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Abstract: Bio-slope engineering protection plays an important role in preventing soil
erosion, enhancing slope stability, and improving soil and water conservation capabilities.
To establish a foundation for the preparation of modified soil for bio-slope engineering, the
common gravel soil used in bio-slope engineering protection was selected. Amendments
such as peat soil and water-retaining agents were then incorporated to support these
preparations. This study examines the influence of the content of peat soil and water-
retaining agent on the modified soil’s moisture constants, infiltration coefficient, and water
absorption capacity. Additionally, utilizing remote sensing technology, 20 rock cutting
sites sprayed with vegetation were monitored over a 15-year period. The results suggest
that the addition of peat soil and water-retaining agents aids in augmenting the available
water capacity and water absorption speed of the soil, allowing it to absorb and retain
a substantial amount of available water capacity. However, as the content of peat soil
increases, the modified soil’s wilting point improves, while the infiltration coefficient
increases. Based on the findings of the optimum proportion tests and the field spraying
experiments, it is recommended that the proportion is granular soil with 80%, peat with
20%, water-retaining agent with 1.0%., aggregate agent with 1.0%., and fertilizer with
100 g/m?. A comprehensive analysis of the spatial-temporal evolution characteristics of
vegetation cover in the area post-railway construction indicates that vegetation cover in
this region wilted extensively only in 2011 due to drought. Subsequently, the vegetation on
the sprayed rock slopes has thrived, according to the proportion. The research findings are
of considerable importance for guiding the design and construction of substrate spraying
for bio-slope engineering protection in railway construction.

Keywords: bio-slope engineering; modified soil; optimum proportion test; peat soil; water-
retaining agent; remote sensing interpretation

1. Introduction

Bio-slope engineering technology stabilizes slopes by employing vegetation to ab-
sorb water and consolidate soil, and enhances the aesthetic quality of the ecological en-
vironment [1]. This technology has been widely applied to projects in China, such as
expressways, railways, hydropower, and municipal engineering for slope protection and
vegetation restoration [2,3]. The effectiveness of bio-slope engineering relies on the stable
growth and propagation of slope plants, which necessitates addressing two key issues: first,
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the selection and combination of slope plant species; and second, the provision of suitable
growing conditions within the artificially created soil environment.

In mountainous regions of China, large-scale railway construction has created many
rock-cut slopes, which affect local railway safety and ecological protection efforts [4], as
shown in Figure 1. One highly effective method for restoring these rock-cut slopes is
hydroseeding. It involves spraying a mixture of plant seeds and modified soil on the slope
surface, creating a matrix for seed attachment and a nutrient source for root growth. This
technique has yielded significant results in numerous regions around the world [1,3,5-9].
The plant seeds used in hydroseeding typically fall into three categories: herbaceous plants,
a combination of herbaceous plants and shrubs, and a mix of herbaceous plants, shrubs,
and trees. The artificial soil employed in hydroseeding consists of a specific proportion of
gravel, agricultural soil, straw, compound fertilizer, water-retaining agents, and binders [10].
Chen et al. [11] observed that the quality of artificial soil is inferior to that of natural soil
due to an inadequate soil formation process. Soil erosion on these slopes is exacerbated by
factors such as steep gradients, poor soil quality, and rainwater run-off.
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Figure 1. Bio-slope engineering for railway embankments.

For the success of bio-slope engineering, the moisture content of the soil is a critical
factor. Unlike urban greening, which typically involves intensive management, bio-slope
engineering is generally managed extensively. Consequently, the moisture required for
the growth and reproduction of slope plants primarily comes from atmospheric precipita-
tion. The characteristics of bio-slope engineering require that the modified soil has good
moisture absorption, moisture storage, and water retention properties. One reason for
the rapid decline and death of plants is that the moisture parameters of the slope soil do
not meet the plants’ growth requirements. Additionally, the density of the modified soil
impedes the quick infiltration of rainfall, resulting in slower moisture absorption rates. The
interaction between plants, soil, and moisture is crucial for the stability of vegetative cover
on slopes [1,5], moisture absorption efficiency [12], and overall plant growth [8].

Organic matter is rich in peat soil, and incorporation of the peat soil can significantly
enhance the physical structure of the modified soil. Additionally, peat soil has excellent
water retention capabilities, allowing it to absorb and store substantial amounts of moisture.
This property helps soil maintain relatively moist conditions during droughts, thereby
conserving water. Furthermore, peat soil enhances soil aeration and drainage, while
providing long-term nutrients essential for plant growth [13,14]. Water-retaining agents,
composed of polymeric materials, can absorb and retain a significant amount of water,
thereby improving the soil’s water retention capacity. In addition, these agents can form
a sponge-like structure within the soil, effectively reducing water evaporation and deep
percolation. Therefore, soil moisture is retained in the root zone for a longer period, and
water loss is minimized. In any case, the presence of water-retaining agents enhances soil
stability, reduces soil compaction, and promotes root development [15,16]. The mechanisms
by which peat soil and water-retaining agents promote soil vegetation growth are illustrated
in Figure 2.
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Figure 2. Mechanism of growth promotion in plants by peat and water-retaining agents.

Field monitoring analysis indicates that the long-term effectiveness of many bio-
slope engineering projects is often suboptimal. The normalized difference vegetation
index (NDVI) is a widely used and readily accessible remote sensing indicator [17], effec-
tively reflecting the vegetation cover within the study region and closely correlating with
biomass [18,19]. NDVI is a commonly used index for remote sensing to monitor vegetation
cover and health. The formula for calculating NDVI is

NIR — R

NDVI = NIR TR 1)
where, NIR represents the reflectance in the near-infrared band, and R represents the
reflectance in the red light band. The NDVI ranges from —1 to 1, with higher values
typically indicating denser vegetation. NDVI is a standardized method for assessing
vegetation health. Higher NDVI values generally correspond to healthier vegetation, while
lower NDVI values indicate sparse or no vegetation. Specifically, an NDVI value close to 1
signifies well-covered and healthy vegetation, an NDVI value close to 0 indicates a lack
of vegetation, which may be bare soil or water bodies, and negative values are usually
associated with non-vegetated areas such as deserts or snowfields.

Potential beneficial environmental exposures and their associations with noise an-
noyance or other health impacts can be quantified through various “green indicators” of
vegetation. For instance, satellite-derived NDVI can quantify the degree of greenness
effectively [20-26]. Assessments of outdoor vegetation visible from specific viewpoints,
conducted through Geographic Information System (GIS)-based visual field analysis, have
found that such greenery can reduce annoyance [27,28].

Mozumder et al. [29] conducted a meticulous analysis of the surface composition of
the wetland, distinguishing the predominant cover types that constitute the surface. By
referencing relevant literature and field data, thresholds for satellite indices were estab-
lished, facilitating feature extraction within the vegetation. Employing rule-based image
analysis methodologies, the researchers identified and classified the wetland cover types,
subsequently investigating their temporal and spatial distributions from 1989 to 2012.
Zhang et al. [30] elucidated the spatiotemporal evolution of future vegetation coverage
in the Huainan mining area and conducted a quantitative assessment of its driving fac-
tors. Building on the regional environmental characteristics and data accessibility, they
constructed a structural equation model to quantitatively identifying the multi-factor contri-
butions among the driving factors of vegetation coverage. Mori et al. [31] utilized satellite
imagery to estimate defoliation areas in native regions and employed this data to predict
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species distribution through a species distribution model. They applied an NDVI-based
estimation via satellite remote sensing and used this in MaxEnt.

Currently, modified soil is widely used for bio-slope engineering. However, due
to a lack of research on the moisture characteristics of modified soil for this purpose,
determining an optimal proportion of modified soil remains challenging. Furthermore,
while the modified soil in these studies is suitable for plant growth, it often does not meet
the requirements of mountainous engineering projects. In practical bio-slope engineering
projects, modified soil is often composed of locally sourced, poor-quality materials such as
excavated gravel soil and sand.

This study therefore uses gravel soil obtained from slope excavation, incorporating
peat soil and water-retaining agents, to conduct optimum proportion test. The objective is
to investigate the effects of peat soil and water-retaining agent content on the field capacity,
wilting point, available water capacity, infiltration coefficient, and water absorption capacity
of the modified soil. The findings aim to provide a basis for formulating modified gravel soil
suitable for vegetative slope protection. To monitor the long-term health of the vegetation
derived from these optimum proportion tests, this study estimated the defoliation area
in a plateau railway from Zhanyi to Kunming, using Mapping Satellite-1 imagery. By
incorporating the defoliation data acquired from satellite images, we employed NDVI to
predict the spatial-temporal evolution characteristics of vegetation coverage. This approach
allowed us to evaluate the optimum proportion for a plateau railway.

2. Materials and Methods

The study region is located in the eastern part of Yunnan Province, with the field test
site situated along the section of a plateau railway from Zhanyi to Kunming. This area
belongs to the hilly, eroded landform of the Yunnan—-Guizhou Plateau, where the railway
runs along the edge of a wide, gentle U-shaped valley at Huangniwan. The bedrock on
the slopes is primarily composed of Upper Silurian Series Guandi Formation mudstone
and shale (S3g), which are weakly water-bearing strata containing only trace amounts
of fissured bedrock aquifers. The slope residual clayey soil contains a small amount of
pore water. Surface water, which is mainly seasonal runoff from gullies, varies in volume
according to the seasons.

2.1. Experimental Materials

The primary material for the experiment was highly weathered mudstone and shale
collected from the embankment excavation. The gravel had a maximum particle size of
4 mm, and its gradation is illustrated in Figure 3. The dry density of the material was
1.49 g/cm3, when lightly compacted. The aggregate agent used was polyacrylamide with a
molecular weight of 6 million. Its role is to promote the formation of aggregate structure
in the modified soil, which benefits plant growth. The fertilizer used was a compound
fertilizer with an available nutrient content of 45%, with an N-P,Os-K;O ratio of 15-15-15.
The purpose of the fertilizer is to supply readily available nutrients required for plant
growth. The grass seed used was dehulled Bermuda grass, i.e., Cynodon dactylon, with a
germination rate of 95%.

The organic matter used was peat soil sourced from Xichang City, characterized by
high porosity, loose structure, high compression rate, and low bulk density with 0.16 g/cm?
in its packed state and a water absorption ratio of three times, as shown in Figure 3. The av-
erage organic matter content is 55.20%, and the water content is 191%. The water-retaining
agent used was granular polyacrylate water-absorbent resin with a water absorption ratio
of 400 times. This study mainly considers two indicators: the peat soil content and the
water-retaining agent content.
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Figure 3. Research region and granular soil.

The amounts of the aggregate agent, fertilizer, and grass seed in the modified soil were
1.0%o (by volume), 100 g/m?, and 6 g/m?, respectively. The gravel soil was mixed with
peat soil, water-retaining agent, aggregate agent, and fertilizer until homogeneous, and
then placed into containers with dimensions of 0.44 x 0.33 m with a filling thickness of
10 cm. The mixture was moderately compacted, and grass seeds were evenly sown on the
surface of the modified soil layer, followed by watering for maintenance. The design of the
modified soil mixture is shown in Figure 4.
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Figure 4. The gradation of modified soil.

2.2. Testing Methods

The field capacity, wilting point, available water capacity, and infiltration coefficient
of the modified soil were tested according to the standards specified in “Determination of
forest soil moisture-physical properties”, “Determination of forest soil permanent wilting
water content”, and “Determination of forest soil percolation rate” [32]. Sampling was
conducted one week and two months after the modified soil was placed in the containers,
representing the soil before and during the peak plant growth periods, respectively. Soil
samples were collected using a ring knife with dimensions of ® 50.46 x 50 mm, with
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three samples taken for each mix ratio and analyzed based on their average values, as
shown in Figure 5.

Figure 5. The data collected using a ring knife.

3. Results and Discussion
3.1. Moisture Constants of Modified Soil

Figure 6 depicts the relationship between field capacity and wilting point in the
modified soil, under conditions of varying proportions of peat soil and water-retaining
agent. As the content of peat soil increased, the field capacity of the modified soil exhibited
an upward trend, thereby facilitating increased water storage for plants. Moreover, the
wilting point of the modified soil increased with rising peat soil content. As the wilting
point signifies the lower limit of water content available to plants, its increase negatively
impacts the availability of water for plant use. Notably, the absolute increase in the wilting
point was less than that of the field capacity. Specifically, when the peat soil content
increased from 0 to 50%, the wilting point rose from 3.7% to 5.9%. One week after sampling,
the field capacity of the modified soil increased from 38.0% to 52.2%. Consequently, as the
peat soil content increased, the available water capacity of the modified soil also improved.
The reduction in moisture constants observed two months after sampling, as illustrated in
Figure 6, may be attributed to the compaction of the modified soil over time.

As the content of water-retaining agents increased, the field capacity of the modified
soil exhibited a corresponding increase. In comparison to the effect of peat soil, the impact
of the water-retaining agent was smaller. For instance, when the water-retaining agent
content increased from 0 to 2.0%., the field capacity of the modified soil two months after
the peak plant growth period rose from 38.8% to 42.2%, representing an increase of 3.4%.
On the other hand, with an increase in peat soil content from 0 to 50%, the field capacity
rose from 35.6% to 49.0%, representing an increase of 13.4%. The cost of the water-retaining
agent required to achieve this effect was more than 10 times that of peat soil. As the content
of the water-retaining agent increased, the wilting point of the modified soil exhibited a
decreasing trend. For example, when the content of water-retaining agents increased from
0 to 2.0%o, the wilting point decreased from 5.4% to 4.1%, representing a decrease of 1.3%.
This is beneficial for providing more available water to plants, especially in water-deficient
and dry conditions, where it facilitates plants” absorption of the water necessary for their
survival. Owing to the increasing trend of the field capacity and the decreasing trend of
the wilting point, with the increase in water-retaining agent content, the available water
capacity of the modified soil exhibited a corresponding increasing trend.
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Figure 6. Effect of peat soil and water-retaining agent on the moisture constant of the modified soil.

3.2. Infiltration Coefficient of Modified Soil

Figure 7 depicts the relationship between the infiltration coefficient of the modified
soil and the contents of peat soil and water-retaining agent. When the peat content is below
10%, the infiltration coefficient of the modified soil remains relatively low, ranging from
0.13 x 107 m/s to 0.26 x 107 m/s after one week. As the peat soil content increased
to levels between 20% and 40%, the infiltration coefficient changed minimally, ranging
from 0.79 x 10~® m/s to 1.07 x 10~® m/s after one week. However, when the peat content
exceeded 40%, the infiltration coefficient increased rapidly; at a peat content of 50%, the
coefficient reached 1.89 x 10 m/s after one week, representing an increase of 77%. A
high infiltration coefficient in the modified soil facilitated rapid water infiltration into the
underlying slope, which was detrimental to slope stability. Therefore, it is advisable that
the peat content in the modified soil not exceed 40%.

Infiltration coefficient (x10 ® m/s)

—a— One week

—a— One month
1 1 1 1

10 20 30 40 50 60
Peat soil content (%)

—a— One week

—a— One month
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Water-retaining agent (%)

Figure 7. Relationship of infiltration coefficient of modified soil and peat content.
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As the content of the water-retaining agent increased, the infiltration coefficient of the
modified soil showed a decreasing trend. This is primarily because the water-retaining
agent absorbs water, converting it into non-flowing water that adheres to the agent. This
reduces the soil’s porosity to some extent, thereby lowering the infiltration coefficient.
However, the reduction was less significant compared to the impact of peat soil. When the
water-retaining agent content increased from 0 to 2.0%o, the infiltration coefficient of the
modified soil decreased from 0.95 x 107 m/s to 0.80 x 10~® m/s, representing a reduction
of 16% after one week.

3.3. Water Absorption Capacity of Modified Soil

As shown in Figure 8, it is evident that a higher content of peat soil results in a
faster water absorption capacity. When the content of peat soil exceeded 10%, the water
absorption capacity of the modified soil could reach 95% within 30 min; when the content
of peat soil exceeded 40%, the water absorption capacity could reach 95% within 20 min.
A higher content of the water-retaining agent results in a faster water absorption capacity.
When the water-retaining agent content exceeded 0.5%o, the water absorption capacity of
the modified soil could exceed 95% within 30 min; when the content exceeded 1.5%o, the
water absorption capacity could exceed 95% within 20 min.
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Figure 8. Analysis of water absorption capacity of modified soil. (a) Relationship of water absorption
capacity and peat soil. (b) Relationship of water absorption capacity and water-retaining agent.

3.4. Optimum Proportion

Based on the results of the aforementioned test, the addition of peat soil and water-
retaining agent to the soil was beneficial in terms of enhancing its available water capacity.
Given the reasonable infiltration coefficient of the modified soil, the peat soil content should
range between 20% and 40%. To enhance the soil’s water absorption capacity, the content
of peat soil should not be less than 10%, and the water-retaining agent content should not
be less than 0.5 %o.

In addition to the technical factors previously mentioned, economic considerations
also need to be accounted for in determining the reasonable proportion of modified soil.
While the incorporation of peat soil and water-retaining agents can enhance the available
water capacity of the soil, the full potential of these additives” water absorption and storage
capabilities may not be fully realized. According to water absorption tests, the selected
peat soil for this optimum proportion test can absorb water three times its weight, whereas
the water-retaining agent can absorb water 65 times its weight. Nevertheless, the inherent
constraints imposed by the modified soil limit the extent to which the water absorption
capacity of the added peat soil and water-retaining agents can be effectively utilized. The
water absorption efficiency of peat soil (or water-retaining agent) is defined as the ratio of
the water absorbed by the peat soil (or water-retaining agent) in the modified soil, relative
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to its inherent water absorption capacity, expressed as a percentage. Figure 8 illustrates
the relationship between the water absorption efficiency of peat soil in modified soil and
the content of peat soil. Similarly, Figure 9 depicts the relationship between the water
absorption efficiency of the water-retaining agent in modified soil and its content.
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Figure 9. Relationship of efficient ratio of water absorption and peat content and water-retaining
agent content.

As depicted in Figure 9, the water absorption efficiency of the peat soil reaches a maxi-
mum when its content is between 20% and 30%, with values ranging from 60.4% to 63.2%.
Consequently, considering the water absorption efficiency of peat soil, an appropriate
content of peat soil in the modified soil is determined to be between 20% and 30%. For the
water-retaining agent, the maximum water absorption efficiency of 75.6% is observed at a
content of 1.0%o.. Notably, as the content of the water-retaining agent increases, its efficiency
actually decreases. Consequently, based on the water absorption efficiency ratio of the
water-retaining agent, a suitable content in the modified soil is determined to be 1.0%o.
Based on the moisture constants, infiltration coefficient, water absorption capacity, and
water absorption efficiency of peat soil and water-retaining agents, the optimal composition
for the modified soil is as follows: 80% gravel, 20% peat soil, 1.0%. water-retaining agent,
1.0%0 aggregate agent, and 100 g/m? of fertilizer.

4. Field Spraying Test of Modified Soil
4.1. Testing and Analysis of Soil Moisture Characteristics

The climate in this region is a subtropical plateau monsoon, characterized by an annual
rainfall range of 991.5 to 1200 mm and surface evaporation exceeding 635 mm. The region
experiences significant evaporation and exhibits distinct wet and dry seasons. Winters and
springs are characterized by dry and windy conditions, whereas summers and autumns
feature concentrated rainfall, with 80% to 90% of the annual precipitation occurring between
May and October. The peak rainfall occurs from June to August, contributing approximately
60% of the annual precipitation. The average annual sunshine duration exceeds 2100 h,
thereby classifying it as a region with extended daylight hours.

The test area encompasses 29 rock-cut slopes. Twenty of these slopes were chosen
for the modified soil spraying test, featuring slope gradients ranging from 1:0.75 to 1:1,
with a combined test area totaling 26,696 m?. The proportion of modified soil employed
was determined based on the outcomes of optimum proportion tests. Regarding slope
vegetation, a mixture of Dogtooth grass and shrubs was applied, with grass seeds being
sprayed and shrub seedlings being transplanted. The construction process for the field
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test involved clearing and leveling the slope—drilling—installing anchor rods—laying
and securing wire mesh—mixing modified soil—spraying modified soil—planting shrub
seedlings— early maintenance. Figure 10 shows photos of the field spraying test.

Figure 10. Modified soil spraying test on site.

Three to six months following the completion of modified soil spraying, after the slope
surface has been fully vegetated and plant growth is well established, soil samples are
collected to evaluate the field capacity, infiltration coefficient, and water absorption capacity
of the modified soil through field tests. The test results are shown in Figures 11 and 12.
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Figure 11. Field capacity (black dots) and permeability coefficient (red dots) of modified soil spraying
test on site.
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Figure 12. Water absorption capacity of modified soil.
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As depicted in Figure 11, the field capacity of the modified soil, as determined through
field tests, ranges from 28.1% to 36.8%, with an average value of 31.9%. A reduction of
23% was observed in the soil’s field capacity, which was measured at 41.5% as determined
by the optimum proportion test. The infiltration coefficient of modified soil in the field
tests ranges from 0.38 x 107% m/s to 0.66 x 10~® m/s, with an average of 0.49 x 10~® m/s.
There was a reduction of 27% compared to the 0.67 x 107% m/s infiltration coefficient of
the optimum proportion test.

As shown in Figure 12, the water absorption capacity of the field-tested modified soil
was lower than that of the optimum proportion test results. It took nearly 50 min to reach
95% water absorption, about 15 min longer than in the optimum proportion test. Despite
this, the imported soil used in the field trials effectively ensures the normal growth and
reproduction of plants on the rock-cut slope. The field trial sites, which have been in place
for 7 years, show that the plants on the trial slopes are still growing well. A stable and
diverse plant community has gradually formed. Figure 13 illustrates the growth status of
slope plants at the trial site, captured in autumn four years after completion.

Figure 13. Growth status of plants on rock slope.

4.2. Vegetation Temporal-Spatial Characteristics Inversion
4.2.1. Inversion Index

NDVI data with a resolution at 30 m are sourced from the Geographic Remote Sensing
Ecological Network platform and can be accessed via the following URL: http://www.
gisrs.cn. The dataset comprises annual NDVI data from 2008 to 2022.

The process primarily utilizes ArcToolbox—Data Management Tools— Raster— Raster
Processing—Clip. First, the regional remote sensing image is clipped from the provincial-
level remote sensing image. Subsequently, the same method is applied to extract railway
zones within the study area. The analysis process is shown in Figure 14.

As depicted in Figure 15, NDVI values primarily range from —0.34 to 1, with notably
lower values along railway routes and in the central urban area of the study region. Sur-
rounding the urban area, where forest cover is more abundant, many regions exhibit NDVI
values reaching up to 0.99.

Furthermore, in 2011, this area experienced severe drought, which resulted in extensive
vegetation dieback, with NDVI values along the line ranging from 0.11 to 0.92. Moreover,
the NDVI values, which serve as indicators of vegetation health, were relatively low in the
section from Zhanyi to Kunming in 2011 and 2012. Subsequently, as the climate normalized,
the vegetation health in this region gradually improved.
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Figure 15. NDVI changes in the study region.

4.2.2. NDVI Evolution Characteristics and Prediction After Application of Modified Soil

To further analyze the applicability of the proportion used in this study, NDVI data
were collected from 20 test sites where hydroseeding was conducted using modified soil
in the region. It is evident that vegetation along the railway line is relatively sparse, with
more dense vegetation primarily located on the slopes on either side of the line, as shown
in Figures 16 and 17a. As illustrated in Figure 17b, this study defines ¢ as the difference
between the NDVI value at 3000 points in the current year and the previous year. The
extensive vegetation dieback caused by the severe drought in 2011 resulted in ¢ being
generally negative. Since 2013, most of the remaining points have NDVI values above
zero, indicating an overall increase in NDVI within the study region. This suggests that the
shrubs applied according to the proportion are growing relatively well.
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Figure 17. Analysis and prediction of NDVI evolution for the Zhanyi to Kunming section of a
plateau railway.

Furthermore, this study computed the average NDVI for 15 years across the 20 test
sites, as shown in Figure 17c. Aside from the severe drought in 2011, the area primarily
features sparse herbaceous vegetation. Overall, the NDVI trend is positive and shows
a gradual increase. Between 2008 and 2016, NDVI values increased from 0.145-0.712 to
0.165-0.771. Subsequently, NDVI levels at the test sites progressively reached healthier
levels, and by 2022, they even achieved a value of 0.67. Over the past 15 years, the average
NDVI value of the region has experienced significant changes, gradually increasing from
an initial value of 0.52 in 2008 to a higher level. The trajectory of the average NDVI value
indicates an overall upward trend, with an accelerated growth rate observed especially after
2018. However, this growth trend was not always smooth, as fluctuations occurred due to
external factors, such as a severe drought in 2011. Despite the occurrence of two droughts
over the past 15 years, the standard deviation remained relatively stable, suggesting a
degree of resilience in the system. Nonetheless, this observation does not directly imply
that the climate was generally stable, as other factors may have influenced the variability.

Linear regression trend analysis is a method for conducting regression analysis on
a set of variables that change over time. In this study, ¢gope is defined to predict their
future change trends, as shown in Equation (2). According to the results of the simple
linear regression trend analysis, illustrated in Figure 17d, ¢gope can be observed after the
completion and operation of a plateau railway. The NDVI variation range for the 20 rock
slopes sprayed in the study region over nearly 15 years is between 0.000283 and 0.0003.
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”

According to the classification in Table 1, this is categorized as “slight improvement,
indicating that the vegetation in general has shown a slight improvement each year.
n n n
nY. (i x NDVL)—Y i x ¥ NDVJ
i=1 i=1 i=1
Pslope = l 1 " 21 (2)

ny 2 (%)
=1

i= i=1

where 1 represents the total number of years; NDVI; denotes the mean of NDVI for the i-th
year; and @gope is the slope of the trend line.

Table 1. The table of NDVI variation.

Trend Line Slope Classification NDVI Change Trend
Psiope < —0.0091 Severe degradation
—0.009 < @giope < —0.0046 Moderate degradation
—0.0045 < @gjope < —0.0010 Light degradation
—0.0009 < @gope < —0.0009 Essentially unchanged
0.0010 < @giope < 0.0045 Slight improvement
0.0046 < ¢g1ope < 0.0090 Moderate improvement
Psiope = 0.0091 Significant improvement

The trend in NDVI is determined based on the slope of the trend line. The classification
of the trend line slopes is provided in Table 1 [33].

5. Discussion

This study investigates the incorporation of peat soil and water-retaining agents into
gravel soil, aiming to optimize the soil’s moisture characteristics. Additionally, the study
employs satellite-derived NDVI to monitor the long-term health and spatial-temporal
evolution of vegetation coverage in a plateau railway project from Zhanyi to Kunming.

Previous studies have highlighted the importance of soil-plant-moisture interactions
in slope stability and vegetation growth but have often overlooked the specific moisture
requirements of modified soils in bio-slope engineering [1,6,9,13]. While peat soil and
water-retaining agents have been recognized for their ability to enhance soil structure,
water retention, and nutrient availability, their application in bio-slope engineering has
not been thoroughly investigated [16,17]. This study bridges this gap by systematically
testing the effects of peat soil and water-retaining agents on the moisture characteristics of
modified gravel soil. Furthermore, the use of NDVI for long-term vegetation monitoring
represents a significant advancement over traditional field-based assessments, providing a
more efficient and scalable method for evaluating the effectiveness of bio-slope engineering
projects. The integration of satellite imagery and NDVI-based analysis also allows for
a more comprehensive understanding of the spatial-temporal evolution of vegetation
coverage, which has not been extensively explored in previous research [18-27].

Future research should focus on refining the optimal proportions of peat soil and
water-retaining agents for different types of modified soils and environmental conditions.
Additionally, the long-term performance of bio-slope engineering projects should be further
investigated using advanced remote sensing techniques, such as high-resolution satellite
imagery and machine learning algorithms, to improve the accuracy of vegetation health as-
sessments. Exploring the interactions between soil amendments, plant species, and climatic
factors could also provide valuable insights into enhancing the resilience of vegetative slope
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protection systems. Finally, the development of standardized guidelines for the application
of modified soils in bio-slope engineering would facilitate the widespread adoption of
these practices, ensuring their effectiveness in diverse geographical and climatic contexts.

6. Conclusions

This study is based on bio-slope engineering protection along a plateau railway
from Zhanyi to Kunming. The 30 proportion experiments about peat soil and water-
retaining agent contents were conducted. Field monitoring was performed, and remote
sensing technology was employed to quantitatively analyze the spatial-temporal evolution
of vegetation cover on 20 rock slopes over nearly 15 years following the application of
modified soil. The main research conclusions are as follows:

(1) The addition of peat soil to the gravel soil improves its field capacity and water
absorption capacity, facilitating the absorption and storage of more water in a shorter
period. However, increased peat soil content also raises the wilting point of modified
soil, which is detrimental to plant survival under drought conditions. Additionally,
excessive use of peat soil content can significantly increase the infiltration coefficient
of the modified soil, adversely affecting slope stability.

(2) The addition of a water-retaining agent to the gravel soil similarly enhances its field
capacity and water absorption capacity, and it also lowers the wilting point, which
benefits the absorption and storage of more water in a shorter time.

(38) Field spraying of the modified soil indicates that, considering soil moisture constant,
infiltration coefficient, and water absorption capacity, the proposed proportion—
gravel soil with 80%, peat soil with 20%, water-retaining agent with 1.0%., aggregate
agent with 1.0%., and fertilizer with 100 g/m?—is reasonable.

(4) According to remote sensing data over 15 years since the completion of the railway
construction, except for significant vegetation dieback in 2011 due to drought, the
NDVI in the study region has generally improved since 2013. The NDVI of 3000
points has consistently increased year by year and stabilized around 2016, with the
average NDVI rising from 0.59 to 0.67. The vegetation improvement on the rock slope
cuttings over the past 15 years has shown a trend of slight improvement.
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