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Abstract

With the rapid development of the Chinese Loess Plateau, engineering projects built in the deep loess strata may be con-
currently constructed in the Q,, Qs, Q,, and Q, strata from top to bottom. However, the physico-mechanical properties of
the loess-paleosol sequence from Q, to Q, strata have been unclear. In this paper, the physico-mechanical properties of the
loess-paleosol sequence in the Zaosheng profile of Eastern Gansu were determined, and the relationship between chemical
properties, microstructures, and physico-mechanical properties was discussed. The results showed that the dry density, spe-
cific gravity, saturation, liquid limit, compressive modulus, characteristic value of foundation bearing capacity, and cohesion
of loess and paleosol exhibited an overall increasing trend from Q, to Q, strata, and their values tended to fluctuate regularly
with depth. These parameters of the paleosol were larger than those of the underlying loess, while the fluctuation pattern
between the internal friction angle and depth was opposite to the above. The fluctuation pattern of water content from Q, to
Q, strata was bounded by the groundwater level. Moreover, the increase in chemical weathering intensity from northwest
to southeast Loess Plateau would, therefore, contribute to lower (higher) clay content, liquid limit, and plastic index of the
loess and paleosol in Q, to Q, strata in the northwest (southeast), and decreasing sand content in the corresponding direction.

Keywords Loess-paleosol sequence - Physico-mechanical properties - Strata distribution - Chemical properties -
Microstructure - Chinese Loess Plateau

Introduction paleosol are the basic stratigraphic units of the loess strata,

which are divided into Q,, Qs, Q,, and Q, strata from top

Loess is an aeolian sediment deposited under arid and semi-
arid conditions in the Quaternary period. It has a porous
and weakly cemented microstructure with poor engineer-
ing properties, which is closely related to human activity
and environmental development (Zhang 1980; Karl 2001;
Zhuang et al. 2018). Paleosol is the soil formed in the warm
periods during the long-term accumulation of loess (Sylvain
et al. 1996; Bjorn et al. 2011; Huang et al. 2018). The Chi-
nese Loess Plateau is the area with the thickest continuous
distribution of loess strata in the world (Fig. 1). Loess and
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to bottom (Liu 1985). The related geological disasters often
occur in groups, causing serious environmental damage to
the neighboring areas.

The past few decades have witnessed the advancement
of engineering construction in the Loess Plateau, including
the high-speed railways, highways, and deep foundations
of high-rise buildings constructed in deep loess strata (Zhu
et al. 2021). The interaction between the deep loess strata
and engineering has a non-negligible impact on the geologi-
cal environment of the Loess Plateau, which may aggravate
the risk of geological disasters (Sun et al. 2016; Li et al.
2019; Xue et al. 2019). The physico-mechanical properties
of the loess-paleosol sequence from Q, to Q, strata are the
important basis for analyzing the stability of projects built in
deep loess strata, which need to be studied urgently.

In recent years, extensive investigations on the physico-
mechanical properties of loess have been conducted. Metelkova
et al. (2012) investigated the long-term variations in the pore
structure of Q5 loess treated with 1-8% of lime (CaO). Pei
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et al. (2015) analyzed the physical properties of Q; loess modi-
fied by adding lime and fly ash piles after curing for 28 days.
Zhang et al. (2018) determined the variations in the physical
and chemical properties of Qs loess at laboratory temperatures
ranging from 20 to 1000 °C. Li et al. (2020b) adopted a multi-
temporal high-resolution digital elevation model to study the
temporal and spatial patterns of erosion in the Q, loess and
Qs loess in the cutting slope. The studies on the physical and
mechanical properties of loess have mainly focused on the Q,
loess and Q5 loess located in the surface of the deep loess strata,
while little attention has been paid to the physico-mechanical
properties of the Q, loess and Q, loess in the middle and bottom
of the deep loess strata.

At present, the properties of paleosol have also been
widely investigated. Chen et al. (1999) measured the Rb, Sr,
and magnetic susceptibility of paleosol from the Lochuan
profile and Huanxian profile in China. Jahn et al. (2001)
analyzed the chemical and Nd-Sr isotopic compositions of
paleosol from Xining and Qingyang in the Loess Plateau, to
understand the paleoclimate variations during the last 140 ka.
Zhang et al. (2013) investigated the element compositions of
the loess-paleosol sequence in the Ili Basin and found that
the loess and paleosol are in the degrees of weak chemi-
cal weathering. Li et al. (2020a) determined the geochemi-
cal compositions of paleosol in the western Sichuan Basin
and identified the factors of paleoclimate variations in the
Sichuan Basin. Though these studies have mainly focused on
the chemical properties of paleosol, the physico-mechanical
properties of paleosol have been poorly explored, and little
research has been done on the physico-mechanical properties
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of the loess-paleosol sequence from Q, to Q, strata in the
whole deep loess strata.

With the rapid development of the Loess Plateau,
growing numbers of engineering projects are likely to be
built, overlapping in the Q,, Q3, Q,, and Q, strata of the
deep loess strata. The knowledge of the environment in
the Loess Plateau should not be limited to the physico-
mechanical properties of the Q4 and Q5 loess in the surface
of the deep loess strata, and more efforts should be paid
to the physico-mechanical properties of the loess-paleosol
sequence from Q, to Q; strata in the whole deep loess
strata. The relationship between the physico-mechanical
of loess and those of paleosol should also be explored and
determined. Therefore, in the study, we focused on the
profile of the loess tableland in Eastern Gansu to analyze
the longitudinal distribution of the physico-mechanical
properties of the loess-paleosol sequence from Q, to Q,
strata. The relationship between the chemical properties,
microstructures, and physico-mechanical properties was
discussed to explore the underlying mechanisms for the
variations in the physical-mechanical properties. Mean-
while, the distribution of chemical and physical properties
of loess-paleosol sequences in the Loess Plateau was deter-
mined by comparing the physical and chemical properties
in multiple places. The results provide insightful under-
standings of the properties of the deep loess strata, and
basic parameters of engineering geological conditions for
the construction of the deep loess strata, and can serve
as a theoretical basis for the protection of the geological
environment in the Loess Plateau.
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Research areas and methods
Research areas

Loess tableland is a typical landform of the Loess Plateau.
It is characterized by a flat and wide top surface with an
inclination of less than 1° over the central part, surrounded
by deep gullies. The strong retrogressive erosion over the
gully heads makes the petal-like loess tableland in plain
view (Liu 1985; Xiong et al. 2014).

In this study, the profile of the loess tableland in East-
ern Gansu was selected as the research object. The Loess
Plateau in Eastern Gansu Province covers Qingyang and
Pingliang City (Fig. 1). It extends to Ziwuling Moun-
tains in the east, the Jinghe River in the south, Liupan
Mountains in the west, and Baiyu Mountains in the north
(Fig. 2). The loess tableland is widely distributed in East-
ern Gansu. Among the loess tablelands in Eastern Gansu,
the Dongzhi tableland is the largest loess tableland in
China, with a tableland surface area of 910 km”. And the
Zaosheng tableland is the second-largest loess tableland in
China, with a tableland surface area of 335 km? (Li et al.
2014; Leng et al. 2018; Guo et al. 2020).

Investigations on strata distribution of loess
tablelands in Eastern Gansu

The profile of the on-site investigation is located in the
Zaosheng tableland, with an altitude of about 1250 m at
the top of the tableland (simply referred to as Zaosheng
profile). The Zaosheng tableland is characterized by flat
and open surfaces. The surrounding gullies are cut, and the
natural profiles at the gullies are exposed. The investiga-
tion scopes mainly included natural profiles at gullies and
artificially exposed profiles. During the investigation, the
lithology, occurrence, and color of the loess strata were
recorded (Fig. 3).

(@)

(b)

In the loess tableland of Eastern Gansu, only the Bajiazui
profile, Huoxianggou profile, and Zhengning profile have been
studied (Wang and Sadao 1985; Liu et al. 1988; Xi et al. 2018),
and little knowledge has been given to the distribution charac-
teristics of the loess strata in the whole tableland. The distribu-
tion of loess strata is an important consideration when analyz-
ing the engineering geological conditions of the loess tableland.
Thus, this study mainly focused on the Dongzhi tableland and
Zaosheng tableland in Eastern Gansu, and determined the distri-
bution characteristics of the loess strata in the Dongzhi tableland
and Zaosheng tableland, to provide an engineering geological
basis for the analysis of the physico-mechanical properties of the
loess-paleosol sequence in the Zaosheng profile.

High-speed railway, oil exploitation, and other major
projects were built in the Dongzhi tableland and Zaosheng
tableland. The borehole data of Lines A and C in the Dong-
zhi tableland and Zaosheng tableland were collected from
the exploration data of these major projects. The borehole
distribution of Line A is shown in Fig. 2b, and the bore-
hole distribution of Line C was uniform, with an interval of
500 m between the two boreholes. Based on the analysis of
the loess thickness in the boreholes of the Dongzhi tableland
and Zaosheng tableland, and combined with the stratigraphic
characteristics of the Zaosheng profile, the distribution char-
acteristics of the loess strata in the Dongzhi tableland and
Zaosheng tableland were determined.

Testing of physico-mechanical properties
of loess-paleosol sequence

Drilling was carried out from Q, to Q, strata in the Zaosheng
profile, and the samples were taken from the middle of the
Se» Li» Sy, Ly, Sy, Ls, S5, Ly, Sy Ls, Ss, L, Sg, Ly, and S5
layers (Fig. 3). The sample diameter was 142 mm during the
drill, and the sample disturbance width is generally consid-
ered to be 10 mm (Chang and Zhang 2018). Therefore, the
sample of the physico-mechanical properties test (diameter:
61.8 mm), which was taken from the center of the drilled

Fig.2 Loess tablelands in Eastern Gansu a Dongzhi tableland and Zaosheng tableland b Borehole distribution in Xinzhuang Town

@ Springer



416 Page4of18 Bulletin of Engineering Geology and the Environment (2022) 81:416

Ordinal Total L
’ . otal ayer
Serial | Chronost- |Stratigrap-|Columnar number ; -
: rahigrap ; ¢ thickness | thickness Layer feature
number | ratigraphy | hic name | section o
]ayer (m) (m)
1 Q4 Potou S() 1.72 1.72 Dark red, well-developed joints and wormholes, with a small amount of
—loess white hyphae and a very serious collapsibility.
2 Manlan L1 17.11 15.39 Yellow-brown, slightly wet, uniform soil, well-developed wormholes,
Q3 loess with a small amount of black spots.

3 S, 19.42 2.31 Brown red, slightly wet, uniform soil, well-developed wormholes, with a
small amount of white mycelia and less calcareous nodules, the diameter
of calcareous nodules is 1.0-2.0 cm.

4 L, 31.84 12.42 Yellow-brown, slightly wet, uniform soil, well-developed wormholes,

with a small amount of black spots.
X] Brown red, slightly wet, uniform soil, well-developed wormholes, with a

5 S, 35.52 3.68 small amount of white mycelia and less calcareous nodules, the diameter
of calcareous nodules is 1.0-2.0 cm.

6 Q22 Lishi loess Ly 51.13 15.61 Yellow-brown, slightly wet, uniform soil, well-developed wormholes,

Upper part with a small amount of black spots.
Red-brown, slightly wet, uniform soil, well-developed wormholes and

7 S3 56.19 5.06 pinholes, containing a small amount of white hyphae.

8 L4 61.81 5.62 Yellow-brown, sllghlly wet, uniform son}, slightly dense structure, with

well-developed joints, wormholes and pinholes.

Red-brown, slightly wet, uniform soil, strong stickiness, well-developed
9 S4 65.37 3.56 wormholes, containing a small amount of white mycelia and less
| I | I calcareous nodules.

10 L5 68.16 2.79 Yellow-brown, slightly wet, uniform soil, slightly dense structure, with
well-developed joints, wormholes and pinholes.

11 SS 72.12 3.96 Brown red, slightly wet, uniform soil, containing a small amount of
white hyphae.
Yellow-brown, slightly wet, uniform soil, well-developed joints and
pinholes, containing a small amount of white mycelia.

12 Qzl Lishi loess Ls 86.28 14.16 ‘Brown red, slightly wet, hard, uniform soil, compact structure, strong'

Under part stickiness, containing a small amount of white mycelia, less calcareou:
nodules, and a lot of black spots in the part.
Yellow-brown, slightly wet, hard, uniform soil, compact structure,
well-developed joints and pinholes.
13 Se 87.74 1.46 - - -
14 | l | l | Red-brown, slightly wet, hard, uniform soil, compact structure, well-
L7 89.96 2.22 developed pinholes, containing a large number of black spots.
15 X D7 91.01 1.05
n
—
Wuchen: Light brown-red, wet, compact and hard, consisting of a series
16 Ql loess g WL 247.21 156.20 of brown-yellow loess and brown-red paleosol.
17 Kl Sandstone K - - Different degrees of weathering, wet, soft rock, argillaceous structure, layered|

structure, with well-developed cracks and a good overall integrity.

Fig.3 Zaosheng profile
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sample (with a diameter much smaller than 122 mm, i.e., the
drilled sample diameter minus twice the disturbance width),
could be regarded as undisturbed.

The Q, strata are divided into the Q,> and Q,! strata.
Compared with Q,, Qs, and Q, loess, Q, loess has a compact
structure and relatively small variation in engineering geo-
logical properties (Xi et al. 2018). Thereby, when the tunnel
of the Yinchuan-Xi’an high-speed railway was built in the
Q, strata near the Zaosheng profile, two samples of loess and
paleosol were taken from the Q,” strata, and two samples
of loess and paleosol were taken from the Q 1] strata. The
properties of these four samples represented the property
variations of the loess-paleosol sequence in the Q, strata. In
tunnel excavation, samples were taken after a soil pit deeper
than 3 m was excavated at the sampling point with a shovel.
All undisturbed samples in the Q, strata in this study were
taken from the soil layer more than 3 m from the tunnel bot-
tom to ensure that the samples were not disturbed by tunnel
excavation and manual excavation.

There were 19 groups of samples in this study. The lon-
gitudinal wave velocity is affected by the dry density, water
content, and internal structure of soil (Fratta et al. 2005;
Zhang et al. 2021). The longitudinal wave velocities of
all undisturbed samples were tested prior to the physico-
mechanical properties test. Samples in the same group must
satisfy the conditions of similar longitudinal wave velocities.

For each group of samples, the Laser Particle Analyzer
(Mastersizer 2000, Malvern Instrument Ltd, UK) was used
to determine the particle size of the samples (Fig. 4a).
Based on the China National Standards GB/T 50123-2019
(Standardization Administration of China (SAC) 2019),
the physical properties such as water content, dry density,
specific gravity, void ratio, and liquid plastic limit of the
samples were tested. In addition, in the construction of loess
strata, the collapsibility, shear strength, compressibility, and
foundation bearing capacity of the soil are the mechanical
properties of major concern (Zhang et al. 2018; Liu et al.
2022; Zhu et al. 2022). Thus, the collapse test, free swell
test, direct shear test, consolidation test, and field standard
penetration test were carried out on the samples (Fig. 4b—e).

Fig.4 Tests and instruments.

a Laser Particle Analyzer. b
Collapse test. ¢ Free swell test.
d Direct shear test. e Consolida-
tion test. f X-ray fluorescence
spectrometer. g X-ray dif-
fraction. h Scanning electron
microscope

Testing of chemical properties and microstructures
of loess-paleosol sequence

To explore the underlying mechanisms for the variations
in the physico-mechanical properties of the samples, the
chemical properties and microstructures of the samples were
tested (Fig. 4f—g). The major element compositions of the
samples were analyzed by the X-ray fluorescence spectrom-
eter (Magix pw2403, Panalytical, Netherlands), whereas the
X-ray diffraction (PANalytical X’Pert Pro MPD, Panalyti-
cal, Netherlands) was utilized to analyze the major mineral
compositions of the samples. The diffraction patterns were
determined using Co-Ka radiation with a Bragg angle (20)
range of 5-75° under an operating voltage and current of
40 kV and 40 mA, respectively. The microstructures of the
samples were observed by the scanning electron microscope
(SU-1500, Hitachi, Japan).

Results

Strata distribution of loess tablelands in Eastern
Gansu

Based on the stratigraphic division method (Sun 2005), the
boundary positions of the climatic stratigraphic units in the
Zaosheng profile were determined by comparing the field
measurement results with the Huoxianggou profile (Liu et al.
1988) (Fig. 3). The profile is 247.21 m thick, with a com-
plete sequence from Q, to Q, strata. In particular, the Q,
strata are 1.7 m thick, the Q5 strata are 17.72 m thick, the Q,
strata are 71.59 m thick, and the Q, strata are 156.2 m thick.

To explore the altitude characteristics of the top and
bottom of the loess strata in the Zaosheng tableland,
the loess strata distribution along Line A in Xinzhuang
Town was firstly analyzed (Fig. 5). Then, by compar-
ing the boreholes in Xinzhuang Town, Zaosheng profile,
and Zhengning profile (Xi et al. 2018), the loess strata
distribution in the east—west direction of the Zaosheng
tableland was determined.
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Fig.5 Loess strata distribution of loess tableland in Eastern Gansu. a Xinzhuang town. b Zaosheng tableland. ¢ Dongzhi tableland

As shown in Fig. 5b, the top altitude of the Malian River
is the lowest at about 900 m. From the Malian River east-
ward to the Zhengning profile, the top altitude gradually
rises, and the top altitude of the Zhengning profile is about
1420 m. The variation in the bottom altitude of the loess
strata is similar to that in the top altitude. The bottom alti-
tude of the loess strata is about 890 m at the Malian River,
and about 1250 m at Ziwuling Mountains. However, from
the Malian River to the Zhengning profile, the variation in
the top altitude of the loess strata is first greater than and
then smaller than that in the bottom altitude. Hence, the
loess thickness of the Zaosheng tableland increases first
and then decreases from west to east. The place with the
largest loess thickness is located in Zaosheng Town near
the Malian River, and the thickness of the loess strata is

@ Springer

about 260 m. Topographically, the west of Eastern Gansu
is Liupan Mountains and the east is Ziwuling Mountains
(Figs. 1 and 2a), with the top surface of the bedrock at the
bottom of the loess strata along the Malian River in the area
marking the lowest altitude, while the top surface of the
bedrock at both sides of the area has a high altitude. This
means that Eastern Gansu is a loess accumulation basin
with a huge thickness in paleogeography. Besides, loess
is an aeolian sediment deposited under arid and semi-arid
conditions in the Quaternary period (Zhang 1980; Karl
2001; Zhuang et al. 2018). It could be deduced that from
the Malian River eastward to the Ziwuling Mountains or
westward to the Liupan Mountains, the top altitude of the
bedrock gradually rises and the loess strata tend to become
thinner. Thus, in Eastern Gansu, the loess strata near the
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Malian River is the thickest from the east—west direction.
As shown in Figs. 2a and 6a, from the Zhenyuan profile to
the Bajiazui profile (Wang and Sadao 1985), and then to the
Huoxianggou profile (Liu et al. 1988), the thickness of the
loess strata gradually decreases, which is consistent with
the above pattern.

By analyzing the borehole data of Line C, the loess dis-
tribution in the north—south direction of the Dongzhi table-
land was obtained (Fig. 5c). In the north—south direction,

the thickness of the loess strata in Yima Town in the north
of the Dongzhi tableland is about 215 m, while the thick-
ness in Xifeng District (the middle of the Dongzhi table-
land) is about 170 m. In Xinzhuang Town and Jiaocun Town
(the south of the Dongzhi tableland), the thickness is about
250 m. The thickness of the loess strata in the Dongzhi
tableland decreases first and then increases from north to
south, and the thickness of the loess strata in the south is
greater than that in the north.

(a}; Zhenyuan  Bajiazui Huoxianggou (b) Jingyuan Jiuzhoutai Huanxian Huoxianggou Zaosh Zhengning Luoch Liu Jiapo  Shanxian
uried depth / m profile, profile, profile, Buried depth / m profile, profile, profile, ;.)roﬁle, }?roﬁle, l?rﬂﬁle, profile, profile, profile,
0 — Qingyang  Qingyang , Qingyang 0 — B Lu QQingyang Qingyang angyﬂngn Qingyang  Yan'an Xi'an  Sanmenxia
W < [ o : ‘
5 - s
Q’ Q2
50 50 -
|
QZ Qzl
R
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o
I
Ql s
100 — I LILT 100 —
S
i
s - Q 15 -
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o ———— Ll
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i
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Fig.6 Loess profiles. a Eastern Gansu. b Loess Plateau
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In the Dongzhi tableland and Zaosheng tableland, the thick-
ness of loess strata is 150-260 m. In the Bajiazui profile (Wang
and Sadao 1985), the total thickness is 170.0 m, and the thick-
nesses of the Q;, Q,, and Q, strata are 12.0, 73.0, and 85.0 m,
respectively. In the Huoxianggou profile (Liu et al. 1988), the
Q, strata are 1.3 m thick, the Q; strata are 13.3 m thick, the
Q, strata are 51.4 m thick, and the Q, strata are 107.6 m thick,
making a total thickness of 173.6 m. In the Zhengning profile
(Xi et al. 2018), the thickness of the Q, strata is 1.1 m, that of
the Q; strata is 11.7 m, that of the Q, strata is 63.4 m, and that
of the Q, strata is 98.6 m, with a total thickness of 174.8 m.
Moreover, the Zaosheng profile, Bajiazui profile, Huoxianggou
profile, and Zhengning profile are far away from each other
(Fig. 2a). Zaosheng profile is located near the thickest loess
strata in Eastern Gansu. Bajiazui profile and Huoxianggou pro-
file are located near the thinnest loess strata in the Dongzhi
tableland, and Zhengning profile is located near the thinnest
loess strata in the Zaosheng tableland. Therefore, it could be
judged that in the Dongzhi tableland and Zaosheng tableland,
the Q, strata are 0-2 m thick, the Q5 strata are 10-20 m thick,
the Q, strata are 50-80 m thick, the Q, strata are 90-160 m
thick, and the total thickness is 150-260 m.

The profiles of the loess tablelands in Eastern Gansu were
compared with the typical profiles of the Loess Plateau (Wang
and Sadao 1985; Liu et al. 1988; Bronger and Heinkele 1989;
Mclntosh et al. 1996; Sun 2005; Xue et al. 2006; Xi et al.
2018). In Fig. 6b, the profiles are arranged from left to right,
representing the northwest to the southeast of the Loess Pla-
teau. The thickness distribution of the loess strata in Eastern
Gansu is related to the topography of the bedrock, and the
loess thickness of the Zaosheng profile is larger than that
of the Huoxianggou profile. However, in general, the thick-
ness of the loess strata gradually decreases from northwest to
southeast in the Loess Plateau.

From the above analysis, in the east—west direction of the
loess tableland in Eastern Gansu, the loess strata near the
Malian River should be the thickest. The Zaosheng profile
in this study is located near the Malian River, with a larger
thickness (247.21 m). The loess-paleosol sequence distri-
bution should be the most complete in the loess tableland
of Eastern Gansu, and its thickness is consistent with the
loess distribution characteristics of the whole Loess Plateau.
Thereby, the Zaosheng profile in this study is representative.

Physical properties of loess-paleosol sequence

In loess, the silt ranged from 77.26 to 87.21%, while the
variation range of clay was 5.45-9.80%, and that of sand
was 4.17-14.98% (Fig. 7). In paleosol, the variation ranges
of silt, clay, and sand were 79.37-88.35%, 5.38-13.00%, and
2.27-12.87%, respectively. From Q, to Q, strata, the clay
and silt contents of loess and paleosol tended to increase,
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while the sand content tended to decrease. Furthermore,
compared with the underlying loess, the sand content of the
paleosol was smaller, while the clay content had not sig-
nificantly different. From Q, to Q, strata, the silt content of
the paleosol was greater than that of the underlying loess.
However, the silt content of the paleosol in the Q, strata was
slightly less than that of the underlying loess, due to higher
clay content in the paleosol in the Q, strata than that of the
underlying loess.

The dry density of loess ranged from 1.42 to 1.73 g/cm®,
and that of paleosol ranged from 1.44 to 1.82 g/cm® (Fig. 8).
From Q, to Q, strata, the dry density of loess and paleosol
had an overall increasing trend. The dry density fluctuated
regularly with increasing depth. The peak was in the paleo-
sol, and the trough was in the underlying loess, indicating
higher dry density of the paleosol than that of the underlying
loess. However, there was a negative correlation between
the void ratio and dry density. The void ratio of loess varied
in 0.57-0.90, and that of paleosol ranged from 0.51 to 0.88.
The void ratio of loess and paleosol decreased significantly
from top to bottom, and the void ratio also followed the
fluctuation patterns. The trough appeared in the paleosol,
and the peak appeared in the underlying loess, which proved
that the void ratio of the paleosol was smaller than that of
the underlying loess.

The water content of loess ranged from 16.3 to 20.8%,
and that of paleosol ranged from 14.8 to 22.9%. The satura-
tion range of loess was 45.5-84.6%, and that of paleosol was
60.2-93.2%. When the buried depth was greater than 62 m,
the saturation of loess and paleosol was about 80%. It could
be judged that the groundwater level is about 62 m deep,
which can be regarded as the depth of saturation affected by
the external environment. Moreover, from Q, to Q, strata,
the saturation of loess and paleosol showed an increasing
trend. The saturation fluctuated regularly with increasing
depth, and the saturation of most paleosols was greater
than that of the underlying loess. However, the fluctuation
law of water content from Q, to Q, strata was bounded by
the groundwater level, which was different from that of
saturation. In the strata above the groundwater level, the
peak appeared in the paleosol and the trough appeared in
the underlying loess, indicating higher water content of the
paleosol than that of the underlying loess. But in the strata
below the groundwater level, the trough was in the paleosol
and the peak was in the underlying loess, indicating lower
water content of the paleosol than that of the underlying
loess.

The specific gravity of loess ranged from 2.70 to 2.72,
and that of paleosol ranged from 2.71 to 2.74, all showing
a slight increase with depth. Moreover, the liquid limit of
loess and paleosol all increased with increasing depth.
The liquid limit of loess was 27.3-33.5%, and the plastic
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Fig.7 Particle sizes of loess-
paleosol sequence in Zaosheng (a)
profile. a Particle grading

curves. b Longitudinal distribu-

tion of particle sizes
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limit was 17.1-19.4%. The liquid limit of paleosol was  Mechanical properties of loess-paleosol sequence
30.3-44.5%, and the plastic limit was 18.6-21.4%. The

peaks and troughs of the liquid plastic limit appeared  From Q, to Q, strata, the self-weight collapsibility coef-
alternately with increasing depth, and the liquid plastic  ficient showed regular fluctuation patterns with increasing
limit of the paleosol was greater than that of the underly- depth (Fig. 9). The trough was in the paleosol, and the peak
ing loess. was in the underlying loess. The self-weight collapsibility
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Fig. 8 Physical property indexes of loess-paleosol sequence in Zaosheng profile

coefficients of the paleosol from the Q, strata and the loess
from the Qj strata and the L, layer of the Q, strata were
all greater than 0.015 (0.017-0.029). Based on the China
National Standards GB/T 50123-2019 (SAC 2019), these
soils were considered collapsible soils. Furthermore, the
self-weight collapsibility coefficient of the loess in the mid-
dle and lower parts of the Q, strata and the Q, strata was
0.001-0.012, and the self-weight collapsibility coefficient
of the paleosol from Q; to Q, strata was 0, and their values
were all less than 0.015. These soils were considered non-
collapsible soils. Therefore, only the paleosol in the Q, strata
and the loess in the Q; strata and the top of the Q, strata
were collapsible.

The range of the free swelling ratio in loess was 19-23%,
and that in paleosol was 29-64%. From Q, to Q, strata,
the free swelling ratio fluctuated regularly with increasing
depth. The peak was in the paleosol, and the trough was in
the underlying loess. The free swelling ratio of the paleosol
in the S layer and the loess from Q, to Q, strata was less
than 40%, so they were not swelling soils, while the free
swelling ratio of other paleosols ranged from 40 to 65%.
According to the China National Standards GB 50112-2013

Self-weight Free swelling

0 36 721 70 5 25 35

collapsibility coefficient ratio /%  Cohension / kPa Internal friction angle /- Poisson's ratio Compressive modulus / MPaCompressibility / MPa™
8 19 3 0.3

(SAC 2013), these paleosols were swelling soils with weak
swelling potential. Therefore, in engineering construction,
attention should be paid not only to the collapsibility of the
paleosol in the Q, strata and the loess in the Qj strata and the
top of the Q, strata, but also to the swelling of the paleosol
from Q; to Q, strata.

The cohesion of loess varied from 19.0 to 46.9 kPa, and
that of paleosol varied from 19.6 to 66.3 kPa. The inter-
nal friction angle of loess ranged from 23.2° to 27.9°, and
that of paleosol ranged from 20.9° to 31.5°. From Q, to
Q, strata, the cohesion of loess and paleosol had an overall
tendency to increase. The cohesion fluctuated regularly with
increasing depth, and the cohesion of the paleosol was sig-
nificantly greater than that of the underlying loess. However,
the fluctuation of the internal friction angle with increas-
ing depth was opposite to that of the cohesion. From Q, to
Q, strata, the internal friction angle of loess and paleosol
only increased slightly. The internal friction angle fluctuated
slightly with increasing depth, and the internal friction angle
of the paleosol was smaller than that of the underlying loess.

The compressibility of loess ranged from 0.110 to
0.197 MPa™!, and that of paleosol ranged from 0.070 to

Characteristic value of
foundation bear capacity / kPa

Blow count of standard
penetration test
0 15 30

Fig.9 Mechanical properties of loess-paleosol sequence in Zaosheng profile
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0.204 MPa~!. The compressive modulus of loess ranged
from 9.55 to 17.70 MPa, and that of paleosol ranged from
9.12 to 27.30 MPa. From Q, to Q, strata, the compressibility
of loess and paleosol tended to decrease as a whole, and the
compressibility fluctuated regularly with increasing depth.
The trough was in the paleosol, and the peak was in the
underlying loess, indicating smaller compressibility of the
paleosol than that of the underlying loess. However, the vari-
ation pattern of compressive modulus was opposite to that of
compressibility. In addition, in the standard penetration test,
the blow counts of loess ranged from 8.3 to 19.2, and those
of paleosol ranged from 7.6 to 29.1. The characteristic value
of foundation bearing capacity of loess varied from 193.39
to 447.36 kPa, and that of paleosol varied from 177.08 to
678.03 kPa. From Q, to Q, strata, the characteristic value
of foundation bearing capacity in loess and paleosol had an
overall increasing trend. The characteristic value of founda-
tion bearing capacity fluctuated regularly with increasing
depth. The peak was in the paleosol and the trough was in
the underlying loess, indicating that the characteristic value
of foundation bearing capacity of the paleosol was larger
than that of the underlying loess.

When the embedded depth of the foundation is greater
than 0.5 m, the characteristic value of foundation bearing
capacity determined from the standard penetration test
should be corrected by the following equation (Chang and
Zhang 2018):

Ja =fa + oy (b = 3) + 147, (d = 0.5) 1)

where f; is the modified characteristic value of foundation
bearing capacity, kPa; f,, is the characteristic value of foun-
dation bearing capacity, kPa; 7, and 5, are the correction
coefficients; y is the unit weight of the soil below the founda-
tion bottom, kN/m?, and the unit weight of the soil below the
groundwater level is the effective unit weight; b is the width
of the foundation bottom, m, and b is 3 m when the width
of the foundation bottom is less than 3 m and b is 6 m when
the width of the foundation bottom is greater than 6 m; y,,
is the average unit weight of the soil above the foundation
bottom, kN/m?, and the unit weight of the soil below the
groundwater level is the effective unit weight; and d is the
embedded depth of the foundation, m.

Based on Eq. (1), it could be judged that under the same
foundation, the relationship between the loess and adjacent
paleosol in the modified characteristic value of foundation
bearing capacity is consistent with that in the characteristic
value of foundation bearing capacity. The influence of the
groundwater level on the modified characteristic value of
foundation bearing capacity was analyzed under the assump-
tion that the foundation buried deeper than 0.5 m is equal in
each layer. In the Q, strata, although the dry density of the
paleosol below the groundwater level tended to increase,

due to the increase in saturation and water content, the
characteristic value of foundation bearing capacity of the
paleosol below the groundwater level was not significantly
different from but even smaller than that of the paleosol
above and near the groundwater level (Fig. 9). When modi-
fying the characteristic value of foundation bearing capacity
based on Eq. (1), the #,y(b-3) and #4y,,(d-0.5) of the paleo-
sol below the groundwater level are significantly smaller
than the #,y(b-3) and #5,4y,,(d-0.5) of the paleosol above and
nearby the groundwater level, respectively. Thus, it could
be inferred that in the Q, strata, the modified characteristic
value of foundation bearing capacity of the paleosol below
the groundwater level is smaller than that of the paleosol
above and nearby the groundwater level. Similarly, the modi-
fied characteristic value of foundation bearing capacity of
the Q, loess below the groundwater level also should be
smaller than that of the loess above and nearby the ground-
water level. In addition, the paleosol in the Q, strata was
below the groundwater level, and the characteristic value of
foundation bearing capacity of the paleosol in the Q, strata
was much larger than that of the paleosol above and nearby
the groundwater level due to the increase in dry density
(Fig. 9). When modifying the characteristic value of foun-
dation bearing capacity based on Eq. (1), the n,y(b-3) and
n4¥m(d-0.5) of the paleosol in the Q, strata are obviously
smaller than the #,y(b-3) and n4y,,(d-0.5) of the paleosol
above and nearby the groundwater level, respectively. There-
fore, it could be inferred that the modified characteristic
value of foundation bearing capacity of the paleosol in the
Q, strata is not much larger but even smaller than that of the
paleosol above and nearby the groundwater level. The same
conclusion can also be applied to the relationship between
the modified characteristic value of foundation bearing
capacity of the loess in the Q, strata and that of the loess
above and nearby the groundwater level.

Discussions
Relationship between physical and chemical properties

Based on the chemical properties, the reasons for the distri-
bution of physical properties of the loess-paleosol sequence
in the Zaosheng profile were discussed. It can be seen from
Fig. 10 that the major element compositions in the Zaosheng
profile only vary slightly. The major elements were SiO,,
Al,O;, Ca0, and Fe,03, and the sum of the four elements
was greater than 75%. Thus, the element compositions of
the loess-paleosol sequence in the Zaosheng profile were
similar to those in the Jiuzhoutai profile and Luochuan pro-
file (Bronger and Heinkele 1989; Mclntosh et al. 1996; Sun
2005), indicating that the loess and paleosol in the Zaosheng
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Fig. 10 Element compositions of loess-paleosol sequence in Zaosheng profile

tableland are of aeolian origin. Moreover, the Chemical
Index of Alteration (CIA) and Na/K ratio are commonly
used indicators to judge the weathering degree (Nesbitt and
Young 1982; Guo et al. 2018). The calculation formula of
CIA is [Al,05/(Al,054 CaO* 4+ K,0 + Na,0)] X 100, where
each oxide is in the unit of its mole number. In general, the
CIA value of 50-65 indicates a weak degree of chemical
weathering, and the climatic conditions for forming the soil
are cold and dry. And the CIA value of 65-85 implies an
intermediate chemical weathering of soil, which requires
warm and humid climate conditions. It could be judged that
the loess in the Zaosheng profile is in the degree of weak
chemical weathering, while the paleosol is in the degree of
intermediate chemical weathering.

Feldspar minerals have high hardness and light color,
which keeps them away from being affected by physical

weathering but makes them prone to chemical weather-
ing (Wild et al. 2016), which belong to unstable minerals.
Calcite is a mineral with low hardness and is susceptible
to chemical and physical weathering (Villagran and Poch
2014). The formation of the paleosol required a warm and
humid climate, and adequate precipitation. In this stage, the
chemical weathering of potash feldspar, albite, and calcite
was very likely to occur, which might lead to decreasing
content, while the products of this stage were clay miner-
als (Brindley 1981; Garcia et al. 2012), which would have
accumulated. These patterns also applied to the variations
of Figs. 11 and 12. For potash feldspar, albite, and calcite,
their contents were found to fluctuate regularly with increas-
ing depth, with troughs in the paleosol and the peaks in the
underlying loess. For clay minerals, regular fluctuations with
increasing depth were also observed, while the peaks were

Fig. 11 X-ray diffraction pat-
terns of loess-paleosol sequence
in Zaosheng profile
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Fig. 12 Mineral compositions of loess-paleosol sequence in Zaosheng profile

found in the paleosol and the troughs were identified in the
underlying loess. In loess and paleosol, albite and calcite
are coarse-grained minerals, while clay minerals are fine-
grained minerals (Brindley 1981; Garcia et al. 2012). Hence,
compared with the particle size in the underlying loess, the
paleosol experienced intermediate chemical weathering with
relatively fewer coarse particles (sand) and more fine parti-
cles (clay and silt) (Fig. 7).

The large specific surface area of fine particles (Hepper
et al. 2006; Zhu et al. 2022) equips them with strong adsorp-
tion capacity, and the inlaid filling of large pores by fine
particles blocks the water flow channel in the soil. There-
fore, the increase in fine particles is usually accompanied
by slower water flow velocity in the soil and higher water
storage capacity, which would lead to greater specific grav-
ity and liquid plastic limit. In addition, when the fine par-
ticle content is high, the coarse particles tend to be evenly
distributed in the fine particle matrix, the soil particles are
filled with fine particles, and the coarse particles are sepa-
rated. This is conducive to the directional arrangement of
particles and the increase in pellicular water content, thus
increasing the specific gravity and liquid plastic limit of the
soil (Dolinar and Trauner 2004). That is, the specific grav-
ity and liquid plastic limit of soil are significantly positively
correlated with the fine particle content. Hence, due to the
greater fine particle content of the paleosol than that of the
underlying loess, and the simultaneous increase in the fine
particle content of both loess and paleosol with increasing
depth (Fig. 7), the specific gravity and liquid plastic limit of
the paleosol were larger than those of the underlying loess,
and the specific gravity and liquid plastic limit of loess and

paleosol had an increasing trend with the increase in depth
(Fig. 8).

Distribution of chemical and physical properties
in the Loess Plateau

The comparative analysis of CIA and Na/K of loess and
paleosol in the Loess Plateau is shown in Fig. 13 (Zhang
et al. 1991; Diao and Wen 1999; Chen et al. 2001, 2008).
The chemical weathering intensity of Zhenjiang loess
is the highest, followed by Weinan paleosol, and that
of Lanzhou loess is the lowest. From the northwest to
the southeast of the Loess Plateau (Fig. 1), the chemi-
cal weathering intensity of loess and paleosol tends to
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Fig. 13 Chemical weathering intensities of loess-paleosol sequence
in the Loess Plateau
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increase, and the chemical weathering intensity of paleo-
sol in the same place is greater than that of loess. Thus,
from the northwest to the southeast of the Loess Plateau,
the contents of potash feldspar, albite, and calcite in loess
and paleosol have a decreasing trend, while the contents
of clay minerals have an increasing trend. It could be
inferred that from the northwest to the southeast of the
Loess Plateau, the clay content of loess and paleosol tends
to increase, while the sand content tends to decrease.
Previous studies have demonstrated that Q5 loess has a
consistent trend (Sun 2005). Samples were taken from
Q, to Q, strata of the Jiuzhoutai profile in Lanzhou, and
their particle sizes were tested and compared with those
of samples in Qingyang, Yan'an (Ding et al. 2000), and
Xi'an (Liang et al. 2016). It could be found that from the
northwest to the southeast of the Loess Plateau, the clay
content of the loess and paleosol in Q, to Q strata has an
increasing trend, and the sand content has a decreasing
trend (Figs. 1 and 14).

Samples were taken from Q, to Q, strata of the Jiuzhoutai
profile in Lanzhou, and their liquid plastic limits were tested
and compared with those of samples in Qingyang, Yan’an
(Wang et al. 2015), Xianyang (Tu et al. 2010), and Baoji
(Tan et al. 2015) (Fig. 15). From the northwest to the south-
east of the Loess Plateau, the clay content of the paleosol
and loess in Q, to Q, strata has a consistently increasing
trend, so the liquid limit and plasticity index tend to increase,
which are the same as the variations in Fig. 15.

In Lanzhou, Yan’an, Xi’an, Xianyang, and Baoji of the
Loess Plateau, a small amount of data showed that the
variations of loess and paleosol with increasing depth in
terms of particle size and plasticity properties were not in

Fig. 14 Particle sizes of loess-
paleosol sequence in the Loess
Plateau
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Fig. 15 Plasticity properties of loess-paleosol sequence in the Loess
Plateau

contradiction with the laws obtained in this study (Figs. 14
and 15). It could be speculated that the distribution of par-
ticle size and plasticity properties of the loess-paleosol
sequence in the Zaosheng profile can represent that in deep
loess strata in many places of the Loess Plateau. Moreover,
particle size and plasticity properties are the most basic
physical properties, which can affect many related physico-
mechanical properties (Zhang et al. 2018; Liu et al. 2022;
Zhu et al. 2022). The distribution and thickness of the loess-
paleosol sequence in the Zaosheng profile conform to the
strata distribution characteristics of the whole Loess Plateau
(Fig. 6). Thereby, it was reasonable to believe that the lon-
gitudinal distribution of the physico-mechanical properties
of the deep loess strata in many places of the Loess Plateau
should be consistent with that of the Zaosheng profile.
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Relationship between physical properties
and microstructures

During the loess accumulation period, the climate was cold
and dry, and the loess had weak pedogenesis, few fine par-
ticles, many macropores, and a loose structure (Fig. 16).
However, during the paleosol formation, the climate was
warm and humid, and the paleosol had strong pedogenesis.
Affected by rainwater leaching (Sylvain et al. 1996; Bjorn
et al. 2011; Huang et al. 2018), the soluble salts and unstable
minerals in the paleosol were leached away, and the fine-
grained materials formed by the secondary effect filled the
macropores, making the structure denser than that of the
underlying loess, resulting in smaller porosity and larger dry
density. That is, the dry density of the paleosol was greater
than that of the underlying loess (Fig. 8). Moreover, the vari-
ation of density, dry density, and void ratio with increasing
depth was largely due to the continuous accumulation of
loess and paleosol. With the increase in overburden pres-
sure, the loess and paleosol particles were more closely
arranged, indicating the compaction effect of the consolida-
tion pressure.

In the strata above the groundwater level, the relatively
large pores of loess promoted water to migrate downward
and be stored in the paleosol with relatively small pores
(Fig. 16). Loess had few fine particles and clay minerals

with large specific surface area and was not easy to absorb
water (Hepper et al. 2006; Zhu et al. 2022). As a result, the
underlying loess was permeable, the paleosol was weakly
permeable, and the water content of the underlying loess was
smaller than that of the paleosol (Fig. 8). However, in the
strata below the groundwater level, the loess and paleosol
were saturated. The pores of the underlying loess were larger
and more than those of the paleosol; thus, the underlying
loess was easier to store water than the paleosol, and the
water content of the underlying loess was greater than that
of the paleosol. In addition, compared with the underlying
loess, the paleosol contained more fine particles and clay
minerals with large specific surface area, and had a stronger
ability to absorb water per unit area (Hepper et al. 2006; Zhu
et al. 2022), which resulted in greater pore water storage per
unit area in the paleosol. Therefore, from Q, to Q, strata,
the saturation of the paleosol was greater than that of the
underlying loess.

Relationship between mechanical properties
and microstructures

Through quantitative analysis of Fig. 16, the number
of pores, apparent porosity, and fractal dimension were
obtained (Table 1). During the compression and stand-
ard penetration tests, the variation of the soil volume is

Fig. 16 Microstructures of loess-paleosol sequence in Zaosheng profile
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Table 1 Quantitative analysis of microstructure for loess-paleosol
sequence in Zaosheng profile

Layer Number of Apparent poros- Fractal dimension
pores ity / %

So 632 16.7 1.1411 (R*=0.9947)
L, 658 16.7 1.1458 (R*=0.9938)
S, 594 73 1.0834 (R*=0.9977)
L, 638 153 1.1168 (R*=0.9958)
S, 627 8.1 1.0848 (R*=0.9978)
L, 605 10.6 1.1104 (R*=0.9966)
S, 599 6.8 1.0821 (R*=0.9979)
L, 582 9.9 1.0872 (R*=0.9972)
S, 522 6.1 1.0691 (R>=0.9982)
Ls 598 11.4 1.1010 (R*=0.9968)
Ss 617 7.0 1.0861 (R>=0.9976)
Ly 609 9.8 1.0956 (R?=0.9971)
Se 580 6.8 1.0725 (R?=0.9975)
L, 586 8.0 1.0797 (R*=0.9972)
S, 615 7.5 1.0840 (R?=0.9980)
LQ? 558 7.1 1.0743 (R*=0.9945)
S@Q) 495 5.7 1.0633 (R2=0.9965)
LQ,H 529 6.0 1.0651 (R*=0.9984)
S@Q,") 472 5.2 1.0611 (R2=0.9979)

mainly due to the pore compression in the soil. It can be
seen from Table 1 that from Q, to Q, strata, the number
of pores in loess decreases from 658 to 529, and that in
paleosol decreases from 632 to 472; the apparent porosity
of loess decreases from 16.7 to 6.0%, and that of paleosol
decreases from 16.7 to 5.2%. From Q, to Q strata, the con-
tent of inter-particle pores decreased in general, especially
the trellis pores decreased or even disappeared, and the par-
ticles in the soil were arranged more closely, so the anti-
compression capacity and characteristic value of foundation
bearing capacity of loess and paleosol increased (Fig. 9).
Compared with the underlying loess, the pore content of
the paleosol was smaller and the particle arrangement was
more compact, resulting in greater anti-compression capac-
ity and characteristic value of foundation bearing capacity
of the paleosol.

As can be seen from Fig. 16 and Table 1, from Q, to Q,
strata, the contact mode between particles develops from
point-to-point contact, point-to-surface contact to surface-
to-surface contact, and the cementation between particles
becomes more obvious, which increases the cohesion of
loess and paleosol (Fig. 9). Compared with the underlying
loess, the cementation between the particles in the paleosol
was stronger, causing stronger cohesion of the paleosol. In
addition, the fractal dimension of the paleosol was smaller
than that of the underlying loess, indicating that the edges
and angles of the mineral debris in the paleosol became
less obvious than those in the underlying loess. Thus, the
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internal friction angle between the paleosol particles was
smaller than that between the underlying loess particles.
On the one hand, from Q, to Q, strata, the fractal dimen-
sion of loess decreased from 1.1458 to 1.0651, that of
paleosol decreased from 1.1411 to 1.0611, and the edges
and angles of mineral debris became less obvious. On the
other hand, from Q, to Q, strata, the arrangement of loess
and paleosol particles was closer, and the pore content
between particles was generally reduced. The role of this
aspect on the internal friction angle was slightly greater
than that of the previous aspect. Thus, on the whole, the
internal friction angle of loess and paleosol displayed no
obvious variation from Q, to Q, strata, but only slightly
increased.

The paleosol in the Q, strata and the loess in the Q;
strata and the top of the Q, strata had large and many trellis
pores, and the degree of cementation between the particles
was weak. When they encountered water, the cementation
between the particles was destroyed. The particles migrated
relatively, small particles entered the trellis pores, and the
soil structure was destroyed, causing the whole soil to col-
lapse (Karl 2001; Zhuang et al. 2018), while the paleosol
from Q; to Q, strata and the loess in the middle and lower
parts of the Q, strata and the Q, strata had small or no trel-
lis pores. The degree of cementation between the particles
was strong, and its structure was not easily damaged when
encountering water, which could prevent the whole soil
from collapsing obviously. Therefore, only the paleosol in
the Q, strata and the loess in the Q5 strata and the top of the
Q, strata were collapsible (Fig. 9). In addition, the paleosol
from Q; to Q, strata had dense structure, strong pedogen-
esis, and high clay mineral content. When the paleosol from
Q; to Q, strata encountered water, the structure was not
likely to collapse, and clay minerals were prone to swell
(Brindley 1981; Garcia et al. 2012), resulting in the swell-
ing of the whole soil. In other words, the paleosol from Q;
to Q, strata belonged to swelling soil.

Conclusions

This study determined the longitudinal distribution of
physico-mechanical properties of the loess-paleosol
sequence from Q, to Q, strata in the Zaosheng profile.
Based on the relationship between chemical properties,
microstructures, and physico-mechanical properties, the
underlying mechanisms for the variations in physico-
mechanical properties of the loess-paleosol sequence were
discussed. Meanwhile, the distribution of chemical and
physical properties of the loess-paleosol sequence in the
Loess Plateau was determined. Based on this study, the
main conclusions are presented as follows.
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1. From Q, to Q, strata, the dry density, saturation, spe-
cific gravity, and liquid limit of loess and paleosol had
an overall increasing trend, and these parameters of the
paleosol were greater than those of the underlying loess.
However, the fluctuations of water content with depth
were inconsistent with those of these parameters. In the
strata above the groundwater level, the water content
of the paleosol was greater than that of the underlying
loess. But in the strata below the groundwater level, the
water content of the paleosol was less than that of the
underlying loess.

2. From Q, to Q, strata, the compressive modulus, char-
acteristic value of foundation bearing capacity, and
cohesion of loess and paleosol had an overall increas-
ing trend. These parameters of the paleosol were greater
than those of the underlying loess. However, from Q, to
Q strata, the internal friction angle of loess and paleosol
only increased slightly, and the internal friction angle of
the paleosol was less than that of the underlying loess.
Moreover, the paleosol in the Q, strata and the loess in
the Q; strata and the top of the Q, strata were collapsible
soils, and the paleosol in Q5 to Q, strata was swelling
soil.

3. From Q, to Q, strata, the content of inter-particle pores
in loess and paleosol gradually decreased, and the parti-
cle arrangement gradually became tighter, but the edges
and angles of the particle debris became less obvious.
Compared with the underlying loess, the paleosol had
better cementation between particles and smaller pore
content, but the edges and angles of the particle debris
were less obvious. The microstructure of loess and pale-
osol corresponded exactly to the macroscopic mechani-
cal properties.

4. The chemical weathering intensity of paleosol (interme-
diate) was stronger than that of loess (weak). The potash
feldspar, albite, and calcite of the paleosol were smaller
than those of the underlying loess, but the clay minerals
of the paleosol were larger than those of the underlying
loess. These could explain the longitudinal distribution
of physical properties (particle size, specific gravity,
liquid plastic limit, and saturation) of the loess-paleosol
sequence along with the depth.

5. The increase in chemical weathering intensity from
northwest to southeast Loess Plateau would, therefore,
contribute to lower (higher) clay content, liquid limit,
and plastic index of the loess and paleosol in Q, to Q,
strata in the northwest (southeast), and decreasing sand
content in the corresponding direction.
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