaking stress. The deviatoric stress gr and net mean stress py
of the specimen at failure can be calculated by the following formulas:

q = @ (1)
(01 +03)
f = {f - “L (2)

where o7 refers to the major principal stress (kPa), o3 represents the minor principal stress of the specimen,
which is equal to the confining pressure (kPa) applied in the test, (o1 —03)s refers to the major principal stress
difference (kPa) when the specimen is broken, u represents the suction.

The deviatoric stress gf and net mean stress py of undisturbed and remolded loess specimens are listed in
Table 3.

The relationship between gy and py is illustrated in Fig. 5 to form the strength envelope in the plane p; — gy.
It can be seen from this figure that a group of test points with the same suction fall on a straight line, which can
be expressed as follows:

qr = d + py tanyy’ 3)

where d and tany’ are the intercept (kPa) and slope of the straight line, respectively. Their values are determined
by using the least square method and listed in Table 4.

According to Mohr-Coulomb condition, pressure is positive and pull is negative. The cohesion ¢ and internal
friction ¢’ angle of soil can be obtained by formula (4):

c= %—pftantp/ @
tan ' = sing’

The strength parameter c and ¢’ can be calculated from the above two formulas. The values are listed in
Table 4, and the relationships ¢ — u and ¢’ — u are shown in Fig. 6a,b, respectively.
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Figure 5. Strength criterion of unsaturated loess in plane.

Suction u# | Net confining pressure | The undisturbed loess The remolded loess

(kPa) (kPa) d(kPa) |tany’ | c(kPa) | ¢'(°) |d(kPa) |tany’ |c(kPa) |¢'(°)
50

50 100 4210 |0.45 36.37 26.83 29.65 | 0.40 21.95 23.58
200
50

100 100 74.37 | 0.46 43.75 27.39 67.71 | 0.45 32.99 26.47
200
50

200 100 132,51 | 047 57.74 28.03 |119.35 |0.46 50.06 27.39
200

Table 4. Unsaturated loess triaxial shear test parameters.

It can be seen from Fig. 5 that under different suctions, the distribution range py — gy of test points is very
narrow, and the critical state can be grouped into a straight line, moreover, the critical state line approximately
moves down in parallel with the decrease of suction. It can be seen from Fig. 6 that the cohesion of unsaturated
undisturbed and remolded loess increases linearly with the suction, and the internal friction angle is less affected
by the suction. It can be seen that the cohesion and internal friction angle of undisturbed loess are greater than
those of remolded loess, and the difference of internal friction angle is smaller than that of cohesion.

The theoretical Formula (5) of shear strength of unsaturated loess proposed by Fredlund * et al. is used for
the description.

= d+ (of — ug)s tan ¢+ (ug — uy)f tan d)b (5)

where ¢’ refers to intercept of stress point envelope on g axis when ry and py are zero; ry refers to matrix suction at
failure; (0 — u,) represents the net normal stress on the failure surface; (v, — u,,) denotes the matrix suction; ¢>h
is the suction friction angle, tan ¢Yisthe increasing rate of shear strength with (4, — u,,), that is, the contribution
rate of matrix suction to the shear strength of unsaturated loess.

The strength parameters of undisturbed and remolded loess specimens are shown in Table 5.

The structure of undisturbed loess is relatively stable, which can better resist external damage. The particle
connection of remolded loess specimen is not stable, and the resistance is poor. Therefore, the shear strength
parameters of undisturbed loess specimen are higher than those of remolded loess. Thus, under the same test
conditions, the differences between undisturbed and remolded loess strength indexes are mainly reflected by
structural differences.
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Figure 6. ¢ — u, ¢’ — u relationship curves of unsaturated loess.
Cohesion c’(kPa) Internal friction angle ¢'(°) Suction friction angle $?(°)
The undisturbed The undisturbed The undisturbed
loess The remolded loess | loess The remolded loess | loess The remolded loess
23.44 17.12 26.32 23.48 13.95 12.30

Table 5. Unsaturated loess strength parameter list.

Discussion

From the analysis of the results of the previous triaxial shear test, it can be seen that the structure of the undis-
turbed loess is relatively stable, which can better resist the damage of the external force, and the particle connec-
tion of the remolded loess specimen is unstable with poor resistance. It can be explained that under the same test
conditions, the structural differences between the undisturbed and remolded loess lead to differences in their
strength indicators. Therefore, it is necessary to conduct in-depth research on the microstructure characteristics
of the undisturbed and remolded loess, and further analyze the influence mechanism of the structure on the
strength of the loess.

Impact mechanism of microstructure characteristics on strength of unsaturated loess. The
structural scales of loess specimens observed under different magnifications during SEM scanning are also dif-
ferent. This paper lists the SEM images of undisturbed and remolded loess specimens with magnifications of
50-10,000, as shown in Figs. 7 and 8% . When 50 is enlarged, the undisturbed loess shows obvious large holes
(Fig. 7a), while the remolded loess does not exhibit this feature (Fig. 8a). When the magnification is 500-5000
(Figs. 7b,c, 8b,c), very clear morphology of loess particles can be observed, in which the skeleton particles of
undisturbed loess are mainly aggregates cemented by fine particles, and the particles have obvious corners; the
microstructure of remolded loess is destroyed due to disturbance, therefore, the aggregate of skeleton particles is
less than that of undisturbed loess, there are more single particles, and the angular shape of particles is close to
round shape. When the magnification is 10,000 (Fig. 7d, 8d), the arrangement form and contact relationship of
loess particles can be observed. The skeleton particles of undisturbed loess are mainly arranged in bracket, and
the contact relationship is mainly point contact, surface contact and cementation contact. The skeleton particle
arrangement of remolded loess is mainly mosaic arrangement, and the contact relationship is mostly point con-
tact and surface contact.

From a macro perspective, the structure of loess shows the deformation of loess in the process of stress and
the stress and strain after loess failure. From the corresponding micro perspective, it is manifested as the shape
of loess particles, the movement and change of particles in the process of stress, the bonding effect between
particles, and the contact force®®-*!. First of all, from the perspective of particle shape, the angle of undisturbed
loess particles is obvious, the support contact between particles provides the loess specimen with good stability,
and the cement between particles provides strong cementation between particles, so that the specimen skeleton
can withstand large ultimate destructive force in the triaxial shear process. After artificial disturbance and
remodeling, the particle morphology of remolded loess shows no obvious edges and corners close to the muddy
circle, which makes the skeleton stability poor and the shear strength weaker than that of the undisturbed loess.
Moreover, most of the original cementation contacts are destroyed due to the disturbance process. The strength
of the remolded cementation contact decreases greatly, and the loess skeleton effect is not obvious in the macro
shear process.
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Figure 7. SEM image of undisturbed loess.
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Figure 8. SEM image of remolded loess.

Secondly, it can be seen from the movement of particles in the process of stress, the axial load is applied from
the top and bottom in the triaxial shear test. Therefore, the closer the loess particles to the top and bottom, the
greater the displacement, the farther the distance from the top and bottom, and the smaller the displacement.
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(a) Three views and three-dimensional reconstruction of undisturbed
loess after removing both ends
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(b) Three views and three-dimensional reconstruction of remolded
loess after removing both ends

Figure 9. Three-dimensional reconstruction of undisturbed and remolded loess specimen by CT scanning.

When the strain of the specimen is small, the displacement between the adjacent particles on the same horizontal
plane is not large. With the gradual increase of strain, the particles near the top and bottom of the specimen will
gradually move to the middle of the specimen. At this time, the displacement between the particles will gradually
become obvious, and the movement direction of the particles will change. Under the same stress, the particles
of the undisturbed loess specimen are oriented earlier than the remolded loess specimen.

Thirdly, from the perspective of the bonding effect between particles, the particles with obvious edges and
corners of the undisturbed loess enhance the occlusion and friction between the particles, and the arrangement
between the particles also increases, thus further improving the bonding effect between the particles. The degree
of its role, the bonding force increases, and the shear capacity of the undisturbed loess specimen is enhanced;
after the remolded loess specimen is disturbed by human beings, both the tangential and normal bonding are
destroyed, therefore, the number of destruction is much higher than that of the undisturbed loess specimen, the
bonding effect is reduced, and the shear resistance is weakened.

Fourthly, from the point of contact force between particles, “force chain” can intuitively describe the size
and change of contact force between particles. Inter-particle contact force increases, and interlocking and fric-
tion are enhanced, making the “force chain” stronger*’; the denser the distribution of “force chain” indicates
more contact points between particles, therefore, the strength and distribution of “force chain” can reflect the
degree of particle arrangement. In general, the number of weak “force chains” in loess specimens is too large,
and they will be destroyed under small shear force. While the number of strong “force chains” is less, and they
support the load of loess specimens on a relatively stable basis*. In the triaxial shear process, when the strain
of loess specimen is in the initial stage, the distribution of “force chain” is relatively dense, and the contact force
between particles is small. With the increase of strain, the strength of part of the “force chain” in the loess speci-
men increases, the arrangement between particles increases, and the number of weak “force chain” decreases
gradually. The strong “force chain” transfers from the top of the specimen to the bottom in the form of contact
force between particles, forming a complete stress structure. The increase of occlusion and friction between
particles is sufficient to offset the weakening arrangement caused by the decrease of weak force chain. Therefore,
the loess specimen shows strain hardening effect. Since the distribution of strong and weak “force chains” inside
the undisturbed loess specimen is denser than that of the remolded loess specimen, the arrangement between
particles is stronger. With the increase of strain, the “strong” force chains running through the loess specimen
constitute a more stable force skeleton**. In terms of macroscopic mechanical properties, the shear strength is
higher than that of the remolded loess specimen.
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Impact mechanism of pore structure and distribution characteristics on strength of unsatu-
rated loess. The intact undisturbed and remolded loess specimens are scanned by CT, and three-dimen-
sional reconstruction is carried out. The three-view (top-view, left-view and front view) and three-dimensional
reconstruction of the specimen are shown in Fig. 9. It can be seen that the undisturbed loess shows obvious
cracks and pores, and the number of large pores is relatively large. The remolded loess specimen is relatively
dense without obvious cracks and large pores. From Fig. 10, it is seen more intuitively that the undisturbed loess
pores are dense with large pores, while the remolded loess pores are mainly small pores. To further compare the
meso-structure of undisturbed and remolded loess specimens, the cube CT data of 300 x 300 x 300 x layer ( side
length=300x40.2 um) are intercepted from the CT scan results of the specimens, and the three-dimensional
images of the pores are extracted, as shown in Fig. 11. It can be seen that the pores of undisturbed loess speci-
mens are mostly connected pores, and the pore radius is large. The remolded loess specimen has no connected
pores, and the pore radius is generally small, which is related to the connection mode of skeleton particles.

The quantitative extraction of pore structure characterization parameters, such as pore radius, pore volume
and shape factor (representing the regularity of pore shape, and the larger the value of shape factor, the more
regular its shape) can be realized by using mathematical statistics method, as shown in Table 6. And the prob-
ability distribution diagram is shown in Figs. 12, 13 and 14.

It can be seen from Fig. 12 that the probability distribution of pore radius of undisturbed and remolded loess
specimens is skewed distribution, and the pore radius of undisturbed loess specimens is mainly distributed
within the range of 0~100 pm, while that of remolded loess specimens is mainly distributed within the range of
15~85 um. From Fig. 13, the pore shape factor distribution of undisturbed and remolded loess specimens is in
normal distribution. The pore shape factor distribution of undisturbed loess specimens is mainly concentrated
in 0.024~0.050, and that of remolded loess specimens is 0.022~0.044. The degree of pore shape regularity of
undisturbed loess specimens and remolded loess is relatively similar; it can be seen from Fig. 14 that the pore
volume of undisturbed loess specimens is mainly within the range of 2.0 x 10° pm>~5.0 x 10° um?, and that of
remolded loess specimens is mainly within the range of 1.0 x 10° um>®~5.0 x 10 pm?.

Figure 15 shows the distribution of the number of each interval of the pore radius of the undisturbed and
remolded loess specimens. It can be seen from the figure that the pore size content less than 50 um in the undis-
turbed loess specimen is small, accounting for only 22.7% ; when the pore size is greater than 50 pm, the number
of pores increases significantly, and the proportion of pore size between 50 and 120 pum can reach 59.1%; the
number of pores in the range of 120 um~200 pm is less than that in the range of 50 ~120 pm, accounting for
11.9% of the total volume; the number of pores larger than 200 pm decreases significantly, accounting for 6.3% of
the total volume. The pore size content less than 50 um in remolded loess specimens is small, accounting for only
16.3%; the number of pores increases obviously when the pore size is larger than 50 pm, and the proportion of
pores between 50 um~120 um can reach 83.7%. There is no pore with pore size greater than 200 pm in remolded
loess. In addition, it can be seen from Figs. 16, 17 that the main distribution range of the length and width of the
pores in the undisturbed loess is also larger than that in the remolded loess, and it can also be directly obtained
from the displayed three-dimensional pore diagram.

According to the pore type and pore size classification method of Wang*, i.e., micro-pores (<50 pm),
medium-pores (50-500 um) and macro-pores (=500 pum), it can be seen that there are pore differences between
undisturbed and remolded loess. Specifically, there are a small number of micro-pores, macro-pores and a
large number of medium-pores in undisturbed loess specimens, and a small amount of micro-pores and a large
number of medium-pores in remolded loess specimens. In addition, combined with the pore characterization
parameters of undisturbed and remolded loess provided in Table 6, it can be seen that the average porosity and
average pore radius of undisturbed loess are greater than those of remolded loess. It can also be seen that the
possibility of large pores in undisturbed loess is great, and the heterogeneity of primary structure is obvious.
After artificial compaction, the original structure of loess is gradually destroyed, and the irregular large pores and
holes are compressed and deformed under load. The large pores of the support between the loess skeletons are
significantly reduced, and the loess specimens tend to be dense in the process of structural remodeling, mainly
with medium and micro pores, which is in agreement with the existing research results*~*%. There are active
pores and inert pores in loess pores. When the loess specimen is subjected to external force, the destruction of
the microstructure at a certain level will inevitably show the corresponding macroscopic mechanical properties.
At this time, the pores existing at the microstructure level are called active pores. The pores that maintain the
original state at the microstructure level with little influence on the macroscopic mechanical properties are called
inert pores®. Therefore, the large pores and a large number of medium pores in undisturbed loess specimens
belong to active pores, and a small number of small pores belong to inert pores. In the process of triaxial shear,
the stress mainly affects the large pores of the support, and the pore size changes under the stress, which is in
agreement with the existing research results®>*!. This shows that the aerial structure of undisturbed loess plays a
key role in the process of shear deformation and failure, and it can also be seen that the different pore character-
istics at different microscopic levels make the macroscopic mechanical properties of loess specimens different.

Compared with the previous macroscopic shear test mentioned before, the bracket structure and macropores
in undisturbed loess were deformed during shear deformation and failure, but good structural and cementation
ensure the strength of undisturbed loess specimens. Due to the parameters such as pore radius, pore volume
and shape factor belong to the description of structural characterization, the comprehensive differences of the
above structural parameters lead to the difference in the structure of the between undisturbed and remolded
loess, which makes the shear strength indexes (cohesion and internal friction angle) different. Among them,
the difference of cohesion is large, while the difference of internal friction angle is relatively small. In addition,
in the natural state, although there are large pores in the undisturbed loess specimens, there are cements in the
skeleton position of the contact between loess particles, which makes the undisturbed loess specimens have
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(b) Three dimensional distribution of remolded loess pores

Figure 10. Three-dimensional distribution of pores in undisturbed and remolded loess ring cutting specimen.

high structural stability and strong resistance to external damage. Because the remolded loess is reshaped by
manual compaction, the structure of loess particles is destroyed, the particles are rearranged, and the cement-
ing material is also decomposed with the sliding of the skeleton particles and distributed between the particle
pores. Therefore, the connection between the loess particles of the remolded loess specimen is relatively loose,
and the ability to resist external damage is poor, so that the structural strength of the undisturbed loess is higher
than that of the remolded loess.

Impact of structure on WTER retention characteristics. The previous studies have shown that loess
structure affects water retention characteristics>>*. When the suction is in the range of 20~80 kPa, with the
gradual increase of the suction, the saturation of undisturbed loess is smaller than that of remolded loess; in the
range of 80~1000 kPa, the saturation of undisturbed loess is greater than that of remolded loess®. Due to the
existence of large and medium pores in the undisturbed loess and its own joint structure, water will be discharged
rapidly from the loess along pores under low suction. Under high suction, the gas in the pores inhibits the water
migration. Because the pores in the remolded loess are uniformly distributed in the fine pores, the gas-induced
water migration is not obvious, so that the moisture content of undisturbed loess is higher than that of remolded
loess. At the same time, the study shows that the water retention characteristics of loess also have an impact on
the strength of loess?®>¢-%*. When the moisture content is low, the particles and pores are small, which makes
the matrix suction in the pores high. The combined water close to the surface of loess particles is subjected to
strong electric molecular gravity, showing strong water film bonding force, and the bonding effect is obvious.
The stability of the electric double layer structure on the surface of loess particles is strong, and the loess has large
cohesion. Under the condition of high water content, the thickness of the combined water film inside the loess
increases, the matric suction decreases, the connection between the water films decreases, the bonding effect
decreases, and the cementation between the loess particles gradually loses. The influence of water on the strength
of the loess changes from cohesion to lubrication. That is, with the increase of water content, the cementing
material between the loess particles is gradually dissolved, resulting in the decrease of the cohesion between the
particles, and thus the shear strength of the loess is weakened. Due to the strong structure of undisturbed loess
and the cohesion of remolded loess seriously damaged in the process of human disturbance, combined with the
macro triaxial shear test, the shear strength of undisturbed loess is greater than that of remolded loess under 50,
100 and 200 kPa suction. This shows that the difference in water retention characteristics between undisturbed
and remolded loess specimens is mainly due to the contribution of their own structural differences, which makes
the strength of unsaturated loess different.

In this paper, the influence of the micro-structure difference of unsaturated loess on the strength deformation
characteristics and mechanical properties of loess is discussed. However, there are some shortcomings in this test.
Only the initial micro-structure of undisturbed and remolded loess specimens is analyzed, and the changes of
undisturbed and remolded loess specimens in the process of macro-triaxial shear are not presented. Therefore,
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Figure 11. Three-dimensional diagram distribution of specimen interception data pores.

The undisturbed loess | 460.90 2.44x10° 88.97 5.33x107
The remolded loess 107.02 2.88x107 49.95 6.52x10°

Table 6. Quantitative evaluation of pore structure.

in the future, the combination of CT machine and triaxial apparatus will be considered to measure the internal
structure changes of loess specimens in real time and non-destructively in the process of shear, so as to explain
the influence of structural difference on the strength characteristics of loess in more detail. On this basis, the
structural evolution equation and structural constitutive model of loess are established, which provides a new
idea for studying the nature of loess strength.
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Conclusion
By comparing the structural differences of unsaturated undisturbed and remolded loess under the same physical
and mechanical conditions, combined with unsaturated triaxial shear test, scanning electron microscope and
CT scanning test, this paper aims to explore the mechanism of structural effect on the mechanical deformation
characteristics of loess from the aspects of microstructure and macroscopic mechanics. The main conclusions
are as follows:

The influence of matric suction on strength parameters of unsaturated undisturbed and remolded loess
specimens is different. The cohesion of the two increases linearly with the suction, and the internal friction
angle is less affected by the suction. It can be seen that the cohesive force and internal friction angle of undis-
turbed loess are larger than those of remolded loess, and the difference of internal friction angle is smaller
than that of cohesive force. Therefore, under the same suction and confining pressure, the failure stress of
intact loess specimens with the same physical properties is greater than that of remolded loess specimens.
There are obvious differences in microstructure characteristics between unsaturated undisturbed and
remolded loess specimens, mainly in particle morphology and particle contact relationship. The angularity
of the undisturbed loess particles is obvious, and the support contact between the particles provides the
loess specimen with good stability, and there is a strong cementation between the particles. The shape of the
remolded loess particles is close to round shape, the skeleton stability is poor, the contact form between the
particles is embedded, and most of the original cemented contact is destroyed. The macroscopic performance
is that the original loess can withstand the ultimate destructive force.

There are significant differences in the microstructure characteristics of unsaturated undisturbed and
remolded loess specimens, mainly in the characterization parameters, such as porosity and pore radius. The
average porosity and average radius of undisturbed loess are higher than those of remolded loess, indicat-
ing that there are bracket pores in undisturbed loess. In addition, the proportions of pores with pore radius
less than 50 pm in undisturbed loess and remolded loess are 22.7% and 16.3%, and the proportions of pores
with pore radius from 50 to 120 um are 59.1% and 83.7%, respectively. In addition, there are pores with
pore radius from 120 to 200 um and pores with pore radius greater than 200 pm in undisturbed loess, and
the proportions are 11.9% and 6.3%, respectively. It can be seen that the bracket pores in remolded loess are
significantly reduced, but the number of bracket pores in undisturbed loess is small and good structural and
cementation ensure the strength of undisturbed loess.

The distribution ranges of pore shape factors of undisturbed loess and remolded loess are 0.024~0.050 and
0.022~0.044, respectively. The parameters such as pore radius, shape factor belong to structural parameters,
which makes the shear strength indexes different. Among them, the difference of cohesion is large, while the
difference of internal friction angle is relatively small. The intact cement between undisturbed loess particles
makes provides it with better cohesion than that of remolded loess particles damaged by cement, so that the
structural strength of undisturbed loess is higher than that of remolded loess.

The research results provide certain experimental and analysis basis for further revealing the influence mecha-

nism of structure on the mechanical deformation characteristics of unsaturated loess.
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