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W N e

Abstract: The complex structure of Neogene mudstone plays an important role in geological disasters.
A close relationship exists between the mechanisms of mudstone landslides and the disintegration
characteristics of rocks. Therefore, understanding the disintegration characteristics of Neogene
mudstone at different depths is crucial for enhancing engineering safety and assessing landslide
stability. This study employed Neogene mudstone from different depths to perform disintegration
and plastic limit experiments and revealed the sliding mechanisms of landslides involving Neogene
mudstone, providing theoretical support for mitigating mudstone geological disasters. Our results
demonstrate that Neogene mudstone from different depths experiences varied stress conditions and
pore water pressure due to geological actions, significantly affecting the disintegration characteristics.
By ignoring the factors of the slip surface, the slake durability index of mudstone decreases with
increasing burial depth, while the plasticity limit index tends to rise. The influence of groundwater,
geo-stress, and pore structure on Neogene mudstones at different depths results in overall weak
stability and disintegration. Landslide occurrences are likely connected to the mechanical properties
of mudstones at the slip surface, where a low slake durability index and higher plasticity index make
the mudstones prone to fracturing, breaking, and disintegrating once in contact with water.

Keywords: Neogene mudstone; disintegration characteristics; mudstone landslides; slake durability
index

1. Introduction

Neogene mudstone, frequently encountered in geotechnical engineering, has complex
physical characteristics under the influence of multiple factors [1-3]. The plasticity and de-
formability of Neogene mudstones generally play a crucial role in geological disasters such
as landslides, accompanying disintegration and weakening the strength of mudstone [4-7].
In addition, the burial depth also affects the disintegration of Neogene mudstone and the
progression of landslides [8,9], with varying stress states, rock transformations, and geolog-
ical effects at distinct levels [10,11]. Thus, a thorough investigation on the disintegration
characteristics of Neogene mudstones at various burial depths is essential to better our
comprehension of mudstone landslide mechanisms and the recognition of potential land-
slide hazards [12-15]. Researchers have investigated the disintegration characteristics of
mudstone under varying conditions [16-19]. Luo et al. [20] conducted systematic research
on the distribution and pore structure of mudstone, demonstrating a close relationship
between the disintegration resistance of mudstone and its mineral composition. Huang
et al. [21] performed disintegration tests on rock specimens, investigating their disinte-
gration characteristics under dry—-wet cycling conditions. Moreover, comparative studies
on the disintegration characteristics of mudstone blocks in indoor environments, acidic
conditions, and natural climates have been carried out [22,23]. In addition, Shen et al. [24]
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explored the morphological and fractal features of mudstone during the disintegration
process.

Indeed, after disintegration, mudstones form powdery soil material, with the plas-
ticity index acting as a crucial metric reflecting the viscosity and plastic behavior of soil
material [25,26]. Shimobe et al. [27] examined the correlation between undrained shear
strength, liquidity index, and moisture content for both remolded and undisturbed soils.
Through experimental studies, no significant patterns were shown to exist between the
temperature change and variations in liquid and plastic limits [28]. During liquid limit tests
on mixed clays containing structured crystals and amorphous kaolinite, Stanchi [29] and
Jefferson [30] showed a minimal temperature influence on liquid and plastic limits. Swaify
et al. [31] focused their analysis on the effects of liquid limit, degree of dispersion, moisture
retention, and saturated cations on the geomaterial properties. Davidson et al. [32] com-
pared remolded and undisturbed soils, attributing differences in liquid and plastic limits
to sample packaging, soil moisture, and remolding degree. Stanchi et al. [33] conducted a
regression analysis on the impact of organic matter and carbon molecules on the liquid and
plastic limits of soil, affirming that the cohesion of particles with diameters smaller than
0.425 mm influences the liquid and plastic limit.

At the microstructural scale, Tang et al. [34] investigated the microstructural damage
of rock specimens under uniaxial compression based on scanning electron microscopy
experiments, offering detailed analyses of the evolution and development characteristics of
microcracks. Howarth et al. [35] examined the shapes of microscopic particles using rock
slice imagery, while Campbell et al. [36] conducted a quantitative investigation on rock mi-
crostructure utilizing optical microscopy. In addition, based on the experiment on Neogene
mudstone, the microstructural characteristics and softening mechanisms of soft rocks under
various conditions have been explored [37-39]. The mineral composition and geological
features of mudstone showed a significant influence on its resistance to disintegration, with
weathering, diagenesis, hydrothermal activities, and geological transportation serving as
the key factors affecting the engineering properties of mudstones [40]. Zhang et al. [41]
analyzed the microstructural alterations in mudstone after rainfall and discovered the
loosening mineral microstructure of mudstone and increasing porosity, singling out illite as
a crucial agent of internal binding expansion and structural impairment.

So far, studies on the disintegration characteristics of Neogene mudstones at varying
depths and inquiries into their liquid and plastic limits after disintegration have been
relatively scant. Based on laboratory experiments and statistical analyses, this manuscript
investigates the disintegration characteristics of Neogene mudstones from different depths
and their consequent effects on mudstone landslide stability. After introduction, Section 2
introduces the specimen preparation and methodology utilized in this manuscript. Then,
Sections 3 and 4 show the effects of burial depth on the disintegration characteristics and
slake durability index of Neogene mudstones at macro and micro levels, respectively.
The discussion of the formation of the Zhangjiawan landslide is established in Section 5.
Section 6 summarizes the whole study.

2. Specimen Preparation and Methodology
2.1. Specimen Preparation

The Neogene mudstones utilized in this study were captured from the Zhangjiawan
landslide with a burial depth ranging from 13 m to 17 m, as shown in Figure 1. Initially, we
inserted drill rods to the designated depth and employed flush mediums such as mud or
air to evacuate borehole cuttings, cool the drill bit, and sustain the integrity of the borehole
walls. Subsequently, the rock cores were collected at predetermined depth intervals, and
the retrieved cores were extracted from the barrels, followed by cataloging and tagging. We
conserved the integrity of the rock cores by placing them into appropriate protective casings
for further investigation. Cylindrical specimens with dimensions of $50 mm x 50 mm and
a mass of 240 + 20 g were prepared for the disintegration experiments. Each specimen can
be labeled as S-D, where S stands for Neogene mudstone, and D represents the depth of
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mudstone. For instance, 5-13 denotes Neogene mudstone at a depth of 13 m. Table 1 details
the physical parameters of these samples.
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Figure 1. Preparation of Neogene mudstone specimens from Zhangjiawan landslide: (a) Qinghai
province of China, (b) Sampling site.

Table 1. The geometrical parameters of Neogene mudstone at different depths.

Notation Nature Weight (g) Dry Weight (g) High (cm) Diameter (cm) Density (g/cm?)
S5-13.0 248.68 221.70 5.420 5.037 2.30
S5-13.2 240.54 216.62 5.163 5.056 2.32
S-13.4 226.29 202.95 4.895 5.044 2.31
S-13.7 230.44 204.60 5.129 5.011 2.28
S5-14.0 229.79 203.87 5.039 5.015 231
S-14.3 230.52 205.59 5.076 5.041 2.28
S-14.6 231.09 205.88 5.106 5.043 2.27
S-16.7 227.25 192.09 5.123 5.010 2.25
S5-17.0 251.95 222.88 5.532 5.045 2.28
S-17.3 242.89 215.29 5.298 5.046 2.29
S-17.5 229.69 205.28 4.985 5.047 2.30
5-18.0 223.75 199.27 5.114 5.000 2.23
S5-19.0 231.71 206.62 5.136 4916 2.38
5-19.3 244.08 219.46 5318 5.043 2.30
S5-19.6 237.85 213.14 5.140 5.045 2.31

An X-ray fluorescence spectrometer was employed to perform X-ray fluorescence
spectroscopy on Neogene mudstone [42]. The principal chemical components of Neogene
mudstone predominantly consist of SiO, and CaCOj3, accompanied by trace impurities, as
illustrated in Figure 2.
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Figure 2. X-ray diffraction pattern of Neogene mudstone.

2.2. Methodology
2.2.1. Slake Durability Test

The slake durability index reflects the capability of a specimen to resist softening and
disintegration, generally measured via slake durability tests. As shown in Figure 3d,
the slake durability apparatus XYN-1 was adopted to determine the slake durability
index [43,44]. The detailed experimental steps include: (1) Desiccating the samples at
100 °C for 24 h within an oven and then removing fragmented rocks and cooling the intact
ones to ambient temperature. (2) Filling the trough with clear water, ensuring the water
lies 20 mm beneath the rotary axis of the sieve drum. (3) After initiating the disintegration
equipment, rotating at a velocity of 20 revolutions per minute for 10 min, and then drying
the withdrawn sieve drum at 100 °C for another 24 h. (4) Weighing and recording the total
mass of the rocks and the sieve drum. Following disintegration, sieving out and cataloging
the residual fragments within the sieve drum, and thereafter reloading fragments with a
particle size exceeding 2 mm back into the sieve drum. (5) Repeating the aforementioned
steps until the sample exhibits consistent disintegration. The slake durability index can be
calculated using Equation (1).

my o
Ly = i x 100% (1)
where I, denotes the slake durability index after n standard cycles; m,, represents the initial
dry mass of the sample; and m, signifies the dry mass of the residual sample following the
n standard cycle.

2.2.2. Plasticity Index Test

The plasticity index quantifies the difference between the liquid limit and the plastic
limit of specimen under standard testing conditions, serving as a crucial parameter for
characterizing the plastic deformation behavior of a specimen [45,46].

Determining the plasticity index of disintegrated mudstone can elucidate the extent
and capability of its plastic deformation under stress. Plastic limit determination apparatus
was employed to measure the liquid and plastic limits of the rock specimen, as shown
in Figure 3e. The testing cone weighs 100 g and features an apex angle of 30 degrees.
Initially, the dried specimens are passed through a 0.5 mm geotechnical sieve, the watered
specimens are mixed thoroughly, and then they are sealed for over 18 h. Subsequently, the
extracted samples are homogenized and placed into soil cups. The penetration depths of
the samples are controlled below 5 mm, around 10 mm, and within 20 £ 0.2 mm to measure
the plastic limit, intermediate value, and liquid limit, respectively. Once the penetration
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depth is achieved, the test point is reposited for a new measurement immediately, ensuring
that the test points are at least 1 cm apart with an error margin of 0.5 mm. The average
penetration depth is calculated at that point, suitable samples meeting the aforementioned
penetration depth requirements are extracted, and then the moisture content is determined.
Finally, based on the aforementioned value, the plasticity index of the specimen can be
acquired in Equation (2).

Pp=Lg—- P )

where L and Pp represent the liquid limit and the plastic limit of the specimen; Py repre-
sents the value of the plasticity index.
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Figure 3. Experimental apparatus and experimental process for Neogene mudstone: (a) mudstone
specimen, (b) dying box, (c) dryer, (d) disintegration apparatus, (e) plastic limit determination
apparatus, (f) X-ray diffractometer, and (g) scanning electron microscope.

2.2.3. Scanning Electron Microscope System

The scanning electron microscope (SEM) system utilized in this study primarily con-
sists of a vacuum system, an electron beam system, and an imaging system, as shown in
Figure 3g. The electron beam system releases high-energy incident electrons that impact
the surface of the material, directing a focused ultrafine beam onto the micro-observational
surface and detecting the secondary electrons and backscattered electron signals induced by
the electron beam system. Subsequently, signal processing enables the micro-observational
surface of the specimen to be imaged [47,48]. This study employs SEM to perform the
micro-scale scanning of Neogene mudstone, reaching a magnification of up to 10° times,
offering an acceleration electric field for the projected electrons of up to 3 x 10* volts, and
covering an effective scanning area of 10~2 mm for the specimens.
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3. Results
3.1. Effects of Burial Depth on the Slake Durability Index of Neogene Mudstones

Figure 4 illustrates the slake durability index distribution of Neogene mudstone across
various depths, with a noticeably higher value for depths ranging from 13 to 13.4 m; details
are outlined in Table 2. Nevertheless, the slake durability index shows the lowest value at
depths of 13.7 to 14 m. Overall, the slake durability index of Neogene mudstone trends
downward with increasing depth. As the burial depth of mudstone escalates, groundwater
leads to the absorption expansion and dissolution of Neogene mudstone. Simultaneously,
Neogene mudstone experiences increasing permeation pressure and geo-stress, resulting
in the alteration of its pore structure and promoting internal dissolution and fracturing,
which in turn affects the slake durability index. The region between 13.7- and 14-m depth
served as the sampling location for the landslide slip zone, which will undergo further
discussion in Section 5.

Slake durability index (%)
0 2 4 6 8 10 12 14

777 s
A12.7
414.5

B2/ Slake durability index

14.3 %\1 1.0

14.6 //113.2
17.0 47.4

17.3 Aﬁ.ﬁ

3.500 5.163 6.825 8.488 10.15 11.81 13.48 15.14 16.80

Depth (m)

Figure 4. Slake durability index of Neogene mudstone under different depths; different color
represents different value of the Slake durability index.

Table 2. The slake durability index of Neogene mudstones at different depths.

Notation Sampling Site (m) Slake Durability Index (%)
S-13.0 13.0-13.2 16.8
5-13.2 13.2-13.4 12.7
S-13.4 13.4-13.7 14.5
5-13.7 13.7-14.0 3.54
S-14.0 14.0-14.3 3.89
S-14.3 14.3-14.6 11.0
S-14.6 14.6-14.9 13.2
5-17.0 17.0-17.3 7.44
5-17.3 17.3-17.5 6.59

3.2. Effects of Burial Depth on the Plasticity Index of Neogene Mudstones

Figures 5 and 6 illustrate the liquid limits and plastic limits of Neogene mudstone at
varied depths, showing notably lower values at depths ranging from 13 to 13.4 m, with the
peaking value being between 13.7 and 14 m. In general, the higher liquid limits and plastic
limits of Neogene mudstone can be characterized via the greater depth; details are shown
in Table 3.
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Figure 5. Effects of depth on the liquid limit of Neogene mudstone; different color represents different
value of the liquid limit.
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Figure 6. Effects of depth on the plastic limit of Neogene mudstone; different color represents
different value of the plastic limit.

Table 3. The moisture content, liquid limit, plastic limit, and plasticity index of Neogene mudstone

with different depths.
Notation Moisture Content (%) Liquid Limit (%) Plastic Limit (%) Plasticity Index (%)
5-13.0 34 29.1 20.0 9.1
5-13.2 0.9 26.1 17.8 8.3
S-13.4 32 26.7 19.2 7.5
5-13.7 2.8 26.3 17.4 8.9
5-14.0 1.2 27.9 19.8 8.1
S5-14.3 3.6 25.4 18.1 7.3
S-14.6 21 249 17.9 7.0
S-16.7 11 26.5 18.7 7.8
5-17.0 1.6 26.9 19.3 7.6
5-17.3 25 25.8 17.6 8.2
5-17.5 3.9 25.7 17.8 7.9
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Table 3. Cont.

Notation Moisture Content (%) Liquid Limit (%) Plastic Limit (%) Plasticity Index (%)
S-18.0 3.2 26.5 19.0 7.5
S-19.0 1.3 27.2 19.1 8.1
S-19.3 3.6 26.6 18.9 7.7
S-19.6 3.0 26.5 18.5 8.0

Figure 7 details the distribution of the plasticity index of Neogene mudstone at dif-
ferent depths, revealing a lower value from 13 to 13.4 m, and the highest index value was
recorded between 13.7 and 14 m. Collectively, the plasticity index of Neogene mudstone
shows an increasing trend with depth. Such results may be explicated by the diverse
particle composition and structure at different mudstone depths, affecting the frictional
interactions, bond strength, and deformation characteristics of Neogene mudstone, conse-
quently impacting the plasticity index. As a matter of fact, elevated groundwater pressure
and geo-stress at various depths can alter the pore structures of Neogene mudstone, leading
to a higher water content in deeper strata, and thus also elevating the plasticity index.

92 | BN plasticity index
9.100

9.1

8.988

9.0

8.875

8.8

8.763

8.650

8.6

8.538

plasticity index (%)

8.425

8.313

8.2

8.200

13.013.213.413.714.014314.616.717.017.317.518.019.0 19.3 19.6
Depth (m)

Figure 7. Effects of depth on the plasticity index of Neogene mudstone; different color represents
different value of the plasticity index.

4. Microstructure Analysis

Figure 8 presents the SEM images of a typical Neogene mudstone sample after disinte-
gration, revealing its microstructural characteristics. It can be observed that there is a rich
content of hydrated clay minerals surrounding non-clay particles, creating a densely and
unevenly agglomerated structure. The interior of these clay aggregates showcases a hetero-
geneous distribution of pores with significant size disparities. Large pores and a developed
fractures segment fragment the cluster structure into several smaller sub-aggregates. Addi-
tionally, the clay minerals in the rock sample manifest as large particles composed of finer
clay materials, intricately stacked, intertwined, and bonded with each other.
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Figure 8. Typical SEM image of Neogene mudstone.

5. Discussion

The specimens in the experiments were derived from the Zhangjiawan landslide, with
the surface layer being composed of loess and the lower part composed of fractured mud-
stone characterized by substantial porosity and susceptibility to softening and mudding.
A weak sliding plane was formed once the water permeated the mudstone layer and led
to rapid disintegration, softening, and mudding, as depicted in Figure 9. A slip zone can
be found at approximately 14 m below the ground surface, where rock specimens S-13.7
and S-14.0 exhibit lower slake durability, signifying weaker abilities to resist softening and
disintegration. Concurrently, S-13.7 and S-14.0, with a considerable plasticity index, are
susceptible to plastic deformation.

Zhang]'iawa; iads1de in Qinghai province

L - e — — —_ = — 4

Figure 9. Longitudinal profile of the Zhangjiawan landslide and the sampling site.

In this case, mudstone in the slip zone exhibits instability, an aptitude for plastic
deformation, and a tendency for disintegration. During the disintegration process, solid
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particles detach from the rock mass, leading to a loosened pore structure and diminishing
cohesion, further escalating landslide risks. The disintegration of mudstone results in a
loss of structural cohesiveness and reduction in shear strength, leading to an unstable
slope condition. Subsequent to disintegration, mudstone often exhibits a rising porosity,
generating larger pores and microcracks that enhance soil permeability. Mudstone in slip
zones shows strong susceptibility to hygroscopic swelling, prone to expansion deformation
upon moisture interaction, compromising the slope stability. Water can further enlarge
and intensify existing cracks, with the potential to induce stress readjustment within the
rock mass. In addition, particle displacement might also change the permeation properties
of rock materials, engendering latent slip surfaces and multiplying the risk of landslides.
At the micro level, the primary pore structure consists of the pores and fractures formed
between coarse particles, predominantly along particle edges and interstices, which give
rise to the integrity of the mudstone. With the diminishment of cementation, micro pores
and fractures become finer and interconnected, leading to a loose and discontinuous
microstructure in the mudstone. In this case, particle misalignment occurs frequently, the
entire microstructure presents as fragile and loose, and a detrital configuration emerges.
The disassociation of the coarse particle framework within this loosened microstructure
signals the impending instability of the overall structure.

6. Conclusions

Neogene mudstone characterized by distinctive mechanical behavior, widely existing
in a red-layer area, plays a significant role in the stability and safety of geotechnical engi-
neering. Investigating the disintegration characteristics of Neogene mudstone at various
burial depths can contribute to providing theoretical support for the deformation prop-
erties of mudstone with underground engineering. This study investigated the effects of
burial depth on the disintegration characteristics of Neogene mudstone through laboratory
experiments and revealed the intrinsic links between the disintegration characteristics of
mudstone and landslide disasters at the sampling site. Ignoring the influence of slip sur-
faces, increasing burial depth correlates with a gradual decline in the slake durability index,
while the plasticity index manifests an upward trend. Greater depths can amplify the effects
of groundwater and geo-stress on the mechanical behaviors of mudstone, heightening the
risks associated with wetting and softening. In addition, groundwater activity may lead to
mudstone dissolution, along with a reduction in cohesion and shear strength, potentially
resulting in plastic or compressive deformation and further diminishing the disintegration
of mudstone. The porosity, morphology, and connectivity of Neogene mudstone can be
influenced via increasing the burial depth, and alterations in pore structure can decrease the
permeability and consequently affect the disintegration characteristics and deformation of
Neogene mudstone. It should be noted that the Neogene mudstone samples utilized in this
study originated from a restricted area. The laboratory conditions may not fully replicate
the natural scenarios where mudstones have been subjected to over-extensive geological
epochs. Thus, the mudstone specimens used in further investigations should be captured
from a more extensive array of geological contexts. The complex chemical, physical, and
biological processes in natural conditions can be emulated utilizing techniques such as
solution immersion or cyclic temperature and humidity trials.
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