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ABSTRACT

Conducting proper stability analysis of potential rockfall hazards and implementing appropriate
prevention measures are crucial for ensuring highway safety. This study investigated a rock slope
along the G105 National Highway in Suichuan, Jiangxi, China. The stability of the slope was
evaluated through a combination of theoretical analysis and field investigation. The slope is stable
under normal conditions but transitions to a state of partial instability or instability during extreme
weather events or seismic activities, necessitating protective measures. To assess the risk of
rockfall, a Rock-fally simulation was conducted. The deposition distribution, kinetic energy,
translational velocity, and bounce height of rocks with varying volumes during the fall were
simulated. The kinetic energy of rockfall is primarily influenced by the volume of the rock mass,
while translational velocity, bounce height, and deposition distribution are closely associated with
the cross-sectional conditions. Based on the evaluation results, appropriate reinforcement
measures were selected, and the slope was monitored using INSAR and automatic monitoring
technologies. The combination of drone scanning, modeling, automated monitoring techniques, and
INSAR technology effectively reduces uncertainties in risk assessment. Based on the evaluation
results, the application of active energy-absorbing protection nets and other preventive measures
were proposed, demonstrating a satisfactory protective effect. The case study will provide valuable
engineering guidance for rockfall analysis and prevention on highway slopes.
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INTRODUCTION

In the densely populated regions, where land resources are scarce, buildings and pathways
were constructed along the mountains to maximize the utilization of the land. Nevertheless, the
utilization of the mountain area endanger the stability of the slopes, of which the susceptibility to
collapse and rockfall incidents is high [1]. This issue is particularly evident along the G105 National
Highway, especially in the Suichuan segment, Jiangxi, China. Which is characterized by a complex
geological environment and unstable slopes. These slopes, especially in areas with high gradients
and loose rock formations, are highly prone to rockfalls and landslides. Additionally, natural factors
such as rainfall and seismic events can trigger further instability, posing a significant threat to traffic
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safety. The complexities are inextricably of rock fall linked to factors such as the site-specific
characterisitcs of rockfalls, a lack of history rockfall datasets, and the difficulties of quantifying rockfall
stability in diverse risk-coupling scenarios [2-5].

In previous years, rockfall research was limited by the limitations of technology, and rockfall
prevention was predominantly based on experience and empirical approaches. Practices such as
retaining walls, drainage systems and slope reinforcement have been used to increase the stability
of rocky slopes. Furthermore, rock removal and periodic slope inspections were essential to promptly
identify potential risks. Later, empirical approaches proved effective in initial slope assessments.
However, relying solely on these methods to prevent collapses and rockfalls, reliance has often
resulted in suboptimal results. The main uncertainties are that predicting rock displacement
trajectories at different locations is difficult, which is a crucial factor in assessing rockfall hazards [6-
8]. Therefore, scholars focus on computational modeling and introduced numerical simulation
methods to evaluate the slope stability and predict disaster occurrences. The objective was to predict
high-risk zones and support decision-making in implementing protective measures. Currently, the
most used software for rockfall simulation is Rocfall. It conducts analyses involving translational
velocity, rebound height, kinetic energy, and debris distribution caused by rockfalls [9-11].

Numerical simulation methods overcome the disadvantages of empirical approaches. However,
these methodologies are not immune to inherent limitations that significantly affect the accuracy and
reliability of simulation results. The effectiveness of the numerical model depends on the quality of
the input data. Building a reliable rockfall model requires an extensive compilation of geological
parameters and comprehensive monitoring data. However, the spatial and temporal variability of
geological factors presents challenges in achieving forecast accuracy. Rockfall monitoring is typically
required, which includes Global Navigation Satellite Systems (GNSS) or inclinometers. Automatic
monitoring methods can be used in tracking movements of individual blocks and offer a high
frequency of data acquisition. However, the application is limited to the specific points on the rock
slope, meaning difficult to obtain the comprehensive capture of slope deformative characteristics
[12]. Consequently, critical data relating to regions of unstable slopes may be omitted during
monitoring, resulting in deficiencies in the numerical model's slope assessment. The latest
technology in slope monitoring is Interferometric Synthetic Aperture Radar (InSAR). Compared to
conventional methods, INSAR offers advantages such as improved spatial resolution, resilience to
interference, broad coverage and monitoring capabilities in all weather conditions [13]. With
continuous advancements and practical applications, INSAR has demonstrated advantages in
monitoring rockfalls, landslides, and catastrophic scenarios. However, INSAR also has limitations,
for example, its spatial resolution may be inadequate to accurately detect small rockfalls or localized
deformations. Furthermore, the specifics of the terrain and dense vegetation can obstruct the
visibility of slopes, increasing the challenges faced in monitoring rockfall [14-16]. In summary,
numerical simulation techniques have been significantly improved, as an alternative method to
empirical methods. However, the uncertainties of both the numerical simulation and the empirical
method largely arise from the uncertainties inherent in monitoring data [17]. Improving the reliability,
comprehensiveness and effectiveness of monitoring data in the context of rockfall management will
now be useful for assessing the stability of rock slope.

In light of these considerations, this study focuses on a rocky slope along National Road G105
in Suichuan County and evaluates automated monitoring techniques together with INSAR technology.
The study combines UAV remote sensing, 3D modeling, automated monitoring and InSAR, forming
a basis for slope stability surveillance. Data collection is used to analyze rockfall incidents across
multiple rock volumes and profiles, examining movement trajectories, velocities, rebound heights,
kinetic energies, and debris distribution. It proposes several fortification strategies, including active
and passive networks, shelters, and hazard reduction methods [18-19]. Through InSAR and
automated monitoring, a comprehensive surveillance regime is established for the rockfall-prone
region, offering continuous all- weather data for early warnings. These preventative measures have
proven to be effective in mitigating slope collapses and rockfall incidents, providing valuable
engineering insights for rockfall prevention.
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OVERVIEW OF THE ROCK SLOPE

The rocky slope is located next to the G105 National Highway in Suichuan County, Jiangxi
Province. The rock formation on the right side of the highway appears as a steep cliff, indicating the
potential for rockfall. The geological hazard associated with this slope is classified as high-level
rockfall, located on the steep cliff to the right of the highway. Through a comprehensive field
investigation, three specific regions that present an elevated rockfall risk were pinpointed and
denoted as WY1, WY2, and the concave cavity Figure 1 and Table 1 illustrate the location and
attributes of the rock mass at this location.
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Fig. 1 - Location and illustration of the rockfall

Tab. 1 - Characteristics of regional rock masses

Characterization

WY1

WY2

Concave cavity

Height of the rock
mass on the right

100-120m

150-170m

130-150m

Slope bottom
features

The rock mass at the
bottom of the cliff
remains relatively intact
with a higher vegetation
cover, and scattered rock
debris

The rock mass at the
bottom of the cliff
remains relatively intact
with a higher vegetation
cover, and scattered
rock debris

Slope 50-65°, with a high
vegetation cover and
relatively intact rock mass,
along with visible
accumulations of rock
debris.

Characteristics of
rock mass cracks

70m from the ground,
vertically extended,
yielding 74° /61°, about
30m in length and 50-
80cm in width, with plant
roots

70-75m from the ground,
vertically extended, in
line with WY1, length
about 30m, width about
50-100cm

No obvious cracks were
found, but gravity produced
localized chipping and falling

blocks
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Width about 36m, height | Width about 30m, height
about 30-35m, thickness | about 35-38m, thickness
about 7-10m, volume about 7.5m, volume
about 7560m?3 about 3250m?3

Dimensions of the
bottom of the rock
mass

ROCK MASS STABILITY ANALYSIS

Qualitative Analysis

Based on field investigations and stereographic projection analysis, the rock mass structure in
the study area is primarily controlled by the original bedding planes and two sets of high-angle joints
(J1: 143°276°, J2: 25°£88°). The bedding planes, with an orientation of 195°22°, form a typical
counter-slope relationship with the slope surface (74°261°), and their dip angle is significantly lower
than the critical friction angle required for sliding (typically >15°), effectively excluding the possibility
of bedding-parallel slip.

In contrast, the two joint sets (J1 and J2) are densely developed (joint trace frequency > 5/m)
and exhibit strong geometric compatibility with the slope surface. The angles between their strike
directions and the slope orientation are approximately 69° and 49°, respectively, while their dip
angles (76°-88°) are nearly parallel to the slope inclination (61°). This structural alignment facilitates
tensile stress concentration along the joint planes under external loading, significantly reducing the
tensile strength of the rock mass, and thereby promoting tensile failure along the joints.

Stability Calculation

According to site investigation, rockfall on this slope aligns with rotational landslide collapse.
The center of gravity of the rock masses in WY1 and WY2 is positioned within the pivot point.
Equation (1) is used for calculation when the stability is controlled by the tensile strength of the rear
rock mass and the center of gravity of the hazardous rock mass lies within the overturning point.
This equation is derived from the overturning stability calculation formula for hazardous rock slopes
specified in the specification [20].

1, H—h(2(H—-h) b
F_ff”" sinf (§ sinf +Cosacos(ﬁ—a)>+W-a

H—h h, M

b
Q.-ho + V( sinf + 3sinpf + Cosa €058 — a))

Here's the meanings of the parameters:

fi—— the standard tensile strength of the unstable rock mass (kPa), determined by multiplying
the standard tensile strength of the rock by a reduction coefficient of 0.40;

h--- Depth of the rear edge crack (m);

h,,--- Water filling height of the rear edge crack (m);

ho--- Vertical distance from center of gravity to tipping point (m);

H ---Vertical distance from the upper end of the rear edge crack to the lower end of the
unpenetrated segment (m);

W--- Self-weight of rock mass;

Q--- Seismic force(kN/m);

V--- Pressure of fractured water (kN/m);

a---Horizontal distance from the barycenter of mass of the unstable rock mass to the overturning
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point (m);

b---Horizontal distance from the lower end of the unpenetrated segment of the rear edge crack
to the overturning point (m);

a---Angle (°) between the contact surface of the unstable rock mass and the foundation. It takes
a positive value when the rock mass is outwardly inclined and a negative value when inwardly
inclined;

B---Angle (°) of the rear edge crack.

The inherent density of the rock is assumed to be 24 kN/m?3, while the saturated density is set
at 24.5 kN/m3. The tensile strength is estimated to be 400 kPa. Three distinct scenarios are
considered for the calculations: the existing condition, the rainstorm condition and the seismic
condition. For the existing condition, the calculations are based on the state observed during the
investigation period, accounting only for the self-weight of the rock mass. In rainstorm conditions,
the calculations take into account both the self-weight of the rock mass and the hydrostatic pressure
within the fissures induced by heavy rainfall. This pressure, calculated using the hydrostatic pressure
formula, is applied to the fracture surfaces and incorporated into the driving force generated by the
self-weight of rock mass to assess the potential for sliding under heavy rainfall. Duri this scenario,
the water level is presumed to range from 1/3 to 1/2 of the fissure depth. In the seismic condition,
the calculations encompass the self-weight of the rock mass, seismic forces, and the influence of
fissure water pressure. For seismic conditions, seismic inertial forces in both horizontal and vertical
directions—derived from the product of the weight of rock mass and the seismic acceleration—are
introduced to simulate earthquake-induced disturbances. In this scenario, the total driving force or
adverse load is composed of the self-weight of rock mass, seismic inertial forces, and fracture water
pressure. This total force is then compared with the resisting force, which includes cohesion and
frictional resistance, to calculate the factor of safety. The stability outcomes are presented in Table
2, adhering to the guidelines delineated in the relevant standards for rock stability assessment [20].

Tab. 2 - Calculation results of rock mass stability

Rock mass | Destruction Working Stability coefficient Prevention and Stability
number mode condition Fs of rock mass control safety level evaluation
Current 3.12 Stable
conditions
- Rainstorm
WY1 Tilting type condition 1.19 Secondary Unstable
Seismic 0.89 Unstable
conditions
Current 2.85 Stable
conditions
- Rainstorm Approximately
WY2 Tilting type condition 1.26 Secondary stable
Seismic 0.96 Unstable
conditions

The aforementioned results collectively suggest that the rock mass currently maintains a
condition ranging from stable to moderate stability, meaning that the safety factor is not high, but still
greater than 1.0. However, this state changes from a state of moderate stability to potential instability
during rainstorm conditions, and changes to a fully unstable state during seismic events. Under such
a circumstance, this could lead to disruptions in daily transportation or complete road closures when
a storm or earthquake hits this area.
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ROCKFALL SIMULATION

To accurately model rockfall behavior during descent, a detailed understanding of its complex
influencing factors is required. To support data collection, fixed aerial control points were set up at
the slope site, and an unmanned aerial vehicle (UAV) was used to capture images of the hillside
rock mass. Based on these images, a 3D model of the slope was generated, as shown in Figure 2.
The slope was divided into 29 sections from left to right for detailed analysis.

In model construction, appropriate values for parameters including slope slip coefficients,
roughness, tangential damping coefficients, rockfall geometric attributes, rock dimensions, and
density are selected based on data collected from field monitoring. The ensuing analysis that follows
provides information on the distribution of rockfall stopping points across various slope cross-
sections, along with assessments of kinetic energy, translational speed, and rebound height.

In Rock-fally simulations, rockfall modeling can intuitively illustrate the movement trajectories
and impact locations of falling rocks, aiding in the assessment of risk zones and the effectiveness of
protective measures. It offers advantages such as operational flexibility, low cost, and high
repeatability. However, its strong dependence on input parameters and the simplifications inherent
in the modeling process may lead to deviations from real-world conditions. Therefore, when applying
such simulations, it is essential to incorporate field data and set parameters appropriately to enhance
the reliability of the results.

-~ =
d
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Fig. 2 - Location of simulated characteristic cross-section of slope

Three main cross-sections have been chosen for rockfall analysis, employing Rockfall software.
To identify the influence of rocks with varying volumes, simulations have been carried out using rocks
with dimensions of 5m? and 10m3. The specific cross-sections and simulation models employed are
illustrated in Figure 3. The material parameters of the slope in the simulation at three cross-sections
are defined as bedrock outcrops, where the coefficient of normal restoration is set to 0.35, the
coefficient of frictional restoration is set to 0.85, and the friction angle is set to 30.
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Location(m)
1

(a) Dimensions of 5m?in section 1

Rockfall trajectory

Location(m)

Location(m)
1

(b) Dimensions of 10m? in section 1

Rockfall trajectory
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(c) Dimensions of 5m? in section 2
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(e) Dimensions of 5m? in section 3
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(d) Dimensions of 10m? in section 2
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170

Location(m)
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(f) Dimensions of 10m? in section 3

Fig. 3 - Cross section rockfall trajectory map motion

In the Rocfall software simulation for the most representative sections, the falling rocks are
initially set at a velocity of 0 m/s, with the final velocity likewise set at 0 m/s. The initial rotational
velocity is also established at 0 m/s. The simulation is conducted over 1000 iterations for each
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section, allowing for a comprehensive statistical analysis of rockfall incidents. The rock density
employed in the simulation is specified at 2500 kg/m® The normal and tangential restitution
coefficients are predominantly contingent on the attributes of the surface of slope covering and
vegetation. The values for these coefficients have been derived from the geotechnical investigation
papers [21-22].

Model Calculation Results

(1) The influence of Deposition

The simulation results are based on probabilistic statistical analysis. The corresponding number
of simulated rockfall sections is shown in Figure 4. In Section 1, for falling rock volumes of 5m?, a
portion of them comes to rest within the range of 10-40m, with the highest count of falling points
noted at 13m, totaling 579. When the volume of falling rocks increases to 10m?3, some of them
accumulate within 10-30m, and the count at 13m is 597.

In Cross-section 2, for a rock volume of 5m?, deposition is predominantly observed between
150-210m, with the peak number of points recorded at approximately 205m, amounting to 132. With
a rock volume of 10m?, the maximum number of points is observed between 190-220m, reaching a
peak of 119 at 211m.

In Cross-section 3, the rock volume is it 5m3, the points of deposition are concentrated around
152m, with over 227 points. With a rock volume of 10m3, the maximum number of points is observed
between 140-170m, reaching a peak of 250 at 153m.
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(a) Section 1 (b) Section 2 (c.) Section 3
Fig. 4 - Number of falling rocks chart

Based on the statistical analysis of rockfall across the three cross-sections, it is evident that the
change in rock volume has a relatively minor effect on deposition distribution, while the geometric
and structural characteristics of the slope sections play a more dominant role. Among the three,
Cross-section 2 exhibits the highest overall hazard coefficient, as indicated by the greater number
and broader spread of rockfall deposition points. This suggests more intense and frequent rockfall
activity in that area.

In contrast, although Cross-section 3 has the lowest overall hazard coefficient, it presents the
most severe risk of road encroachment. The reason lies in the proximity of its deposition zone to the
roadway—many rockfall points are located very close to, or even directly on, the road surface. This
concentrated deposition near the road significantly increases the likelihood of traffic obstruction or
accidents, even with fewer total events. Therefore, despite its lower general hazard, Cross-section
3 poses a more immediate and tangible threat to road safety. As such, it is strongly recommended
to prioritize the implementation of protective measures along this section to mitigate the risk of road
blockage caused by rockfall.

(2) The influence of Kinetic Energy

The total kinetic energy diagram is shown in Figure 5. It is evident that in Cross-section 1, the
maximum kinetic energy escalates to 5,500 kJ when the rock volume is 5m?, and surges to 11,000

@ DOI 10.14311/CEJ.2025.02.0019 283



CIVIL

ENGINEERING
JOURNAL

Article no. 19

THE CIVIL ENGINEERING JOURNAL 2-2025

kd when the volume expands to 10m3. In Cross-section 2, the maximum kinetic energy registers at
7,400 kJ for a rock volume of 5m3, and reaches 15,000 kJ for a volume of 10m?3. In Cross-section 3,
the highest kinetic energy is recorded at 7,100 kJ for a rock volume of 5m?, and ascends to 1,4000
kd for a volume of 10m3. The curves illustrating the rise in kinetic energy gradually ascend to a peak
before descending, a pattern that closely mirrors the motion characteristics of rockfall during the
collapse. With the assumption of consistent variables, such as cross-section attributes, it becomes
evident that rock volume exhibits a distinct positive correlation with kinetic energy.
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(a) Section 1
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Fig. 5 - Total kinetic energy diagram
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An excess of kinetic energy can cause damage upon the road infrastructure, posing a
substantial threat to lives and property. A thorough analysis of rockfall kinetic energy serves as a
reference for the choice of protective structures, ultimately resulting in an effective reduction in the
costs associated with engineering measures.

(3) The influence of Translational Velocity

The horizontal velocity of falling rocks at different cross-sections under different volumes is
shown in Figure 6. The rockfall translational velocities as rocks descend from elevated positions, the
conversion of potential energy to kinetic energy induces alterations in velocity. These variations in
velocity serve as indicators of the roughness of the slope throughout the motion, facilitating an

analysis of slope safety.

It is evident that in Cross-section 1, the maximum translational velocity attains 46 m/s for a rock
volume of 5 m3, and escalates to 47 m/s for a volume of 10 m3. In Cross-section 2, the utmost
translational velocity is recorded at 53 m/s for a rock volume of 5 m?, and slightly higher at 55 m/s
for a volume of 10 m3. In Cross-section 3, the highest translational velocity is noted at 55 m/s for a
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Fig. 6 - Translational velocity of falling rocks
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The analysis of peak translational velocities leads to the conclusion that the alteration in rock
volume exerts minimal influence, while the characteristics of the cross-section play a more important
role in determining translational velocity. Specifically, a higher starting point for the rockfall results in
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greater translational velocity.

The sequence of peak translational velocities, from highest to lowest, aligns with the analysis of
rockfall deposition points, Cross-section 1 exhibits the highest velocity, followed by Cross-section 2,
and then Cross-section 3. This sequence further underscores the urgency for mitigation measures
to ensure the road safety from the rockfall hazards posed by this slope.
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(4) The influence of Bounce Height

The rockfall bounce height corresponding to the section taken is shown in Figure 7. Throughout
the descent of rockfall, the rocks may experience multiple rebounds upon striking various surfaces.
Each bounce has the potential to cause damage to the slope and lead to a dissipation of energy.

It is evident that in Cross-section 1, the maximum bounce height reaches 53m for a rock volume
of 5m? and 55m for a volume of 10m3. In Cross-section 2, the maximum bounce height attains 72m
for both rock volumes (5m? and 10m?3). In Cross-section 3, the highest bounce height is measured at
65m for a rock volume of 5m*® and 66m for a volume of 10m3. The examination of bounce height
across different cross-sections indicates that rock volume has a marginal effect on bounce height,
whereas the characteristics of the cross-section exert a more substantial influence.
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Fig. 7 - Rockfall rebound height chart

In summary, the distribution of rockfall deposition, translational velocities, and bounce heights
are briefly determined by cross-section itself, such as initial elevation and slope friction coefficient.
Meanwhile, rockfall kinetic energy is predominantly influenced by rock volume. The rockfall
simulations and subsequent analysis affirm that in the selected three representative cross-sections,
the maximum bounce height is 72m, the peak translational velocity is 55m/s, and the highest kinetic
energy is 15,000 kJ, all of which are observed in Cross-section 2. This analysis concurs with prior
calculations and field surveys, indication that rockfall poses a great threat to the use of the road.

DEFORMATION MONITORING BASED ON INSAR

To evaluate the deformation of the rock slope in the Suichuan segment of the G105 National
Highway, the analysis made use of both D-InNSAR and SBAS-INSAR methodologies for
comprehensive area monitoring. A total of 15 ascending orbit data scenes sourced from Sentinel-1A
were selected and subsequently processed. The study adopted the wide-swath interferometric mode
with VV polarization, generating Single Look Complex data in Level-1. The chosen mode was Scan
SAR-interferometric wide-swath (IW), covering a time duration of 168 days. INnSAR technology offers
significant cost advantages and spatial continuity for large-scale slope monitoring, with its millimeter-
level accuracy meeting the early warning requirements for highway slopes. Compared to traditional
methods, the automated INSAR system enhances data acquisition efficiency by approximately six
times and is not limited by terrain accessibility. While the GNSS reference station provides a point
monitoring accuracy of 2 mm, its deployment density is limited; total stations, though capable of
sub-millimeter precision, require manual periodic measurements, and data acquisition may be
interrupted by extreme weather conditions, such as heavy rainfall. The construction cost of traditional
monitoring networks (GNSS combined with total station) is approximately USD 36,000/km, while the
cost of INSAR in this study is only 17% of the traditional method. Particularly in high and steep slope
areas, where manual monitoring poses safety risks, INSAR technology demonstrates significant
advantages.
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D-InSAR

Differential Interferometric Synthetic Aperture Radar (D-InSAR) technology primarily needs
integrating external Digital Elevation Model (DEM) data to remove the terrain phase from the
interferogram derived from InSAR. At present, three primary D-InSAR techniques are commonly
employed: two-pass, three-pass, and four-pass interferometry. Among them, the two-pass
interferometric method is regarded as the most reliable due to its relatively simple implementation
and high accuracy.

Following the D-InSAR analysis, the Sentinel-1A data were processed with two-pass
interferometric method. This led to the generation of a surface deformation map, which unveiled non-
uniform ground deformation along the entirety of the road. The severely impacted regions primarily
cluster in the northern section, showcasing surface uplift with the maximum deformation measuring
0.219 m. In comparison, the deformation in the southern section is slightly lesser than that in the
northern section, with most deformations falling below 0.06 m. Within the central urban area, the
road segment indicates subsidence of approximately less than 0.08 m.

SBAS-InSAR

SBAS-InSAR stands for Small BAseline Subset INSAR, through the combination of a substantial
amount of SAR data, a series of differential interferograms with short spatial baselines can be derived.
This effectively avoids spatial decorrelation, enhancing the accuracy of the deformation analysis.

Following the two-pass interferometric processing of the Sentinel-1A data, the average
deformation rates along the G105 Suichuan section were computed. The overall deformation along
the road corridor is relatively modest, with the majority of regions displaying an annual average
deformation rate of approximately £50mm/year. The regions experiencing severe deformation are
primarily concentrated in the northeastern section, where the maximum subsidence rate reaches
50mm/year. Deformation rates in the southern section generally remain below 30mm/year, while in
the central urban area, the road segments undergo minimal deformation, with an average
deformation rate of around +10mm/year.

For a more detailed analysis of the deformation characteristics in the high-altitude collapse
areas along the G105 Suichuan section, seven key points of interest were selected. These points
encompass locations along the road alignment and within the range of the slope collapse, as shown
in Figure 8.
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Fig. 8 - Deformation rate diagram of the collapse points of Suichuan section G105 during the
monitoring period
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Through monitoring the deformation of high-risk collapse points, all seven monitoring locations
exhibited distinct deformation behaviors during the entire observation period. Generally, points 0 and
1 showed noticeable subsidence, while the remaining five points exhibited slight uplift.

Among these, point 3 demonstrated the greatest subsidence, reaching approximately 20 mm
between April 8 and April 20. Point 1 followed with a subsidence of 13 mm between July 1 and August
6. Point 2 remained relatively stable, with fluctuations confined within 8 mm throughout the
monitoring period, although a significant uplift was observed after August 6.

The deformation behavior at all monitoring points exhibited fluctuating patterns, which may
indicate episodic instability, potentially linked to anthropogenic activities. Several monitoring points
exhibited synchronized deformation trends, with abrupt subsidence or uplift occurring at specific
intervals. These significant deformation events underscore the importance of implementing timely
protective measures to ensure the safety of both vehicular traffic and pedestrians in the affected
areas.

MITIGATION MEASURES

Guided by theoretical calculations and assessments conducted through simulation software,
this study proposes the implementation of an actively controlled energy dissipation net in conjunction
with a rockfall protection system as well as the tunnel construction. In the case of rocks WY1 and
WY2, primarily due to their substantial volume and the emergence of unloading cracks at the rear
edge, it is advisable to initiate manual rock extraction as the preliminary measures. Furthermore, a
primary energy dissipation net will be strategically installed beneath the rocks. The lower section of
the net will feature an open design, while the remaining sections will be closed. This will result in a
total length of 260 meters and an average height of 155 meters. The protective area will encompass
40,300 square meters.

In the construction of the tunnel, an open-cut method will be employed, strategically positioned
at the most severely affected areas. The tunnel will take the form of an integral, single-aisle, two-
way driving structure, spanning a total length of 210 meters. The design takes into account a 2-meter
diameter rock block falling from a height of 100 meters, resulting in an impact force of approximately
838kN/m. To support the outer side of the tunnel, pile foundations will be employed, while the top
will be filled with crushed stones at a slope ratio of 50% [23]. In order to ensure the rationality and
feasibility of the proposed protection measures, a preliminary cost estimation has been conducted.
The estimated investment includes the following components: Manual removal of unstable rocks
(WY1 and WY2); Energy dissipation net (260m x 155m, covering 40,300 m?); Tunnel construction
(210m, open-cut method); Pile foundations; Backfill and slope treatment; Safety monitoring system.
The total estimated cost is approximately USD 2.57 million. Considering potential geological
uncertainties and implementation risks, it is recommended to set aside an additional 10%
contingency, bringing the overall estimate to about USD 2.83 million. These investments are
considered necessary and cost-effective, given the potential consequences of rockfall hazards in the
project area.

Automated Monitoring

To monitor the potential rockfalls during and post the construction phase, a comprehensive
combination of automated monitoring techniques will be deployed. This array includes the monitoring
of surface deformation, precipitation levels, rock tilt angles, fractures in the rock, and on-site
conditions of the mountain. The primary monitoring method will need the use of GNSS satellite
positioning to track the absolute displacement of the slope. For fracture monitoring, points will be
strategically installed at locations exhibiting instability and pre-existing cracks.

Moreover, rain gauges will be positioned at higher sections of the slope, isolated from the
influence of the surrounding environment. Wireless tilt monitors will provide real-time observations
of rock tilt variations. In the event that the tilt of the rock exceeds the predetermined warning
threshold, timely alerts will be issued. Video surveillance cameras will be strategically stationed in
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open and unobstructed areas to provide panoramic views of potential collapse and rockfall zones,
enabling real-time and comprehensive monitoring. The layout of the monitoring stations and the
monitoring site is depicted in Figure9.
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Fig. 9 - Layout of monitoring stations and monitoring sites

The post-construction monitoring outcomes reveal that the machine vision measuring
instrument recorded the highest cumulative horizontal displacement at 9.64 mm, while the ground
exhibited a vertical displacement of -9.68 mm. The settlement inclinometer detected a maximum
cumulative change of -8.33 mm. In the x-direction inclinometer, which comprises one reference point,
one turning point, and ten valid points, the maximum cumulative change during the monitoring period
is -0.21°. In the y-direction inclinometer, the maximum cumulative change is -0.18°. The rope
extensometers registered a maximum cumulative change of 0.48 mm.

Based on the results of automated monitoring, the monitoring system demonstrates relative
stability. The measured values at various monitoring points in the slope stabilization project display
minor variations, indicating that the slope is in a stable condition. Additionally, no ongoing expansion
of cracks in the tunnel is observed, and there are no significant signs of uneven settlement in the
tunnel foundation.

CONCLUSION

This study focuses on a rocky slope in the Suichuan segment of the G105 National Highway,
conducting a qualitative analysis of the rock mass in the area. A three-dimensional representation of
the slope is constructed using unmanned aerial vehicle (UAV) scanning. Rocfall software then
analyzes the translational velocity, rebound height, kinetic energy, and deposition distribution for
varying rockfall volumes. Additionally, slope stability is monitored through the integration of INSAR
and automated monitoring technologies. By combining traditional slope stabilization methods with
advanced intelligent monitoring approaches, this study effectively prevents and controls slope
instability, leading to the following conclusions.

The rocks WY1 and WY2 on the slope remain stable under normal conditions, showing slight
instability during heavy rainfall and becoming prone to instability during seismic events. The slope is
particularly vulnerable to high-level collapses, with potential block falls and large-scale collapses
along structural planes. Proposed measures, such as active energy dissipation nets, manual rock
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removal, and strategic tunnel engineering, effectively control and prevent rockfalls.

Simulation results from Rocfall software show a strong positive correlation between the kinetic
energy of rockfall and the volume of falling rocks. Meanwhile, translational velocity, rebound height,
and deposition distribution are primarily influenced by cross-sectional conditions, such as the height
of the falling points and friction coefficients on the impact surface, with no significant relationship to
the rockfall volume. The combination of UAV scanning, automated monitoring, and InSAR
technology reduces uncertainties in slope risk assessment, making the monitoring data more precise
and reliable.

In conclusion, the comprehensive integration of various techniques in this study has been
instrumental in assessing and mitigating rockfall risks on the designated slope. The insights gained
from this research will provide valuable guidance for similar engineering projects addressing rockfall
risks.
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