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Abstract—Advanced Slope Stabilization Technology, featuring tensioned rock anchors and an integrated connection system, 
offers a highly effective solution for slope protection and stabilization. This technology employs pre-tensioned rock anchors 
to apply controlled forces that reinforce slopes, preventing failures caused by soil erosion, seismic activity, or heavy rainfall. 
The integrated connection system ensures even load distribution, enhancing structural integrity and durability.A key advantage 
of this system is its adaptability to various geological conditions, making it suitable for diverse environments, from steep 
mountain slopes to urban infrastructure projects. The pre-tensioning mechanism actively counteracts destabilizing forces, 
significantly improving slope safety and reducing the risk of landslides. Additionally, the modular design allows for efficient 
installation and maintenance, lowering both time and costs.The technology’s long-term durability minimizes the need for 
frequent repairs, providing a sustainable and cost-effective solution. Its high load-bearing capacity and resistance to 
environmental factors ensure reliable performance over time. By enhancing slope stability, this system protects infrastructure, 
ecosystems, and human lives, making it an ideal choice for modern engineering challenges. 

Keywords:Advanced Slope Stabilization, Tensioned Rock Anchors, Integrated Connection System, Slope Protection, Slope 
Stability, Pre-Tensioned Forces, Load Distribution, Geological Adaptation, Landslide Prevention, Structural Integrity, Cost-
Effective Solutions, Long-Term Durability, Environmental Resistance, Engineering Safety. 
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Ⅰ. INTRODUCTION 

   Taiwan is located in the Pacific Rim seismic belt, at the junction 
of the Eurasian Plate and the Philippine Sea Plate. The continuous 
orogeny has led to active geological structures, which are prone to 
various slope disasters such as landslides, landslides, rock debris 
slides and rockfalls. In addition, Taiwan's terrain is rugged, with 
mountains accounting for more than three-quarters of the island's 
area, steep terrain, and young and fragile geological structures, 
which also increase the potential for disasters. Geographically, 
Taiwan is located near the Tropic of Cancer and is in the path of 
typhoons in the northwest Pacific. On average, there are 3 to 4 
typhoons each year. Typhoons bring heavy rains, which are not 
only heavy but also have an astonishing cumulative rainfall〔1,2〕. 
They cause slope sliding, landslides, and rockfalls in mountainous 
areas, and often lead to serious flooding in plain areas . As cities 
expand and population increases, the available flat land for 
development and living is limited, and people are gradually 
moving to hillsides to build their homes, further increasing the risk 
of disasters. At the same time, to support the development of 
mountainous areas〔3〕 road transportation facilities are also 
continuously extended to mountainous areas, making hillside 
residences and transportation systems more vulnerable to slope 
disasters and floods during typhoons and heavy rains. Looking 
back at major natural disasters in Taiwan in recent years〔4,5〕, 
including Typhoon Herb (1996), the Chi-Chi earthquake (1999), 
Typhoon Toji (2001), Typhoon Nari (2001), Typhoon Mintoli 
(2004), Typhoon Sinlakot (2008), Typhoon Morakot (2009), 
Typhoon Megi (2010) and Typhoon Saula (2012), all of which 
have had a significant impact on social security and economic 
development. Climate change exacerbates extreme weather 
phenomena. In the past decade, the rainfall brought by typhoons 
invading Taiwan has increased significantly.  s. Especially after 
the 921 earthquake in 1999, many slope structures in Taiwan were 
damaged by the earthquake, and the rock mass became looser. 
Under the influence of extreme rainfall, highway slope disasters 

 
 

increased significantly. Taking the 2009 Morakot Typhoon as an 
example, the disaster in southern Taiwan was serious. The 
accumulated rainfall in the Alishan area of Chiayi on the 5th was 
nearly 3,000 mm, far exceeding the annual average rainfall in 
Taiwan (about 2,500 mm). Taiwan's mountainous terrain and 
frequent seismic activity necessitate robust slope stabilization 
measures. Traditional methods, reliant on manual monitoring, are 
labor-intensive and prone to errors. This study introduces an 
automated system combining pre-tensioned rock anchors with 
wireless monitoring to enhance slope stability〔6,7,8〕 . The 
objectives include reducing material usage, shortening 
construction timelines, and enabling real-time data transmission 
for proactive hazard management. 〔9,10〕 

                                           Ⅱ.METHODOLOGY 

 2.1STUDY AREA                                                                                                                                                                                          
The research was conducted on Hua64 Road in Hualien County 
(Fig 1), a region prone to landslides and rockfalls due to its 
geological and climatic conditions. 〔11〕 

 
Fig 1 Study Area (TAIWAN) 
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2.2 Materials and Instrumentation 
1. Rock Bolts: Diameter: 25 mm, Cross-sectional area: 

506.7 mm², Elastic modulus: 204 kN/mm².(Fig 2) 
2. Strain Gauges:Measurement range: ±3000 kgf/cm², 

Sensitivity: 0.025% FS.(Fig 3) 
3. Calculation of rock bolt pull-out resistance                           

Tu=π⋅D⋅L⋅τ+A⋅c…………………………..………..(1)                      
Tu: Extreme pull-out resistance（kN）                                 
D: Bolt drilling diameter（m）                                          
L: Anchor segment length （m）                                   
τ: The average bond strength of the rock and soil mass 
and the grouting body（kPa）                                          
A: The bearing area at the end of the anchor section  
（m²）                                                                                   
c: Compressive strength of rock and soil（kPa）    
Refer to：FHWA-IF-99-015《Ground Anchor 
Technology》 

4. Monitoring System:Automated sensors, solar- powered 
equipment, and 4G transmission modules for real-time 
datacollection.(Fig4,5)  

 

 

 
he pre-force rock bolt and the connection system 

 

Fig 4 Solar powered and battery equipment: 1 location 

   
 

Fig 5 Automated monitoring system architecture diagram 
 

2.3 Monitoring Protocol                                                                 
Initial Setup: Pre-tension applied: 30 kN. 

   Time intervals for observations and instrument setting values.  
   (1) Installation location of the rock bolt stress sensor  
        (strain gauge): Instruments numbered RS-1 to RS-13, a  
        total of 13 sets. Detailed locations are specified in  
        Fig6 and 7.  
    (2) Applied pre-tension value: 30 kN (3T). 

shown as Table 3 
    (3) Measurement instrument used: Automated reading  
         Equipment(Fig 8), see Table 1 for details shown as (Table 

 1 ,2) 
    (4) Initial value establishment date:：October 27, 2022 .    
 

 
 

Fig 6 West Side    Rock bolt stress sensor (stress gauge): 10 sets 
 

 
Fig 7 Eest Side   Rock bolt stress sensor (stress gauge): 3 sets 

 

Fig 2 Prestressed rock bolt structure diagram 

Fig 3 Schematic diagram of the composition of the pre-force 
rock bolt and the connection system 
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Table 1 List of the number of automated monitoring systems 

 
 

Table 2 Overview of Automated Monitoring System  
Specifications 

 
 

 
Fig8 Automatic monitoring system reading record equipment 

 

 
Fig 9 changes in  battery Level 

 
Table 3: Instrument Initial Values and Coefficients 

 
(5) Data acquisition interval: From November 1, 2022  to  
      October 30, 2024 . 
Prestress Calculation: The strain gauge measures the readings: 
digit digit=(Hz2/1000)，It is the original unit of the vibrating string 
instrument. digit Difference ΔR：ΔR(The observed value -Initial 
value) 
(b-a)= ΔR1、(c-a)= ΔR2、(d-a)= ΔR3、(e-a)= ΔR4….....  (2) 
The pre-force change is calculated as follows： 
P=ΔR．A．E．K ………………………………………….  (3)  
ΔR：digit  Difference  A：Rock bolt fault area  
    E：Elastic coefficient   K：gauge factor  
    P：Preload variation 
The initial applied prestress value is 30 kN. 
The current prestress value: Px=30+P (unit kN )……………   (4) 
Unit conversion: 1T≒10kN  

Solar (day) 

Battery use (night) 
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                                                                                 Ⅲ. Results 

3.1 RAINFALL AND SEISMIC  

  
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 

 
 

 
 
 

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

3.2Earthquakes:45events with magnitudes >5.5. 
The system successfully transmitted real-time data during these 
events, demonstrating its resilience. 

 
Table1: Earthquake Statistics for Magnitudes Exceeding 5.5 

from December 2022 to 2024 

Fig 10: Rainfall Statistics Table from November 2022 to December 2023 Unit: day/mm 

Fig11: Rainfall Statistics Table from January  to December2024 Unit: day/mm 

Fig 12: Strain Gauge Automated Monitoring of  Prestress Variation Curve from October 31, 2022, to December 31, 2023. 
 

Impact Rainfall: 18 days with precipitation exceeding 50 mm shown as (Fig 10、 Fig11) 

Fig13: Strain Gauge Automated Monitoring of  Prestress Variation Curve from January  to  December 31, 2024 
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3.3 Prestress Variations 

Prestress values remained within safe limits (<30% loss) shown 
as table 4, 
 confirming the system's effectiveness. shown as (Fig 11、And  
Fig12) 

Table 4 Reference management values for this study 

3.4 Rainfall Impact Analysis: 
Heavy rainfall may lead to soil infiltration. Increasing the risk of 
soil erosion. The application of prestressed rock bolts can enhance 
slope stability. Prevent soil erosion  .  And integrate with a remote 
monitoring system. To provide timely disaster information. It can 
assist management units in determining slope safety. Heavy 
rainfall brings intense precipitation, increasing the moisture 
content of the slope. Potentially leading to an increase in pore 
water pressure. The prestressed rock bolt system can be designed 
with good drainage capacity. To reduce the accumulation of 
water .In addition to the above methods, we can also use the safety 
factor of (limit design) in the design stage: 

Fs: Safety factor 
c: Soil cohesion（kPa） 
L: Sliding arc length（m） 
W: Soil bar weight（kN/m） 
α: Sliding arc angle. 
u: Pore water pressure（kPa） 
ϕ Friction angle of soil. 
Refer to：Duncan & Wright (2005)《Soil Strength and Slope 
Stability》 
  

3.5 Seismic Impact Analysis: 
The dynamic load caused by an earthquake can exert 
instantaneous pressure on the slope. The design of prestressed 
rock bolts should consider dynamic response. To enhance its 
seismic resistance. Additionally, Earthquakes may cause soil 
liquefaction or landslides. The stability design of prestressed rock 
bolts and the connection system can effectively withstand this risk. 

3.6 Under the premise of no adverse effects. 
Conduct thorough geological surveys and risk assessments. 
Ensure that the impacts of heavy rainfall and earthquakes are 
considered in the design and construction. Adopt appropriate 
materials and design methods.，This can ensure the effectiveness 
of the prestressed rock bolts and connection system under extreme 
weather and seismic conditions. 〔13,14〕 

3.7 Comparative Advantages Construction Efficiency:  20-30% 
reduction in time compared to traditional methods. 

Table 3 Material comparison 

Ⅳ.Conclusion 

The tensioned rock anchor system, integrated with real-time 
monitoring, offers a sustainable and cost-effective solution for 
slope stabilization. Its success in mitigating rainfall and 
earthquake-induced risks underscores its potential for widespread 
adoption. This study explores the application of prestressed rock 
bolts and connection systems in slope protection. 〔15,16〕 It also 
compares the system with traditional free-frame shotcrete 
methods. The research results indicate that. The  pre-force bolt and 
connection system has significant advantages in terms of duration, 
constructability., environmental impact and durability. For 
example. The prestressed rock bolts and connection system can 
save 20-30% of the construction duration. The construction 
flexibility is high.，Additionally, carbon emissions are reduced by 
more than 70% compared to traditional methods. In addition. The 
system components are lightweight, which makes transportation 
and installation easier.，It is easy to transport and install. It can 
also be integrated with long-term prestressing automation 
monitoring. This effectively monitors and ensures the safety of the 
slope.  However . This study's case analysis is limited to specific 
regions and slope types. ， Its applicability needs further 
verification. 

                                  Ⅴ. Recommendations 

(1).Optimization: Tailor anchor parameters (length, spacing,          
prestress) to specific slope conditions.                                               
(2). Long-Term Monitoring: Expand studies to assess durability  
under varying environmental stresses.                                              
(3).Material Research: Explore alternatives like fiberglass or 
composites for enhanced performance.                                           
(4).Ecological Integration: Combine with vegetation to improve 
slope aesthetics and stability .    

                            Ⅵ. Suggestion 

It is recommended that, under suitable geological conditions 
and engineering requirements, The application of prestressed rock 

....................(5) 
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bolts and connection systems should be promoted in slope 
protection engineering, under suitable geological conditions and 
engineering requirements. Additionally. the system should be 
tailored to different slope types and geological conditions. 
Optimize the design parameters of the prestressed rock bolts and 
connection systems. For example, parameters such as the length, 
spacing, and prestressing force of the rock bolts.. Strengthen long-
term monitoring of the prestressed rock bolts and connection 
systems. To evaluate their long-term performance and stability. 
Enhance monitoring Conduct more in-depth research.，Explore 
the applicability of prestressed rock bolts and connection systems 
under different geological conditions. As well as their combined 
application with other slope protection measures For  example. 
The durability of different anchor materials can be studied, such 
as comparing the performance of steel, fiberglass, or composite 
materials under various environmental conditions .and how to 
combine the pre-force rock bolt and connection system with the 
planting project，To enhance the ecological benefits of the slope. 
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