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Abstract: In recent decades, loess landslide events have attracted increasing attention in the South
Jingyang tableland. To elucidate the mechanical mechanism of landslide initiation in the region,
this work collected undisturbed loess and paleosol samples taking from the Q, strata in the South
Jingyang tableland. A range of direct shear tests were carried out to explore the strength evolution law
of shear zone soil subjected to a varying initial moisture content. In addition, soil water characteristic
curves (SWCCs) were also charted and used for predicting the unsaturated shear strength. The
findings show that the basic physical properties of the paleosol are different from those of loess
due to their different pedogenic environments. The normal stress level and initial moisture content
jointly determine whether the shear behavior is strain hardening or strain softening. The shear
strength and strength parameters evidently diminish with an increasing initial moisture content,
and cohesion contributes to the vast majority of strength attenuation. Paleosol samples possess
higher values in shear strength and strength parameters than loess samples due to their stronger
inter-particle cementation. The predictive formulas of unsaturated shear strength for undisturbed
loess and paleosol are proposed, respectively, based on the Vanapalli model, and the calculated values
of the strength prediction model are in perfect agreement with the experimental values.

Keywords: loess; paleosol; shear behavior; soil water characteristic curve (SWCC); prediction of
unsaturated shear strength

1. Introduction

Loess, a representative, large, porous, weakly cemented, and water-sensitive Quater-
nary aeolian deposit, is widely distributed in semi-arid and arid regions [1,2]. Paleosol
is extensively developed in loess strata and is alternately distributed with loess [3]. The
Chinese Loess Plateau is the largest, thickest, and most continuous loess distribution area
on Earth [4-6]. Massive numbers of loess geo-hazards (e.g., collapses, sinkholes, landslides,
debris flow) have emerged in the Loess Plateau region because of the unique climatic condi-
tions and human engineering activities [7-12], of which loess landslides are extraordinarily
prominent [13]. The South Jingyang tableland, in Shaanxi, is famous for high-frequency
loess landslide events, and accumulations of strata are deposited in an alternating distri-
bution of loess and paleosol [9,14]. The mechanism of loess landslide occurrence has long
been accepted to correlate well with shear strength deterioration of shear zone soil [15,16].
However, gaining a better understanding of the shear behaviors of loess and paleosol with
different initial moisture contents is of vital importance for landslide mechanism analysis
in the South Jingyang tableland.

To date, the shear characteristics of loess have been widely investigated, and these
rich research findings reveal that loess under a dry condition has eminent shear strength;
however, in wet environments, the shear strength is prone to a dramatic decline due to the
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destruction of inter-particle cementation [17-22]. Similar research results have also been
reported in other loess regions abroad. Hadzi-Nikovic et al. [23] studied the strength of
loess deposited in Belgrade, and showed a decrease in shear strength owing to greater
initial moisture. Yates and Russell [24] conducted triaxial tests to investigate the underlying
causes of frequent rainfall-triggered slope failures in the Akaroa harbor area in Banks
Peninsula, New Zealand, and the stress—strain curves showed an increase in maximum
deviatoric stress as moisture decreased. These plentiful research results offer in-depth
insights into the shear behavior of loess, but there remains little investigation of paleosol
shear strength. Moreover, the limited research on the paleosol mainly focuses on environ-
mental or paleoclimatic changes [25-27]. However, the existing research has proven that
loess and paleosol are different with respect to physical and mechanical properties [16,28].
Consequently, it is essential to conduct a comparative analysis of the strength evolution
laws for undisturbed loess and paleosol under different moisture content conditions.

Establishing an effective strength prediction model can provide a good approximation
of shear strength for unsaturated soil in the absence of experimental data. Past studies
have stated that the SWCC is a critical parameter for estimating the unsaturated shear
strengths of soils [29,30]. The prediction of loess shear strength has also made gratifying
progress. Zhai et al. [30] proposed a new model for estimating unsaturated shear strength
on the basis of the SWCC. Cai et al. [31] established a shear strength formula with matrix
suction as a variable. An equation using the SWCC to predict the unsaturated shear
strength of loess over a wide suction range was also proposed by Jiang et al. [32]. The
results obtained from these strength prediction formulas have good consistency with the
measured strength, and they are convenient to apply in engineering practice. However,
in our review of the existing literature, we found that there are abundant shear strength
prediction models for unsaturated loess, but the research on prediction models for the
paleosol is insufficient. Further research is, therefore, needed to establish an effective
prediction formula for paleosol shear strength.

This paper clarifies the shear strength deterioration mechanisms of undisturbed loess
and paleosol with various initial moisture contents by systematically investigating their
shear performance and SWCCs. Furthermore, a theoretical model for predicting the
unsaturated shear strength of loess and paleosol is established. The experimental research
results hopefully serve as useful information for understanding the shear behavior and
predicting the strength of unsaturated loess and paleosol.

2. Experimental Details
2.1. Sampling and Preparation of Samples

The samples tested were acquired from the South Jingyang tableland (Figure 1), a
site that has suffered a considerable number of landslide disasters since 1984 [33]. Field
investigations evidenced that the vast majority of sliding surfaces were located between a
loess layer and paleosol layer [28,34]. Hence, samples of loess and paleosol were obtained
to study their shear properties.

Undisturbed bulk samples of loess (L, layer) and paleosol (S; layer) with a size of
200 x 200 x 200 mm? were collected, and the top sides of samples were clearly marked in
the field. Thereafter, they were well sealed with plastic wrap and carefully transported to
the laboratory to avoid any disturbance. In the laboratory, these samples were cut using ring
knives to a diameter of 63.5 mm and height of 25.4 mm for direct shear tests. The diameter
and height of the samples used for charting SWCCs were 61.8 mm and 20 mm, respectively.
For the direct shear tests, loess and paleosol samples with initial moisture contents of 11,
13,17, 21, 26, and 33% (by weight) were prepared by air drying or spraying distilled water.
Afterwards, they were wrapped with plastic wrap and placed in an airtight moisturizing
container for at least 48 h to achieve water homogenization. It is worth mentioning that
samples used for measuring SWCCs should be fully saturated with degassed water before
the test begins.
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Figure 1. The location and acquisition process of samples (modified according to [4,35,36]).

Loess and paleosol samples’ basic physical properties were determined in accordance
with the Chinese National Standards (CNS) GB/T50123-2019 [37]. The grain size distribu-
tions, measured using a laser particle analyzer (Bettersize2600E), revealed that the loess
and paleosol samples were predominantly composed of silt particles with proportions of
79.99~80.21% and 81.89~82.93%, respectively. Their physical properties are presented in
Table 1. It can be seen that the paleosol samples had a higher dry density, moisture content,
Atterberg limit, and silt and clay contents than the loess samples, and yet their specific
gravity and sand content were lower than those of the loess samples. An X-ray diffraction
test was implemented to analyze their mineral compositions, indicating that the two soils
predominantly incorporated quartz, feldspar, and calcite, with small amounts of chlorite,
illite, and amphibole (Table 2). The finding that the carbonate mineral content in the loess
samples was higher than that in the paleosol samples (18.7% and 14.4%, respectively)
agreed with the findings of the investigation by Yuan et al. [28].

Table 1. Physical properties of loess and paleosol samples.

Atterberg Limits Grain Size Distribution/%

3 0,

Sample  Gs  pglg/em®)  wl% e ri%,  Ip Sand>0.05mm  Silt0.002~0.05mm  Clay < 0.002 mm
Loess 271 1.49 134 296 170 126  11.20~11.49 79.99~80.21 8.52~8.59

Paleosol ~ 2.67 1.51 179 318 183 135 3.18~3.80 81.89~82.93 13.89~14.44

Note: Gg, specific gravity; pq, dry density; w, natural moisture content; wy, liquid limit; wp, plastic limit; Ip,
plasticity index.
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Table 2. Mineral compositions of loess and paleosol samples.
Components/%
Sample
Quartz Feldspar Calcite Chlorite Illite Amphibole
Loess 52.3 14.8 18.7 8.4 49 0.9
Paleosol 54.1 16.3 14.4 9.9 53 /

2.2. Testing Program

Usually, one of two methods is used to determine the shear strength of unsaturated
soil. One method is to use a direct shear instrument or triaxial equipment, which employs
axial translation technology to control suction [20,38]. Although this method has high
accuracy, it is difficult to widely apply in engineering practice owing to its slow shear rate,
long testing period, and high operating cost. Instead, the combined methods of suction
measurement and a conventional direct shear test are widely accepted in practice [39,40].
The related research literature has demonstrated that the results obtained by the two
methods are near-identical [41]. That is, the shear strength of unsaturated soil determined
by conventional direct shear tests already implies the contribution of matric suction. Based
on this, the latter method is introduced to survey the shear behavior of undisturbed loess
and paleosol samples under various initial moisture contents.

A fully automatic direct shear apparatus was employed to perform direct shear tests
with a maximum shear displacement of 10 mm. Its shear rate in the process of testing was
set to 0.2 mm/min, which can be considered a drainage test [42]. The normal stresses of
50 kPa, 100 kPa, 200 kPa, and 400 kPa were imposed during the direct shear test.

The SWCC was measured by the pressure membrane instrument method in this work.
For each soil sample (i.e., loess and paleosol), suctions of 20 kPa, 40 kPa, 60 kPa, 80 kPa,
100 kPa, 150 kPa, 200 kPa, 250 kPa, 300 kPa, 390 kPa, and 480 kPa were applied in sequence,
respectively. After each level of suction balance, the mass of the soil sample was weighed
until the final suction level was reached.

3. Results
3.1. Shear Behaviors of Loess and Paleosol Samples

The outcomes of the direct shear tests for loess and paleosol samples are illustrated in
Figures 2 and 3, respectively. Under this experimental condition, whether the shear stress—
shear displacement curve belongs to strain softening or strain hardening depends not only
on normal stress but also on the initial moisture content. As the initial moisture content
and normal stress increase, their shear failure behavior gradually transitions from strain
softening to strain hardening. For loess samples, when the initial moisture content is smaller
than 17% and the normal stress is 50~100 kPa, the shear stress—shear displacement curves
are of strain softening, and as the normal stress increases to 400 kPa, their curves under an
identical initial moisture content gradually transition to strain hardening. Moreover, under
a state of a high initial moisture content, they exhibit strain hardening characteristics even
with a low normal stress. The shear behavior of paleosol samples is consistent with that of
loess samples, and yet the strain softening phenomenon is more notable when compared
with loess samples.
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Figure 2. Curves of shear stress versus shear displacement for loess samples.
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Figure 3. Curves of shear stress versus shear displacement for paleosol samples.

3.2. Shear Strengths of Loess and Paleosol Samples and Their Strength Parameters

In line with the Chinese National Standards (CNS) GB/T50123-2019 [37], the peak
strength on the shear stress—shear displacement curve is defined as the shear strength. For
curve without a peak value, the shear stress at the point where the shear displacement is
equal to 20% of samples’ height (e.g., 5 mm of shear displacement) is defined as the shear
strength. Figure 4 exhibits their shear strength envelopes with different moisture contents.
The shear strength decreases as the normal stress decreases and the initial moisture content
increases. For loess samples, when the normal stress is 200 kPa, the increase in the initial
water content clearly reduces the shear strength (199.2 kPa at 11% and 106.2 kPa at 33%,
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respectively). This means water has a weakening effect on the shear strength of loess.
When the initial moisture content rises from 11% to 21%, the shear strength at 200 kPa
of normal stress decreases from 199.2 kPa to 134.6 kPa, with a reduction magnitude of
32.4%, whereas it is 21.1% when the initial moisture content increases from 21% to 33%
(134.6 kPa and 106.2 kPa, respectively), indicating that the softening effect of water on shear
strength is more pronounced at a low initial moisture content than at a high initial moisture
content. The same variation trend is seen for paleosol samples, but those have a higher
shear strength than loess. The reduction magnitudes of shear strength at the normal stress
of 200 kPa are 38.2% and 31.8% when the initial moisture content is increased from 11% to
21% and from 21% to 33%, respectively. This suggests that the paleosol is more sensitive to
water than loess.
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Figure 4. Shear strength envelopes of samples with different initial moisture contents.

Their shear strength parameters are listed in Table 3. We can understand from these
that c evidently decreases with an increased initial moisture content. When the initial
moisture content increases from 11% to 33%, the ¢ of loess and of paleosol is reduced
by 89.7% and 88.4%, respectively. Compared with ¢, ¢ shows a decreasing trend as a
whole, but its reduction amplitude does not show large variation. This demonstrates that
the weakening effect of water against shear strength is largely reflected in a reduction
in c¢. In conducting a comprehensive investigation of the relationship between c and
the initial moisture content, we found, when fitting the data in Table 3, that ¢ decreased
exponentially with an increased initial moisture content (Figure 5). Similar results have
also been published in the relevant literature [20].

Table 3. Shear strength parameters of loess and paleosol.
Strength Initial Moisture Content/%
Sample Parameter 11 13 17 21 26 33
L c (kPa) 88.2 69.6 47.7 34.7 24.3 9.1
0ess ¢ () 26.4 26.5 26.2 26.5 26.3 26.1
Pal | c (kPa) 151.1 125.4 95.8 65.3 37.1 17.6
aleoso ¢ (°) 29.9 28.9 28.7 29.1 28.6 283

Note: c is cohesion; ¢ is internal friction angle.
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3.3. SWCCs of Loess and Paleosol Samples

Figure 6 shows the corresponding data points of the volume moisture content and
matrix suction derived from experimentation. To quantitatively characterize the SWCC
characteristics, the Van Genuchten (1980) model was employed to fit the data points,
according to

0 =06, + (6 —60;)/[1+ (as)"]" (1)

where 6 is the volume moisture content, 6; is the saturated volume moisture content, 0,
is the residual volume moisture content, s is matrix suction, «, m, n are fitting parameters
given in Table 4, and R? is the fitting coefficient.
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Figure 6. SWCCs of loess and paleosol samples (note that the AEV is the air entry value).

Table 4. Fitting parameters of SWCC model for loess and paleosol.

Fitting Parameters Based on VG Model

2
Sample N " m 0, o, R
Loess 0.0358 2.1561 0.5362 0.5007 0.1029 0.9976
Paleosol 0.0292 2.0102 0.5026 0.4780 0.1439 0.9996

As can be seen from Figure 6, the higher the 6, the smaller the s. And yet their SWCCs’
shapes are quite different due to their varying textures. The 0, of loess is higher than
that of the paleosol. This could be attributed to the superior compactness of the paleosol
compared to loess (pgjoess = 149 g/cm?, Pd,paleosol = 1.51 g/ cm?). As s grew, the 0 of the
paleosol exceeded that of loess under the same s, revealing that the paleosol had a stronger
water-holding capacity.
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3.4. Shear Strength Prediction of Loess and Paleosol Samples

The calculation of the shear strength for unsaturated soil, generally, consists of two
parts: the saturated shear strength and the shear strength contributed by suction. A shear
strength prediction model (Equation (2)) was proposed by Vanapalli et al. [43] based on
Canadian glacial till. However, Gao et al. [40] found that Equation (2) was not suitable for
direct use on loess because its shear strength was greatly underestimated. So, they added a
correction coefficient (g) to Equation (2) and thereby produced a shear strength expression
(Equation (3)) applicable to loess.

T = ¢ + (0~ ug) tan(¢') + (g — 11,) " tan(g') @

T = + (0~ ug) tan(g’) + (1 — 1) (g-0") tan(¢) )

where ¢’ and ¢ are strength parameters of saturated soil; (¢ — 1,) is normal stress; for a
conventional direct shear test under atmospheric pressure, 1, = 0; uy, is the pore-water
pressure; (1, — Uy) is matric suction; © is the relative volume moisture content, © = 6y,/6s;
K is the fitting parameter; and g is the correction coefficient.

The unsaturated shear strength formulas of loess and paleosol were established by
fitting Equation (3) with the experimental data at a normal stress of 200 kPa. The shear
strength parameters and fitting parameters in Equation (3) are shown in Table 5. Finally,
their unsaturated shear strength formulas are

T joess = 9-1 4 0 tan 26.1° + 1.29(u, — 11,)@°7? tan 26.1° (4)
Tf paleosol = 17.6 + o' tan 28.3° + 2.96(u, — u,)@'* tan 28.3° (5)

Table 5. Parameters in Equation (3) for loess and paleosol samples.

Sample c’/kPa ¢'° g K R?
Loess 9.1 26.1 1.29 0.72 0.991
Paleosol 17.6 283 2.96 1.39 0.960

Figure 7 manifests the relationship between shear strength from the conventional
direct shear test and matrix suction after shearing. The excellent fitting degrees (0.991 and
0.960, respectively) verified their accuracy and the suitability of Equations (4) and (5) in
describing the relationship between shear strength and matrix suction for unsaturated loess
and paleosol.

400

& Test of loess
350 L O  Test of paleosol
— Fitting curve of loess

00— Fitting curve of paleosol

[y}
(=]

Shear strength/kPa
&
IS S
T

150

10

200 300 400 500
Matrix suction/kPa

0 100

Figure 7. Relationship between shear strength and matrix suction.
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To verify the applicability of Equations (4) and (5) and the accuracy of the parameters
in the prediction models, the unsaturated shear strength models were verified for various
shear strengths from conventional direct shear tests with different normal stresses and
initial moisture contents. A comparison of tested and predictive values is depicted in
Figure 8, showing that the results are well-distributed near the standard line. Furthermore,
SPSS version 19 software was used for significance analysis using the paired ¢-test with
a critical level of o« = 0.05. The significance evaluation of the predictive models for loess
and paleosol produced results of 0.061 and 0.088, respectively (both greater than 0.05).
These can be regarded as demonstrating that there was no significant difference between
predictive values and test values. So, we have reason to believe that Equations (4) and (5),
determined based on the Vanapalli model, can well predict the unsaturated shear strength
of undisturbed loess and paleosol.

450
9 o,=50kPa

4001 o 5,=100kPa
5350 r @ o;,=200kPa
<300 F o =400kPa o
=
= L Yo,
: 250 oo
> R
5 200 + &?0 o
= = [o]

2150 | o - (o] GS=50kPa
A oRf 0 =100kPa
100 f%,o 200

0 6¢=200kPa
50 (@ -
) 6s=400kPa
0 1 1 1 I 1 1 1 I
0 50 100 150 200 250 300 350 400 450

Test value /kPa

Figure 8. Comparison of test and predictive shear strengths for unsaturated loess and paleosol (note
that the subscripts L and S denote loess and paleosol, respectively).

4. Discussion

Although loess has the same material source as paleosol, their distinct sedimentary
environments contribute to discrepancies in soil texture, so that the basic physical indexes
and shear behavior of loess are distinct from those of paleosol. CaCOj is well-preserved
in loess strata, while the amount of CaCO3 preserved in paleosol strata is relatively small
because intense eluviation results in the enrichment of CaCOj in the form of calcareous
concretions at the bottom of the paleosol layer [44,45]. This provides support for the finding
that the content of carbonate minerals in loess was greater than that in the paleosol. The
superior shear strength and strength parameters in the paleosol can, therefore, be attributed
to the presence of calcareous concretions, playing a skeletal role. Furthermore, the greater
clay contents and carbonate minerals in the paleosol (Tables 1 and 2) evidence that there
are stronger cementation bonds in the paleosol, which make a heavy contribution to its
shear properties [46]. Similar conclusions were discovered in the literature [47]. Different
from our research, in previous studies, it was found that the internal friction angle of the
paleosol was slightly smaller than that of the loess. This may be since the paleosol layer
was compared with the underlying loess layer, while the loess layer in our article overlay
the paleosol layer.

The underlying mechanism of the reduction in shear strength by water is a weakening
of the cementation bonds between particles. The thickness of the water film between soil
particles gradually increases with a higher initial moisture content, resulting in a greater
strength loss created by bound water [48]. In other words, the aggregate size of soils
gradually enlarges with an increasing initial moisture content, and inter-aggregate pores
are filled with free water, which ultimately causes a decrease in shear strength [49]. From
another point of view, the partial clay minerals and soluble carbonate minerals that play
a cementing role in soil are dissolved by excess water, reducing the bonding strength
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(mainly cementation and Van der Waals force) between soil particles [50,51]. Therefore,
there is a negative correlation between shear strength and the moisture content. To sum up,
cohesion is the most crucial factor impacting shear strength. Since the paleosol is deposited
under warm and moist climatic conditions, the solidified cohesive force generated by
cementitious material between particles is stronger than that of loess, and as a consequence,
the paleosol’s cohesion remarkably outweighs that of loess. The influence of the internal
friction angle—contributed by the sliding friction of the particle surface and the interlocking
force between particles—on shear strength is limited. A variation in moisture content does
not change the surface roughness of loess and paleosol particles, so the reduction in their
internal friction angle is barely significant.

5. Conclusions

Conventional direct shear tests were implemented to investigate the shear behavior
of undisturbed loess and paleosol with distinct initial moisture contents under various
normal stresses. The SWCCs of loess and paleosol samples were measured separately and
used to predict their unsaturated shear strength formulas. On the basis of this work, the
following conclusions can be drawn:

e  There are significant discrepancies in basic physical properties between loess and
paleosol samples, particularly in natural moisture content, Atterberg limit, grain size
distribution, and mineral composition.

e  As the initial moisture content and normal stress increase, different shapes of shear
stress—shear displacement curves for loess and paleosol are observed, and their shear
failure behavior gradually transitions from strain softening to strain hardening. The
strain softening phenomenon of loess samples at a low initial moisture content is not
as significant as that of paleosol samples under the same conditions.

e  The shear strength of loess and paleosol samples is negatively correlated with an
increased initial moisture content and decreased normal stress. The sensitivity of
the internal friction angle to water is much less than that of the cohesion. There is
an exponentially decreasing relationship between cohesion and an increased initial
moisture content, while the internal friction angle shows a decreasing trend with a
limited attenuation range, along with augmenting the initial moisture content. This is
close to the weakening action of water on soil’s inter-particle cementation.

e  On the basis of the Vanapalli model, formulas for predicting the unsaturated shear
strengths of undisturbed loess and paleosol were put forward respectively. The
applicability of the prediction models proposed in this paper and the accuracy of their
fitting parameters were verified by using experimental data.

e  This study has offered scientific guidance on how we should understand the mech-
anism of loess landslides in the South Jingyang tableland. However, due to the size
and boundary effects of our indoor experiments, further in situ direct shear tests can
more accurately reflect the shear characteristics of undisturbed, unsaturated loess
and paleosol.
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