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Abstract: The ecologically fragile areas of Southwest China feature a complex topography of interwoven mountains, hills, and basins. Infrastructure construction and mining
activities in these regions often create high-steep rock slopes that are prone to geological hazards such as rockfalls and landslides. Due to extensive rock exposure and low
vegetation cover resulting from mining, natural recovery is extremely slow, posing a major challenge for ecological restoration. Based on local site conditions and the need
for coordination between restoration efforts and the surrounding environment, this study proposes a novel method using an integrated ecological protection and restoration
system combined with a water supply system. This approach effectively ensures the stability of the plant growth substrate on steep slopes, supports vegetation survival, and
enables long-term sustainable growth. Based on the research findings, the following countermeasures are recommended: focusing on the construction of an ecological
security guarantee system in regional ecologically fragile areas; proactively adapting to new trends in economic development; enhancing management and technical
capabilities for ecological protection; alleviating the pressure of population growth on resources and the environment; strengthening international cooperation in the field of
ecological security; and prioritizing the protection and construction of ecological barriers on plateaus. The results indicate that the comprehensive ecological security index
in Southwest China's ecologically fragile areas has been steadily improving year by year. Although the current security level remains in the range between "poor" and
"warning," the overall ecological environment is moving toward a positive development trajectory.
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1 INTRODUCTION

Infrastructure construction and mineral development
activities have exposed a large number of rock slopes,
significantly altering the mechanical equilibrium state of
the original rock mass. This not only poses potential
geological disaster risks but also causes damage to the
ecological environment. Due to the fact that such slopes are
usually steep and the rocks themselves have weak water-
holding and water-bearing capabilities, ecological
reconstruction on them poses significant challenges [1],
and it usually takes a long time to restore them to a near-
natural state through natural succession.

Based on the assessment of the contribution to regional
economic development, this paper discusses the theoretical
basis of the green mining economy, clarifies the concept
and characteristics of ecologically fragile areas, evaluates
the fragility of the ecologically fragile zone in southwest
China and attempts to divide it into sub-regions, and
explains the spatial differentiation laws of different fragile
zones in terms of ecosystem structure, prominent
environmental problems, vulnerability level and ecological
service functions. Clarify the corresponding protection
goals and development orientations, analyze the matching
relationship between them and regional economic
development, and then build a coordinated and interactive
mechanism between ecological environment vulnerability
and mining development. Based on this, the path and
development model for the economic growth of green
mining in the southwest region are initially proposed, and
countermeasures and suggestions for its sustainable
development are put forward, providing theoretical support
and practical reference for the mining industry to truly
become one of the six characteristic pillar industries in the
southwest region and accelerate the transformation of
mineral resource advantages into economic advantages. At
the same time, it also provides scientific decision-making
basis for the government in implementing macro-control,
promoting supply-side structural reform, coordinating
interest relations in regional development, and protecting

natural resources and the ecological environment. In
addition, this research also holds significant theoretical
reference and application value for exploring the
interaction mechanism between the mining economy and
the environment in other ecologically fragile areas of our
country and promoting the sustainable development of the
mining economy.

The surface mechanical stability of high and steep rock
slopes is poor, which increases the possibility of geological
disasters in the mining area. Meanwhile, due to its steep
slope, significant drop and hard rock mass, it is difficult to
meet the basic conditions for plant growth, resulting in high
difficulty in ecological restoration and high maintenance
costs in the later stage. Therefore, in order to effectively
promote the ecological restoration of high and steep rock
slopes in mines, it is necessary to systematically sort out
relevant theories and technologies, select appropriate
solutions, and enhance the restoration effectiveness. At
present, most related research focuses on slope stability,
habitat construction and vegetation selection and matching,
etc. The sorting out of the ecological restoration theory and
technology system itself is relatively limited. The existing
technical literature also mostly emphasizes specific
applications and lacks systematic integration. Therefore,
this paper starts from the theoretical level, expounds the
geological characteristics of high and steep rock slopes and
the principles of mine ecological restoration, and then
analyzes the features of commonly used ecological
restoration technologies, with the aim of providing
references for the ecological restoration practice of such
slopes.

2 RELATED WORK

Some scholars have conducted research on the issue of
sustainable development in regions where ecologically
fragile environments and poverty problems are intertwined
[2]. Take Longxi County in Gansu Province, located in the
ecologically fragile zone of the Loess Plateau, as an
example. The development of this region is confronted
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with a dual predicament [3]. The first is the tension
between agricultural progress and the achievement of the
goal of a moderately prosperous society in all respects; the
second is the mutual restraint between the state of social
poverty and the fragile ecological environment. Therefore,
to achieve leapfrog economic development in ecologically
fragile and economically backward regions, it is necessary
to focus on developing a green economy with ecological
economy at its core and build a green economic
development model that suits such regions. This will be an
inevitable path to promote the ecological environment
towards a virtuous cycle, achieve coordinated progress
with the regional economy, and ultimately reach
sustainable development. Based on the analysis of the basic
attributes and environmental characteristics of ecologically
fragile areas [4], the research points out that the
government's public management behaviors and the
systems and policies of environmental resource
management play a key role in the sustainable development
of such areas, and then puts forward the ideas of innovating
the systems and policies of environmental resource
management. Based on a systematic review of the
academic community's understanding of the concept and
characteristics of ecologically fragile areas [5], this paper
explains with ecological theories, analyzes the possible
negative impacts of railway engineering construction on
fragile ecosystems, constructs a green evaluation system
for railway projects suitable for such areas, and explores its
application directions. The research also emphasizes that it
is precisely because of the low system stability, weak anti-
interference ability and poor self-recovery ability in
ecologically fragile areas that human engineering activities
are highly likely to cause further degradation and even lead
to irreversible serious consequences. From the historical
evolution process of the interaction between economic
activities and the ecological environment [6], the
ecological environment serves as the carrier and material
basis for economic activities, while economic activities are
the main force driving the evolution of the ecological
environment. At different temporal and spatial scales, the
types and intensivities of economic activities must be in
harmony with the carrying capacity of the ecological
environment and be dynamically adjusted along with
changes in the ecological environment.

High and steep rock slopes, as a special engineering
geological form, are usually more complex than other types
of engineering slopes [7, 8]. This complexity is mainly
reflected in two aspects: The slope height is large, often
exceeding 20 meters, and some even exceed 30 meters,
which is a typical high slope; The slope is steep, generally
ranging from 30° to 60°, and some sharp slopes can reach
60° to 90°. Therefore, the geological conditions of high and
steep rock slopes are extremely complex, which
significantly increases the difficulty of investigation and
construction. Its complexity is specifically manifested as
[9]: the composition of rock mass is diverse, the structure
and construction are complex, and it is jointly influenced
by multiple internal and external factors. Carrying out
engineering construction on such slopes poses extremely
high requirements for craftsmanship, technology, materials
and management. At the same time, the project itself is
often accompanied by significant safety and quality risks.

The geological characteristics of high and steep rock
slopes are prominently manifested as being prone to
deformation. Under conditions of high and steep slopes,
natural forces such as rainwater erosion and weathering can
easily cause changes in slope morphology and instability
of internal structure [10], creating potential risks.
Deformation can occur at different parts such as the slope
body and the slope surface. Among them, the deformation
of the slope body directly affects the engineering
geological conditions, which may lead to changes in the
internal structure, the formation of weak interlayers, and
the deformation may continue to develop, forming poor
geological bodies and destroying the integrity of the rock
mass. Once the slope deforms, its overall stability will be
seriously affected [11], which may induce disasters such as
landslides and collapses. Deformation may either be due to
the loosening and detachment of local rock masses or occur
as a whole under specific natural and climatic conditions.
In addition, there is also a phenomenon where the slope as
a whole drops vertically in a staggered manner. In
conclusion, due to the special geological behavior of high
and steep rock slopes, great attention should be paid to
ecological restoration. With the increasing number of high
and steep rock slopes in open-pit mines at home and abroad,
research on related ecological restoration methods has also
become increasingly in-depth, and some successful
experiences and reference cases have been accumulated.
For instance, after systematically exploring the issue of
ecological greening, some research proposed the rock
anchor planting trough technology [12], which has been
applied in the Qiu Shan Quarry in Linping, Hangzhou.
Another study focused on elaborating four post-
maintenance methods [13]: automatic immersion irrigation
method, self-irrigation grass planting method, self-
permeable water planting belt method and ecological bag
method. Some studies have investigated the survival rate,
growth status and root structure of the restored vegetation,
and analyzed the environmental adaptability of different
plants [14], aiming to provide a basis for plant selection
and matching in similar slope restoration.

While stone mining promotes social and economic
development, it has also caused a large number of high and
steep exposed rock slopes, leading to a series of ecological
and environmental problems such as land resource damage,
decline in vegetation diversity, intensified soil erosion,
destruction of natural landscapes, increase in air particulate
matter content, and elevated geological disaster risks [15,
16], seriously restricting the harmonious development of
human and nature [17]. In many closed limestone mines
and those left over from history in our country, the exposed
high and steep slopes with harsh site conditions have not
been effectively treated, resulting in severe visual pollution.
The problem of "white stubble mountains" within the
"three zones and two lines" is particularly prominent. With
the proposal of the concept that "green mountains and clear
waters are as valuable as mountains of gold and silver", the
treatment of high and steep rock slopes has become
extremely urgent. Due to the characteristics of such slopes
such as large height difference, steep slope, long slope
surface, drastic temperature difference changes, and
limited space for plant root growth, the re-greening work
is extremely difficult [18, 19]. At present, its re-greening
techniques mostly draw on relatively mature slope
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treatment methods for highways and railways [20], such as
soil spraying [21], plant bags [22, 23], three-dimensional
vegetation net spraying [24], floating platform method,
vegetation concrete [25], blasting bird's nest re-greening
[26], and vertical greening with vines [27], etc. However,
these technologies often encounter challenges such as high
costs, difficult construction, and complex post-
construction maintenance in application, and it is often
difficult to achieve long-term stable greening effects in
natural conditions. Therefore, for the re-greening of high
and steep rock walls, it is necessary to conduct a detailed
investigation of the soil, vegetation, geology, hydrology
and climatic conditions in the mining area, and
comprehensively consider factors such as slope, slope
direction, height difference, development characteristics of
bedrock fissures, vegetation community configuration and
later maintenance. This article aims to sort out the
commonly used ecological restoration techniques at home
and abroad, and systematically explore the ecological
restoration techniques for high and steep rock slopes from
aspects such as vegetation habitat reconstruction, slope re-
greening technology, plant selection and matching, and
later maintenance, with the expectation of providing
references for future related restoration practices.

3 ECOLOGICAL RESTORATION TECHNOLOGY FOR
HIGH AND STEEP ROCK SLOPES IN ECOLOGICALLY
FRAGILE AREAS OF SOUTHWEST CHINA

3.1 Technical Analysis

The ecologically fragile area in Southwest China is
characterized by the interlaced distribution of mountains,
hills and basins. Affected by infrastructure construction
and mineral development activities, a large number of high
and steep rock slopes have been formed. The surface rock
mass of such slopes is usually weathered and broken,
posing a risk of dangerous rock disasters. Besides the
difficulty for vegetation to recover naturally, there is also a
risk of slope collapse and rockfall. The key to achieving
vegetation restoration on such slopes lies in the following
steps: firstly, reinforce the loose rocks on the slope surface
through an effective slope protection system; secondly,
rebuild a granular soil layer suitable for plant growth on the
surface of the reinforced slope; finally, carry out rapid
greening operations on the surface of the soil layer.

In previous slope protection projects, short-term
vegetation greening treatment was usually only carried out
in combination with geological disaster control, and the
long-term survival and growth needs of vegetation were
often not fully considered. In addition, in areas where
rainfall is concentrated and rock and soil are prone to
weathering and erosion, it is difficult to ensure the
compatibility between engineering materials and slope
rock and soil masses, which may induce geological
disasters such as collapses and landslides [11]. Meanwhile,
some traditional slope protection methods still have
shortcomings such as high project cost and large
maintenance cost in the later stage. The applicability,
advantages and limitations of the current main vegetation
restoration technologies for rock slopes are summarized in
Tab. 1.

In response to the difficulties in ecological restoration
of high and steep rock slopes, an innovative integrated

ecological protection system was adopted on high and
steep rock slopes in the ecologically fragile areas of
Southwest China. The planting bags and T4 are laid by
connecting the crisscrossing ¢12 support ropes with the
steel wire rope anchor rods arranged in a 4mx2m
rectangular pattern.

Table 1 Adaptability of existing vegetation restoration technologies for rock

slopes
Rock slope
greening Adaptability Advantages Disadvantage
technology
The The thickness of
Net hanging engineerin the base layer is
and spray Hard slopes or 1ne§sures a;ge relatively thin, with
seeding even steep slopes relativel poor water
method . y retention and high
simple -
maintenance costs
It is applicable to Root splitting may
Spray mixed both rock mass Fast cause cracking or
planting and non-rock construction | even detachment of
technology slone surfaces speed porous stable
P structures
The construction is
It is only suitable highly challenging,
Platform . .| with a large volume
planting for slopes with a | The process is of stone work
method S}‘e’f: tﬁ;‘f%‘;f simple. making it difficult
to control it to an
ideal state
It is suitable for .
The method slopes with The rqpld .
of piling up concave and greening Erosion causes new
straw bags | convex surfaces effegt on water loss
. slopes is good
and rock crevices
It is conducive
Suitable for rock to t_he L
Lattice beam | slopes with a retention of | The construction is
method slone Anele of rainwater in difficult and the
lesps tha ng 60° the base layer support is hard
of slope
planting
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Figure 1 Composition of the aggregated ecological protection system

The 80-type high-strength steel wire mesh is
connected between the mesh sheets with T4 connectors,
and the mesh sheets are connected to the boundary support
ropes with shackles. T4 refers to a specific type of
connection or fastening component used to join adjacent
high-strength steel mesh sheets (here referring to the 80-
type mesh sheets). To make the system as close as possible
to the slope surface, random anchor rods can be added to
enhance the stability of the surface rock and soil mass and
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create basic conditions for subsequent ecological
restoration. The aggregated ecological protection system is
shown in Fig. 1.

3.2 Ecological Restoration of High and Steep Rock Slopes
in Mines Using the Analytic Hierarchy Process

The ecological adaptability of green vegetation on
high and steep rock slopes is mainly reflected in four
aspects: drought resistance, tolerance to poor soil, heat
resistance and wind resistance, as detailed below. Drought
tolerance refers to a plant's ability to adapt to and tolerate
drought environments, including two mechanisms: drought
avoidance and drought tolerance. Due to the difficulty in
maintaining such slopes in the later stage and the difficulty
in irrigation, coupled with the thin cover soil layer and
limited water retention capacity, whether the vegetation
has strong drought resistance has become a key indicator
for the success of ecological restoration. Tolerance to poor
soil refers to the ability of plants to maintain growth under
the influence of adverse biological and abiotic factors. The
soil used for mine restoration is mostly raw soil, with a
relatively shallow cover thickness, and it is mostly
foundation pit soil directly covering the bedrock. Given the
poor soil and nutrient deficiency, the tolerance of plants to
poor soil has become an important consideration factor in
the ecological restoration of slopes. Heat tolerance reflects
the adaptability and resistance of plants to high-
temperature stress. The sunny slopes of high and steep rock
slopes often face high-temperature stress in summer, which
significantly affects the physiological state of plants. In
severe cases, it may lead to the death of plants. Therefore,
high-temperature resistance is an extremely crucial
indicator in this type of slope ecological restoration. Wind
resistance refers to the ability of plants to withstand wind
damage and prevent collapse or breakage. On such slopes,
wind resistance mainly refers to the degree of firmness at
which climbing plants are tightly attached to the rock
surface under the strong winds in early spring. Therefore,

wind resistance is also an important indicator for ensuring
the ecological restoration effect of steep rocky slopes.

In the Analytic Hierarchy Process (AHP)
comprehensive evaluation system, the construction of the
judgment matrix and the hierarchical single ranking are
based on the requirements of the target layer. Mine
professionals determine the relative importance of each
factor and quantify them using a scale of 1 to 9 points (Tab.
2), forming a pairwise comparison judgment matrix to
obtain the weight values of each index. Reduce the CI
value: by correcting the pairwise comparison items with
logical contradictions in the judgment matrix, make the
matrix more in line with the transitivity principle, thereby
reducing the maximum eigenvalue. Consistency test refers
to determining the allowable range of inconsistency for the
target layer A. When the consistency ratio CR is less than
0.10, the judgment matrix has satisfactory consistency;
otherwise, A pairwise comparison judgment is conducted
again.

CR=CI/RI

Cl = (g~ ) (1-1) M

In the formula: A, is the maximum characteristic

X
root; n is the order of the judgment matrix; R/ stands for
Stochastic Consistency Index.

Table 2 Scale and relative importance judgment

Scale grade Judgment of relative importance
1 Both are equally important.
3 The former is slightly more important than the latter
5 The former is obviously more important than the
latter
7 The former is more important than the latter
9 The former is extremely important than the latter
2,3,6,8 The situation between adjacent odd numbers
If the ratio of the importance of element 7 to element j
Countdown is by, then the ratio of the importance of element j to
elementiisb;=1/b;

Table 3 Scoring criteria for screening indicators of greening plants

Indicator layer 10 points 8 points

6 points 4 points 2 points

Drought resistance P1

The number of drought
resistance days D is
greater than 35 days

The number of drought
resistance days is 28
days or less than 35

days

The number of drought
resistance days is 21
days or less than 28

days

The number of drought
resistance days is 14
days <D <21 days

The number of drought
relief days D is less
than 14 days

Tolerance to poor soil
P2

It grows vigorously in
raw soil and is tolerant
of salt and alkali

It grows generally in
raw soil and is not
sensitive to soil pH

It can survive in raw
soil, but grows slowly

It can grow vigorously
in the improved raw
soil

It grows moderately in
the improved raw soil

High-temperature
resistance P3

The semi-lethal rock
face temperature is
above 50 °C

The semi-lethal rock
wall temperature is
between 45 and 50

degrees Celsius

The semi-lethal rock
wall temperature is
between 40 and 45

degrees Celsius

The semi-lethal rock
face temperature is
between 35 and 40

degrees Celsius

The semi-lethal rock
face temperature is
below 35 °C

Wind resistance P4

It has strong wind
resistance and requires
no protection

It has strong wind
resistance and generally
does not require
protection

The wind resistance is
average. In strong wind
conditions, the upper
attachments will be
partially detaching
from the rock face

It has weak wind
resistance. In strong
wind conditions, all the
upper attachments are
completely detached
from the rock face

It has poor wind
resistance. In strong
wind conditions, all

attachments fall off the
rock face

The scoring criteria for each specific indicator are
formulated based on the ecological adaptability, greening
effect, economy and application potential of the selected
green plants, by referring to previous evaluation systems
and consulting expert opinions (Tab. 3). This scoring
standard is scored on a 10-point scale, with 10 points, 8

points, 6 points, 4 points, and 2 points representing good,
relatively good, medium, poor, and extremely poor
respectively.
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3.3 Construction of an Ecological Restoration Evaluation
System for High and Steep Rock in Ecologically Fragile
Areas of Southwest China

For high and steep rock slopes, the commonly used
ecological restoration techniques in the past included the
planting trough method, fish-scale hole method, ecological
bag method, and net hanging and spray seeding method,
etc. Based on the summary of existing practices, the above-
mentioned technologies generally face limitations such as
high construction difficulty, high cost, and complex later
maintenance in application. Under natural conditions, it is
often difficult to achieve long-term and stable greening
effects. Therefore, the traditional methods of greening high
and steep rock slopes have gradually failed to meet the
engineering requirements, and there is an urgent need to
develop a new type of technology. Against this backdrop,
the technology of replanting holes repair emerged
accordingly.

The planting hole technology is a new type of method
for re-greening rock slopes. Its basic principle is to drill
holes in the rock wall by mechanical or manual means,
create a soil environment suitable for plant growth inside
the holes, and then plant them to promote the organic
combination of plants and rock masses, thereby achieving
the autonomous growth of vegetation and slope re-
greening. This technology uses down-the-hole drills to drill
holes in the rock wall, fills the holes with nutrient soil, and
plants shrubs. In the past, rock face drilling mostly relied
on manual suspension operations (commonly known as
"spidermen"), but its safety was rather difficult to
guarantee. In this project, a slope climbing crane was
adopted for construction (see Fig. 2). The comparison
shows that the hole-forming efficiency of the climbing

crane is significantly higher than that of the manual method.

This equipment adopts a dual power system, making the
mechanical operation safer and more reliable. It can
significantly shorten the construction period, improve
work efficiency, and thus save labor costs.

Rock Wall Constructlon Operatlon Scene

LI lled Holes

ooof\

d / : ° oWorkﬁaﬁold

v*r-
/ oo oo
2

Figure 2 Construction site of the planting holes

The PSR framework model is currently one of the most
widely used and mature models for ecological restoration
of high and steep rock slopes in mines both at home and
abroad. This model was first created by Canadian
researchers and later refined by the United Nations
Organization for Economic Cooperation and Development

(OECD) and the United Nations Environment Programme
(UNEP), developing into the current pressure state.

Response model. This model has clear and explicit
causal relationships, strong systematicness and hierarchy,
and good comprehensiveness, which is conducive to
establishing logical relationships. Since its inception, it has
been widely applied and continuously expanded. It
answers three questions: what is the assessment of the
regional environmental conditions, why should
environmental protection measures be taken, and how
should these measures be implemented. It conforms to the
logical relationship and basic concepts of the design of the
ecological restoration index system for high and steep rock
slopes in regional mines. By answering these three
questions, it can better assist in decision-making and
scientifically and reasonably formulate ecological
protection policies, as shown in Fig. 3.

Regional mine high and steep rock model

I Decision-making basis
. Decision- I
Pressure Status Response Information - 5
making |
- - - . . . — — — a
Institutional responses and decisions
| Policy simulation 1
Environmental . .
I Resource pressure Social economy Resource policy
pressure
— e—— — — — —— —— —— —— —— —— — — )

Figure 3 High PSR framework model of the regional mine

Stress indicators reflect the stress on ecosystems
caused by the loads resulting from human exploitation and
utilization of natural resources and the transformation of
the natural environment, such as soil erosion and industrial
pollution.

State indicators are used to characterize the basic
conditions and evolution trends of ecosystems under the
influence of external pressures, such as the degree of
vegetation coverage and the per capita cultivated land
possession.

Response indicators reflect the policies and actions
taken by human society to alleviate ecological pressure and
improve system conditions. This is an active intervention
process, such as environmental protection investment and
ecological civilization promotion.

Ecological restoration work should be carried out
within the framework of the national spatial planning,
adhering to a people-oriented approach. In light of local
actual conditions, the scale, structure, layout and
implementation sequence of various types of land use
within the project area should be scientifically determined
to optimize the national spatial pattern and lay a foundation
for the rational development and sustainable utilization of
resources. Through comprehensive measures such as
engineering and biology, we promote ecological
restoration of development-oriented mines, striving to
maximize economic, social and ecological benefits.

By analyzing the changing trend of the ecological
security level in the ecologically fragile areas of Southwest
China, the annual changing characteristics of the three
types of factors - pressure, state and response - in the
ecological security assessment results and their influence
on the comprehensive ecological security index can be
revealed. The results are shown in Fig. 4.
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Firstly, the system stress index first declined and then
rose from 2018 to 2019. Its value dropped from 0.1936 in
2018t00.1816in 2019, a decrease of 7.5 percentage points.
Subsequently, its value rose gradually from 0.1835 in 2020,
with an overall increase rate of 12.5%. The contribution
rate and the changing trend of the system pressure index:
The contribution rate of the system pressure index to the
comprehensive index from one year to the next was 38.4%
and 34.7% respectively. It indicates that the ecological
security status of the pressure system has been improving
year by year. This is mainly because the actual values of
the two indicator factors, namely the intensity of chemical
fertilizer application and the proportion of soil erosion area,
first increase and then decrease, and the ecological security
pressure has decreased.

Trend of System Evaluation Indices (2008-2012)

—J— System Pressure Index
System Status Index
—A— System Response Index

03

ol L 1 L
2018 2019 2020 2021 2022
Year

Figure 4 Changing trend of ecological security level in the ecologically fragile
areas of Southwest China

Secondly, the system status index value rose year by
year from 0.1246 in 2018 to 0.1418 in 2022, with an
average annual increase rate of 2.8%, mainly due to the
forest coverage rate. It is reflected that the proportion of
stable nature reserves in the total land area, the governance
rate of degraded grasslands, the per capita public green
space area, and the coverage rate of rural sanitary toilets
have all increased. On the other hand, the air quality has
been getting better and better, which has led to an increase
in the indicator values. However, its contribution rate has
been decreasing year by year, reflecting that the influence
of state system indicators in the ecological security system
is weakening year by year. The improvement of ecological
security levels in ecologically fragile areas mainly relies on
environmental governance and investment. To a large
extent, it is still at the end-of-pipe treatment stage.
Although artificial regulation can make up for the
deficiencies of natural regulation, in the long run, artificial
regulation cannot replace natural regulation. Therefore, in
the future, efforts should be made to optimize various
indicators in the system pressure and state criterion layers.
That is to say, only by controlling the population growth
rate, reducing the intensity of chemical fertilizer
application, increasing the forest coverage rate, conserving
soil and water, returning farmland to forest and grassland,
promoting clean production and circular economy, and
fundamentally reducing the regional ecological
environment pressure, can the ecological security of the
ecologically fragile areas in Southwest China reach a
higher level.

Finally, through the correlation analysis of the
comprehensive ecological security index and various
indicators of ecologically fragile areas, the results in Fig. 5
show that the indicators that have a relatively strong
correlation with the comprehensive index of ecological
security in the ecologically fragile areas of Southwest
China include per capita GDP (Gross Domestic Product),
forest coverage rate, proportion of environmental
protection investment, proportion of science and education
investment, urban sewage treatment rate, contribution rate
of tertiary industry output value, per capita net income of
farmers and herdsmen, etc. These indicators play a
relatively positive role in the comprehensive evaluation of
ecological security in the ecologically fragile areas of
Southwest China. That is, the larger the values of these
indicators are, the higher the ecological security level will
be.

Polar Plot of Correlation Coefficients

22

21

20

—=— Correlation Coefficient
Figure 5 Correlation between the comprehensive index of ecological security in
Southwest China and various indicators

In conclusion, the evaluation results of this paper have
a high degree of fit with the actual situation, can reflect the
ecological security issues and status in the ecologically
fragile areas of Southwest China, and can provide data
support for proposing targeted ecological security
regulation countermeasures in ecologically fragile areas.

3.4 Research on Countermeasures for Ecological Security
Regulation in Ecologically Fragile Areas

A well-developed ecological restoration system for
high and steep rock slopes in open-pit mines not only
requires preparatory work and restoration in the early stage,
but also needs management and maintenance in the later
stage. It is necessary to build a new restoration system
integrating scientific planting, ecological breeding and
later management and protection. The application of early-
stage technologies serves as the foundation, while post-
stage management and maintenance provide the guarantee.
The two work in tandem to form a complete organic system
for re-greening.
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Post-planting care refers to the subsequent activities
such as watering, fertilizing, pest and disease prevention,
and treatment carried out on the basis of the previous
vegetation planting and growth. Watering techniques
require certain principles and methods. The total amount of
water should be slightly greater than the sum of what the
plants need and the surface evaporation. After the
vegetation stabilizes, water and temperature should be
consciously controlled, and the amount of water should be
reduced to guide the growth of the root system and form a
strong root system, enhancing the firmness and protective
effect. Watering should pay attention to the change of
seasons, especially during the hot summer, when it is
necessary to water and control the water in time, as shown
in Fig. 6.

Slope Hydroseeding Greening Operation

Woodland Area
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Figure 6 Later watering and maintenance of the re-greening slope

In view of the particularity of the environment in
ecologically fragile areas, it is suggested that top-level
design be strengthened in key regions and specialized
institutions with the functions of overall coordination and
decision-making execution be established. Technology is
an important indicator of the development of productive
forces. Advanced technological achievements should be
fully applied to the ecological security protection of
ecologically fragile areas to enhance the contribution rate
of science and technology to ecological protection.
Emphasis should be placed on technological investment,
and an ecological protection technology incubation
mechanism should be established. We should actively
promote the research and development, introduction and
promotion of various new technologies, new processes,
new materials and new products that are conducive to
regional ecological construction, with a focus on
supporting the development and introduction of key
technologies for ecological and environmental protection.
Give priority to fostering and developing ecological
industries, and gradually build a technological and
economic system conducive to the benign cycle of the
ecosystem. Encourage the development and adoption of
production processes and technologies that save resources
and energy, cause low pollution or even no pollution at all,
and take them as the basic guidelines for industrial
planning and design as well as technological
transformation.

5 SIMULATION VERIFICATION

Tieshan is located beside Guimo Road in a certain city.
It is 500 meters west of S2201 Ring Expressway and 1.2
kilometers east of a certain river. It is a key protected area
of the "Three Zones and Two Lines". The Tieshan mining
area began mining in October 1999 and was lawfully halted
by the people's government in 2015. In 2017, in accordance
with the requirements of the central environmental
protection inspection, the people's government urgently
carried out partial greening and restoration of the damaged
parts of Tieshan Mountain (on the east and south sides of
the governance area), but the ecological restoration effect
was not achieved. There are multiple mining faces in the
current mining area, and the "scars" caused by industrial
and mining activities are still clearly visible.

The mining area is located in the isolated peak Plain
landform zone, and the main river nearby is the Li River.
The main river, the Li River, is 150 to 200 meters wide.
The depth of its riverbed is generally 5 to 7 meters, with
the deepest point reaching 24 meters. The elevation of the
riverbed (in the management section) is 140 to 145 meters.
After on-site investigation and review of regional
geological data, it is known that the exposed strata in the
treatment area include Quaternary (Q) secondary red clay,
and the underlying bedrock is the D3r limestone of the
upper Permian Rongxian Formation. Based on the
prevention and control of dangerous rocks, this round of
re-greening mainly focuses on the steep walls and local
foot slopes of the damaged mountain. The mountain
restoration is divided into five major areas, namely A, B,
C, D and E. The division of each restoration area is based
on the on-site terrain or restoration situation, taking into
account the particularity of the high and steep slopes in the
mining area, and also considering factors such as the
coordination between ecological restoration and the
surrounding ecology, as shown in Fig. 7.

Access Road

Figure 7 Zoning Planning for the restoration of damaged mountains

This time, the greening of some slopes in the D
restoration area of the damaged mountain was selected as
a pilot project for the ecological restoration of high and
steep rock slopes using an integrated ecological protection
system. The comparison of the current situation of the
damaged mountains in the Tieshan mining area before and
after ecological restoration is shown in Fig. 8.

Tehnicki viesnik 33, 4(2026), 1615-1626

1621



Congjun HUANG et al.: Research on Ecological Restoration Technologies and Strategies for High and Steep Rock Slopes in Ecologically Fragile Areas of Southwest ...

The pilot project has achieved excellent ecological and
landscape benefits. In terms of ecological benefits, the area
of exposed rock slopes that have been re-greened has
reached 9,576 square meters, effectively improving the
ecological environment of the mining area. Meanwhile, the
landscape of the mining area has been optimized. The
short-term re-greening effect of the pilot slope is good, the
plants are growing well, and the water supply system is
operating smoothly. Due to the rich nutrition of the
polymer ecological protection system, the Hosein bag and
the reinforced Meck pad, along with scientific management
and maintenance, they can provide nutrients for a long time,
ensuring the long-term healthy growth of the plants and
achieving sustainable ecological restoration.

(a) Before Ecological Restoration

(b) After Ecological Restoration

Figure 8 Conditions of the pilot mining area before and after ecological
restoration
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Figure 9 Slope protection layout plan

Enclose the slope with metal wires and then reinforce
it with bolts. The main function of the anchor is to utilize
the axial force of the anchor to transform the stress state of
the slope protection in a certain area from unidirectional
(or  bidirectional) compression to tridirectional
compression, thereby enhancing its circumferential
compressive strength. This enables the wire mesh to not
only bear its own weight but also part of the external load,
effectively controlling the deformation of the slope
protection. It is specifically shown in Fig. 9.

The effects produced by different soils, reinforcing
materials, lengths and contents of reinforcing materials
may vary. Based on the above test data and analysis, there
exists an optimal value for reinforcing the soil in the
leaching site of ion-type rare earth mines with ryegrass
stems. The optimal reinforcement rate of ryegrass stems is
0.2%, and the reinforcement length is 20 mm. To study the
effect of ryegrass stems, the data of reinforcement length,
reinforcement rate and cohesion increment were fitted by
Origin software. The relationship curve of the fitting is
shown in Fig. 10.
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60 01
Reinforcement length (mm)

Figure 10 Three-dimensional surface diagram of the reinforcement ratio,
reinforcement length and cohesion increment of reinforced soil

The maximum principal stress of rock and soil masses
is a key indicator reflecting their stress state. According to
the Mohr-Coulomb strength criterion, when the maximum
principal stress and the minimum principal stress reach a
specific combination value, plastic failure will occur in the
rock and soil. Fig. 11 shows the cloud map of the maximum
principal stress at each excavation stage of the slope.

As can be seen from Fig. 11, throughout the excavation
stage, the maximum principal stress in the top of the slope
area is positive, which is manifested as tensile force.
Overall, the maximum principal stress on the slope is
mainly compressive stress, which gradually increases from
the slope surface to the bottom of the model. At the contact
surfaces of different lithologic strata, the maximum
principal stress shows a distinct misstratification
phenomenon.

Fig. 12 shows the displacement cloud maps of the
slope at each excavation stage, reflecting the changing
trends of horizontal and vertical displacements during the
process of high and steep rock slopes in the mine. The
displacement of the slope towards the open surface is
negative in the positive X-axis direction and positive in the
positive Y-axis direction.
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Figure 12 Cloud map of displacement of high and steep rock slopes in the mine

From the horizontal displacement cloud map of the
slope, it can be seen that the displacement in the shoulder
area of the slope is positive. The reason is that during the
unloading process of the high and steep rock slope in the
mine, some rock masses undergo elastic rebound due to
unloading, causing the rock and soil at the upper part of the
slope to be compressed and resulting in a displacement in
the opposite direction from the slope's open surface.

By comparing and observing the cloud maps of the
horizontal and vertical displacements of the slope, it is
found that both the horizontal and vertical displacements
of the slope show an increasing trend as the excavation
proceeds. After the excavation of the first-level slope, the
maximum horizontal displacement of the slope occurs on
the downhill surface, which is 3.7 mm. The maximum

vertical displacement of the slope occurs at the foot of the
slope, which is 11.6 mm. The vertical displacement of the
slope is generally greater than the horizontal displacement,
indicating that the displacement behind the high and steep
rock slope in the mine is mainly due to the unloading
rebound deformation caused by the rock and soil mass
towards the open surface of the slope. The entire
excavation process did not cause significant displacement,
and the excavation had a relatively small adverse impact
on the overall stability of the slope.

Under the critical failure state, the stability coefficient
is a key indicator for evaluating the stability of slopes.
Meanwhile, analyzing the maximum shear strain in the
critical failure state of the slope is helpful for determining
the potential sliding surface of the slope and providing a
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reference basis for subsequent treatment projects. The
cloud map of the maximum shear strain after the end of the
high and steep rock slope in the mine is shown in Fig. 13.
Based on the maximum shear strain cloud diagram 13
of the slope in the critical state, the potential sliding surface
of the slope can be intuitively determined. It is arc-shaped
through from the foot of the slope to the top, and the shear
strain is the greatest at the foot of the slope. If the slope is
damaged, the first area to be damaged will be located at the
foot of the slope where the shear strain reaches its
maximum value. A large number of engineering examples

have proved that the foot of the slope is the most vulnerable
part of the slope and is prone to shear failure. Therefore, in
the subsequent treatment project of this slope, special
attention should be paid to this area. Meanwhile, as the
simulation process did not take into account the influence
of fine fissures and other structural surfaces within the
slope body, appropriate protective measures should be
taken based on the actual situation on site during and after
the excavation of high and steep rock slopes in the mine to
ensure the stability and safety of the slope.

SOLID STRAIN

4

o
SOLID STRAIN

@

Figure 13 Cloud diagram of the maximum shear strain at the critical state of the slope

6 CONCLUSION

This study conducted a pilot application of an
integrated ecological protection system for the ecological
restoration of high and steep rock slopes in the ecologically
fragile region of Southwest China. The system effectively
addressed the challenges of fixing vegetation and growth
substrate (soil) on steep slopes, ensuring long-term
vegetation growth and stability. It achieved favorable
ecological and landscape benefits, significantly improved
the local ecological environment, conserved water
resources, and reduced soil erosion. These results provide
a valuable reference for slope ecological restoration in
areas with similar geological conditions. Based on the
lithological characteristics of the rock strata in the mine, a
climbing crane was used to drill holes on the high and steep
rock slopes. Adaptive nutrient substrates were mixed
proportionally and placed into the holes, followed by
planting of locally suitable shrubs, thereby achieving the
goal of mine ecological restoration. Although there are few
documented cases in China of using climbing crane-based
drilling technology for re-greening high and steep rock
slopes, this approach is technologically advanced. The
application of this advanced planting-hole technology
successfully restored vegetation on the region's high and
steep rock slopes, contributing to the local "green
mountains and clear waters" initiative and providing
valuable experience for the ecological restoration of
abandoned mines in the region. In the ecological
restoration of steep rock slopes, there is a tendency to focus
on the speed of greening, while paying less attention to
how the vegetation can survive in a natural state for a long

time in the later stage of restoration. The post-restoration
management is also inadequate, which eventually leads to
a situation where the greening effect is better in the initial
period after the project is completed, with vigorous plant
growth and good soil and water conservation. However,
the landscape effect maintained in the natural state in the
later stage is too short. Future work should shift focus from
short-term greening speed to long-term vegetation survival
by establishing systematic post-restoration monitoring and
adaptive management protocols. Additionally, measures
such as enhancing species diversity, improving substrate
moisture retention, and extending maintenance periods are
needed to ensure sustained ecological and landscape
benefits under natural conditions.
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