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Abstract

:

In the steep mountainous areas in northwest Xinjiang, where rock mass is broken seriously due to intense freeze thaw weathering, rockfall is one of the most common geological hazards on highway high slopes. Engineering geological investigations on geological hazards along a segment of the G219 highway was conducted, indicating that rockfalls on the high slopes threaten the safety of vehicles on the highway seriously. In this study, a combination of field investigations, laboratory experiments and numerical simulation methods was performed to identify unstable high slopes, simulate the rockfall trajectories and assess the rockfall hazard in the study area. The results show that there are five high slopes (i.e., W01, W02, …, W05) where rockfall hazard is extremely serious. Considering both the total kinetic energy and the accumulation rate of blocks, rockfall influence area zonation was performed, leading to the conclusions that the sections of highway on W01 to W05 are located at the medium-intensity low-accumulation zone, high-intensity medium-accumulation zone, high-intensity low-accumulation zone, high-intensity low-accumulation zone and medium-intensity high-accumulation zone, respectively. Based on the analysis, a zonation map was accomplished, which could help engineers select effective mitigation measures against rockfalls to avoid casualty and property losses.
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1. Introduction


With the promotion of the Western Development strategy, especially the proposal of the One Belt and One Road national strategy, a large number of high-level highways will be planned and constructed in mountainous areas of west China in the future, and rockfall, which is one of the most common geological hazards, is becoming a growing concern. The G219 line of Jimunai-Hebukesaier highway is located at the border of the Aletay region and Tacheng region, Xinjiang Uygur Autonomous Region, China (Figure 1), which is an integral part of the northern section of the Kanas port-Alashankou-Aksu-Yengisar high-level highway, and it has far-reaching significance to promote sound and fast development of the economic society in northwest Xinjiang. This highway is situated in the cold-arid areas in northwest China where the freeze thaw weathering is rather intense. Besides, field investigations show that the Wukeerchaolong gully-Songshu gully segment (the corresponding mileage is K42 + 900 m ~ K50 + 500 m) is located on high slopes where kinds of geological hazards including freezing-thawing, collapse, landslide, debris flow, rockfall and so on, are evolving continually. More remarkable, among them, rockfall is one of the most significant geological hazards in this segment and threatens the safety of people’s lives and the vehicular traffic travelling on the highway seriously.



Rockfall is a special type of landslides, where unstable rock blocks get detached from the slope surface for some reason, and downslope movement occurs rapidly in the modes of falling, sliding, rolling, bouncing or skipping under the action of gravity and stack in the vicinity of obstacles or relatively flat terrain, ultimately [1]. Mechanisms of the detachment include natural climate conditions, such as freezing-thawing [2], anthropogenic activities, such as blasting for slope excavation, seismic activities [3] and slow time-dependent deformation of the slope materials [4]. Not only does rockfall threaten the manmade environment, it also generates loss of human life and property within its influence area seriously because it behaves suddenly, frequently and randomly [5,6].



Compared to other types of landslides the proportion of the rockfall research is really small [7]. However, driven by the demand of city building in mountainous areas, research on rockfall attracts more and more attention of domestic and foreign scholars [8,9]. What is more, an increasing number of highway construction projects need the assessment of rockfall hazard to ensure people’s lives and property security [10,11,12,13,14]. Literature investigation shows that methods for rockfall analysis can be summarized into three main kinds. The first one is field investigation combining geotechnical and geophysical methods, along with the most recent and innovative survey approaches [15,16,17]; however, it is not easy to apply because it is often affected by complex topographic and geologic conditions, and it also requires plenty of human and material resources. The second one is the test method consisting of the laboratory test, in situ test and physical model test [18], but its applicability is subject to a complex model-making process, uncertain influence factors of rockfall, huge difference between test results and situations in the field, etc. The last one is simulation methods, including numerical simulation, analytical simulation and theoretical simulation [19]. With the continuous advances in computer technology, numerical simulation achieves rapid development and improvement, and it has become the most commonly-used method in the study of rockfall [20,21].



In this study, the Wukeerchaolong gully-Songshu gully segment where the rockfall is the most serious was selected as the study area, and rockfall hazard around the study area was investigated and assessed. First of all, both field investigation and UDEC (Universal Distinct Element Code) simulation were applied to determine the location of the unstable rock blocks, as well as the initial position of rockfall. Next, the size range of unstable rock blocks was determined by counting the size of rock blocks that have stacked at the relatively flat terrain of the slopes. Moreover, Rocfall V.4.0 was used to simulate the rockfall trajectory of the unstable rock blocks, and the parameters including runout distance, bounce height, total kinetic energy and translational velocity of the rockfall along the two-dimensional profile were obtained. Finally, based on the field investigation and numerical simulation results, considering both the total kinetic energy and the accumulation rate of the rockfall, the zonation of the areas suffering from the rockfall was performed.




2. Geologic Setting of the Study Area


The study area is located at the southern slope of the Sawuer Mountains, with a maximum altitude of 2300 m, forming plenty of high rock slopes [22]. The average slope gradient value in the study area is about 36°; the gradient value of a few high and steep slopes can reach up to 80°. Mountain river can be seen in the valleys, which is the major source of the surface runoff on the piedmont plain at the southern foot of the Sawuer Mountains. Because of strong erosion, bedrock is exposed, forming the river valley landform with relative elevation up to 200 m. The width of the valley is between 20 and 100 m, and only a one-level river terrace can be seen in the valley, indicating that the valley is still in the development stage. Meteorological data shows the maximum temperature, minimum temperature and annual average temperature of the study area are of 37.2 °C, −23.0 °C and 4.9 °C, respectively, and the annual average rainfall and evaporation are 143.0 mm and 1842.2 mm, respectively, indicating that the study area belongs to a typical cold-arid area [23,24].



As shown in Figure 1, various geological units outcrop in the region, mainly including Upper Paleozoic Middle Devonian Sawuershan Formation (gray quartz sandstone, gray black silicolite and shale), Lower Carboniferous Saerbulake Formation (dark gray andesite, dacite and tuff), Cenozoic Neogene Pliocene (brown red sandy mudstone, conglomerate) and Quaternary Upper Pleistocene-Holocene (sand and gravel soils). In regional structure, the study area belongs to Junggar-Northern Tianshan fold system (I1), Junggar eugeosynclinal fold belt (II1) Sawuer synclinorium (II1-13), bordering Buerjin anticlinorium (II1-11) to the north and Fuhai mountain sag (II1-27) to the south. The axis of Sawuer synclinorium is located at the south of Jimunai. The strata at the axis belong to Early Permian rift sedimentary basin and the south limb composed by Devonian and Carboniferous, however, the later magnetic rock (mainly including quartz monzonite, gabbro and granite) intrusion in Middle Hercynian results in most strata of the north limb being lost. Surrounding the study area, two faults are developed, which are Sawuer fault and Sawuer buried fault, and both of them are nearly orthogonal to the strike of the highway to build. The Sawuer fault is a compression and scissor fault with an approximately E-W trend, and the extension length is about 67 km, but the north limb of the fold fault dips to the north with the western end to the south, and the dip ranges from 70° to 80°. Sawuer buried fault almost runs through the Sawuer piedmont with the eastern section of discontinuous distribution. Additionally, it is about 1 km away from the piedmont with a generally E-W trend. The two faults are both Paleozoic faults, and there is no Cenozoic active fault. Since the Pliocene, neotectonic movement makes the mountain area further expand and uplift, increasing topographic relief, and the Cenozoic rise to a higher position and develop folds and faults, resulting in the development of unexpected geological hazards, such as rockfall, collapse, landslide and debris flow.



The Seismic Ground Motion Parameter Zonation Map of China (GB18306-2001) indicates that the seismic peak acceleration of the study area is 0.05 g, and the site’s characteristic periods of seismic response spectra is 0.35 s, with basic earthquake intensity of VI degree. According to the existing earthquake records since 1977 AD, about 10 events whose magnitudes were more than three affected the area, with the maximum magnitude 5.6.




3. Engineering Geology of the Study Area


Through field investigation, a total of 54 unstable slopes, 17 scree and 2 debris flow gullies were found (Figure 2). In terms of lithology, rock structure, slope structure and failure mode, statistical analysis of 54 unstable rock slopes was conducted (Figure 3). Statistical results show these slopes mainly developed in tuff, dacite and andesite, only a small part in granite and silicolite; due to strong tectonic movement, large amounts of discontinuities developed, and rock structures are mainly mosaic structure, followed by block structure and cataclastic structure; a majority of slope structures are insequent slopes and dip slopes; strong freeze thaw weathering makes the steep unloading discontinuities that developed under the action of gravity run through the rock mass, resulting in slope failures, so the potential failure modes are almost toppling and tensile, with a few of wedge and sliding.



In the study area, discontinuities are well developed, and there is no crushed zone. Persistence ranges from 20 cm–20 m, and the aperture is tight to open (less than 50 mm), without infilling. Based on persistence and width (less than centimeters), the class of the joints is between III and IV [25]. Discontinuity (except the bedding planes) spacing shows a good exponential distribution with an average of 0.32 m (Figure 4). The bedding planes are generally planar, while joint surfaces can be classified into three kinds, including planar-rough, undulated-slightly rough and undulated-rough, according to International Society for Rock Mechanics (ISRM) (2007) recommendations. The joint roughness coefficient (JRC) values [26] range between 6 and 8 (Class 4), 8 and 10 (Class 5) and 10 and 12 (Class 6). Discontinuity surfaces were dry, and groundwater seepage was not observed through the discontinuities. The discontinuities surveyed around the study area can be classified into four sets (Figure 5), with average attitude values of 174/70 (Set 1), 116/81 (Set 2), 28/42 (Set 3) and 285/50 (Set 4).



Field investigation and laboratory analysis proved that rockfall is extremely likely to occur on all of the 54 unstable slopes due to the existence of unstable rock blocks. However, for most slopes, the unstable rock blocks are located within the scope of construction and excavation or below the elevation of the highway foundation base, so the potential rockfall will not threaten the safety of people’s lives and the vehicular traffic travelling on the highway. However, on five unstable slopes (i.e., W01, W02, W03, W04 and W05 in Table 1), the unstable blocks are located above the highway under construction (Figure 2). Under the action of continuous rainfall, seismic activities and anthropogenic activities, such as blasting for slope excavation and vehicle vibration, the unstable blocks are likely to lose stability and form rockfalls, which will threaten the people’s lives and property security and affect the normal use of the highway seriously.




4. Results and Discussion


As mentioned above, unstable blocks on five unstable slopes are related to rockfalls in the study area. For that reason, a combination of field investigations, laboratory experiments and numerical simulation methods were performed to determine potential rockfall initial position (namely the location of unstable blocks), rockfall mass, runout distance, bounce height, total kinetic energy and translational velocity, laying the foundation for the next rockfall hazard assessment.



4.1. Potential Rockfall Initial Position


Determining the potential rockfall initial position is the most important part for hazard assessment, and the distinct element method is one of the common methods to research the stability of rock mass with discontinuity [27]. In this study, UDEC was applied to simulate the stable states and deformation processes of the slope profiles obtained from the five unstable slopes, using an elastoplastic constitutive model and Mohr–Coulomb failure criteria. The number of discontinuity sets developed in the unstable slope rock mass and their parameters (Table 2) were obtained through field investigations. Mechanical properties of the rock and discontinuity are usually obtained by laboratory tests or literature query [28]. In this study, laboratory tests including the bulk density test and triaxial compressive strength test for the specimens sampled from the five slopes were performed to characterize the mechanical properties of the rock (Table 3), according to ISRM (2007) recommendations. Additionally, the mechanical properties of the discontinuities (Table 3) were obtained through literature query [29].



The two-dimensional slope profiles of five unstable slopes were obtained from the high resolution topographic map with a scale of 1:1000, which was overlaid on the design parameters of the highway to build using CAD (Computer-Aided Design). Based on the discontinuity parameters, mechanical properties of the rock and discontinuity and two-dimensional slope profiles, UDEC simulations for five unstable slopes were performed. According to the simulation results, the positions where the slope displacement vector was the maximum were determined as the potential rockfall initial positions (A–E in Figure 6). Compared to the data and pictures collected from field investigations, the potential rockfall initial positions determined by UDEC simulations were basically the same as the ones determined in situ. Thus, the exact potential rockfall initial positions on five unstable slopes were verified in situ (Figure 6).



To test for the kinematic feasibility of different failure mechanisms on the basis of the available structural data in Table 2, the stereographic technique (as proposed by Hoek and Bray 1981) was adopted in this study. Results of these analyses show that the unstable blocks on five high slopes recognized in the field and through the UDEC models are subject to instability (Figure 7). The feasible mechanisms for the blocks on W01–W05 are toppling, planar sliding, wedge sliding, wedge sliding and toppling, respectively.




4.2. Rockfall Mass Selection


Rockfall mass is one of the basic parameters for rockfall hazard assessment, which directly affects the kinetic energy of the rockfall. At present, there are two methods including the field survey method and discontinuity density estimation method to determine the rockfall mass [30]. In this study, the unstable blocks were not accessible to measure directly because the unstable slopes were too steep. The size range of unstable blocks was determined by counting the size of rock blocks that have stacked at the relatively flat terrain of the unstable slopes, and according to the density tested in the laboratory, the mass range of unstable blocks was gotten, then six different masses were selected as representative values to conduct rockfall simulations. The size ranges (Figure 8) of unstable blocks on five unstable slopes were obtained from field investigations. Statistical results show the size range of unstable blocks on the W01 unstable slope is between 0.005 m3 and 0.100 m3, with a density of 2850 kg/m3, so the mass range is between 14.3 kg and 285 kg. Therefore, the rockfall mass representative values were set as 10 kg, 50 kg, 100 kg, 150 kg, 200 kg and 300 kg, respectively. Similarly, the size ranges, mass ranges and rockfall mass representative values for the other four unstable slopes could be determined in the same way (Table 4).



In order to verify the accuracy of the statistical analysis method used in this study, the sizes of the unstable blocks were estimated by the discontinuity density of the unstable slopes. Additionally, the estimated size ranges were basically the same with as size ranges determined by this method. This indicates that the statistical analysis method is an effective and accurate method to select the size range of unstable blocks, and it can provide references for future research on rockfall.




4.3. Rockfall Simulations


Rockfall trajectory is the precondition for rockfall hazard assessment, and it is mostly dependent on numerous parameters, such as slope geometry, surface vegetation, superficial lithology, block mass, block shape and initial velocity [31,32]. Rockfall trajectory can be obtained by means of empirical approaches or numerical simulation [33,34]. In this study, two-dimensional mathematical models of five unstable slopes were built, and Rocfall V.4.0 was applied to conduct rockfall simulations, which provided the arrest point and runout distance of each block, as well as bounce height, kinetic energy and velocity at any point along the slope profile. The important parameters used in the simulation include slope profile, rockfall mass and coefficients of restitution and friction. Slope profiles were obtained from the high resolution topographic map with a scale of 1:1000, which was overlaid on the design parameters of the highway to build using CAD. Rockfall mass was determined by the statistical analysis method. The coefficients of restitution and friction are affected by slope shape, surface vegetation and block shape [35,36], which can be obtained by four methods including in situ tests [37], back analysis [38], theoretical estimation [39,40] and literature query [41]. Because of the impossibility to perform in situ tests and a lack of some historical events records for back analysis and theoretical estimation, the first three methods are not suitable for this study. Hence, in order to select the appropriate coefficients of restitution, literature query [42,43] was used in this study (Table 5). According to the results of field investigations, nearly all of the surface material types along the slope profile for rockfall simulation were bedrock or boulders with little soil or vegetation, except that the surface material on the highway was asphalt, so we assumed that the coefficients of restitution were the same along the slope profile, except on the highway (Table 6). Additionally, the rotational friction angle, surface roughness and initial velocity for the five slopes were selected as 30° ± 2°, 2° and 0 m/s, respectively.



Rockfall simulations were carried out using Rocfall V.4.0 along the two-dimensional slope profile of W01. Table 4 and Table 6 show six different representative values of rockfall mass and values of parameters used in rockfall simulations. Four different parameters were observed in this study including runout distance, bounce height, translational velocity and total kinetic energy (Figure 9) during downslope movement of the rockfall along the profile. The results of the simulations are summarized below.



For different rockfall masses, the extrema and variation trends of runout distance, bounce height and translational velocity are nearly identical on the whole, with partial minor differences. However, the variation trends of total kinetic energy are almost identical, but the extrema vary widely. These findings suggest that along the same slope profile, rockfall mass has significant influence on total kinetic energy of rockfall, but little influence on runout distance, bounce height and translational velocity. On the W01 slope profile, the horizontal distance between potential rockfall initial position and the center line of the highway to build is 52.0 m, and the width of the highway is 11.6 m.



Rockfall trajectory (Figure 9a) and bounce height (Figure 9b) show that when the blocks fell freely from the initial position along the profile, on the slope profile, multiple impacts and bounces occurred. The maximum value for bounce height for blocks with different masses in the order of minimum to maximum in mass was 13.75 m, 12.84 m, 13.98 m, 17.22 m, 12.88 m and 13.61 m, respectively, with horizontal distance from the initial position of 44.9 m. The analysis of end point data extracted from the rockfall trajectory indicates that the runout distance ranged between 44.2 m and 136.5 m, with an average value of 60.5 m. More than 99% of the runout distances distributed between 44.2 m and 68.1 m, only 1% between 68.1 m and 136.5 m. Based on the runout distances, rockfall reach rate and accumulation rate are defined. Rockfall Reach Rate (RR) is defined as the percentage that the number of the blocks that reach the highway accounts for the total number of simulated blocks. The RR for blocks with different masses in the order of minimum to maximum in mass was 99.25%, 98.95%, 97.75%, 98.95%, 99.05% and 97.85%, respectively (Figure 10). Rockfall Accumulation Rate (AR) is defined as the percentage that the number of the blocks that stop motion and stack on the highway accounts for the total simulated blocks. The results show that the AR for blocks with different masses in the order of minimum to maximum in mass was 14.74%, 15.63%, 13.47%, 14.33%, 11.66% and 12.76%, respectively (Figure 10).



The changes of translational velocity and total kinetic energy during the rockfall occurred are shown in Figure 9c,d, indicating that the total kinetic energy of blocks has a direct relationship with their mass and the square of the velocity. Translational velocity and total kinetic energy further decreased after continuous impacts along the slope, and both of them continued to be increased until reaching the maximum value. Depending on the change trends of translational velocity and total kinetic energy, it is easy to find that the horizontal distance between the initial position and the place where the strongest impact occurred was about 49.7 m, indicating that the strongest impact occurred on the highway pavement with the maximum total kinetic energy. Rockfall impact would inevitably cause strong damage to the highway and threaten people’s lives and property security seriously.



The rockfall trajectory, bounce height, translational velocity and total kinetic energy of the other four unstable slopes were achieved by using the above rockfall simulation method. Based on the same statistical analysis method, runout distances, maximum values for bounce height, translational velocity, total kinetic energy and their corresponding locations, reach rates and accumulation rates of blocks with different masses for five unstable slopes were obtained after calculating and analyzing (Table 7).



The runout distances, highway locations and rockfall reach rates in Table 7 show that on all of the five unstable slopes, the highway is located at the rockfall influence areas. On the W01, W02, W03 and W04 slopes, the sections of the highway are located between the minimum and the maximum runout distance with minimum rockfall reach rates of 97.75%, 85.99%, 98.20% and 98.70%, respectively, and in case of rockfall, people and the vehicular traffic within these areas would be likely injured and endangered. However, on the W05 high slope, about one third of the highway pavement in width is located between the initial position and the minimum runout distance, with the other between the minimum and the maximum runout distance, and the rockfall reach rate was 100%. Once rockfall occurred, people and the vehicular traffic travelling in this area would be injured and endangered seriously.




4.4. Rockfall Influence Area Zonation


Rockfall influence area zonation can help engineers to select effective mitigation measures against rockfall to avoid casualty and property losses [44,45,46]. Perret et al. mentioned that according to the total kinetic energy, the rockfall influence area could be classified into the low-intensity zone, medium-intensity zone and high-intensity zone [47]. Wang et al. put forward that using minimum and maximum runout distances, the zonation could be defined as highly dangerous zone, dangerous zone and not dangerous zone [48]. Since the blocks that are in motion have some kinetic energy, blocks that reach the highway scope will impact the highway heavily, which will not only shorten its service life, but also cause a serious threat to people’s lives and the vehicular traffic travelling on the highway; besides, blocks stacking on the highway will seriously affect its normal use and increase cleanup tasks.



In this study, the rockfall influence area between initial position and maximum runout distance is zoned simultaneously considering the maximum total kinetic energy and maximum accumulation rate of rockfall obtained from rockfall simulations. According to total kinetic energy, the rockfall influence area can be classified into three intensity zones: low-intensity zone, referring to the area where the energy value is less than 30 kJ; medium-intensity zone, where the energy value ranges from 30 to 300 kJ; high-intensity zone with an energy value more than 300 kJ. At the same time, according to accumulation rate, the rockfall influence area can be divided into three zones. The zone with an accumulation rate less than 30% is defined as the low-accumulation zone. In the case of rockfall, the rockfall is less likely to stack on the highway and affect its normal use weakly. The zone with an accumulation rate between 30% and 70% is defined as the medium-accumulation zone. In the case of rockfall, the rockfall is likely to stack on the highway and affect its normal use relatively strongly. The zone with an accumulation rate more than 70% is defined as the high-accumulation zone. In the case of rockfall, the rockfall is very likely to stack on the highway and affect its normal use strongly. Thus, the rockfall influence area can be classified into nine zones applying the above two zonation principles simultaneously. The analysis and resulting zonation map (Figure 11) show that the sections of the highway on the W01, W02, W03, W04 and W05 high slopes are located at the medium-intensity low-accumulation zone, high-intensity medium-accumulation zone, high-intensity low-accumulation zone, high-intensity low-accumulation zone and medium-intensity high-accumulation zone, respectively.





5. Conclusions


In this study, the Wukeerchaolong gully-Songshu gully segment of the G219 line of Jimunai-Hebukesaier highway was selected as the study area, where rockfall is one of the most common geological hazards on highway high slopes. Field investigations indicated that the study area is located in steep mountainous areas belonging to a cold-arid area in northwest China, and due to the existence of large amounts of unloading discontinuities and the strong freeze thaw weathering, numbers of unstable blocks on the high slopes get detached from the slope surface and form rockfalls recurrently, resulting in the highway in the study area being in danger of rockfalls, which threaten the safety of people’s lives and the vehicular traffic travelling on the highway seriously.



In order to determine the rockfall hazard around the study area, a combination of field investigations, laboratory experiments and numerical simulation methods were performed. In particular, this is the first time that the statistical analysis method was used to select the size range of unstable blocks, which could provide references for the future research on rockfall. As a result, five high slopes (i.e., W01, W02, W03, W04 and W05) have been identified where the sections of the highway are at the risk of potential rockfalls. Based on the rockfall total kinetic energy and accumulation rate obtained from the rockfall simulation results, rockfall influence area zonation was performed to estimate the sections of the highway exposed to different degrees of rockfall hazard, leading to the conclusions that the sections of highway on W01–W05 are located at the medium-intensity low-accumulation zone, high-intensity medium-accumulation zone, high-intensity low-accumulation zone, high-intensity low-accumulation zone and medium-intensity high-accumulation zone, respectively.



Based on the analysis, a zonation map was accomplished, which shows that mitigation measures are needed on all five high slopes. According to the practical conditions of the study area, available mitigation measures were put forward, including using a controlled blasting technique during the excavation, trimming and removing the available unstable blocks, covering the small blocks with restraining nets, reinforcing the relatively large ones by rock bolts and constructing retaining walls and catch ditches at the toe of the slope.
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Figure 1. Location of the study area and geological map (modified after the Institute of Geology Beijing, 1993). 
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Figure 2. Investigation results of the study area: (a) the distribution of geological hazards; (b) an example of rockfall. 
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Figure 3. Statistical results of 54 unstable slopes: (a) lithology; (b) rock mass structure; (c) slope structure; (d) failure mode. 
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Figure 4. Discontinuity spacing histogram and best fitting exponential distribution excluding bedding planes. 
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Figure 5. Contour plot and great circles of the discontinuities surveyed in the study area. 
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Figure 6. Displacement vectors and potential rockfall initial positions (A–E) for the five slope profiles. 
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Figure 7. Slope profiles for rockfall simulation and stability analysis for the unstable blocks on five high slopes. 
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Figure 8. Statistical results of block size ranges of five unstable slopes. 
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Figure 9. Rockfall simulations results for W01 slope: (a) rockfall trajectory; (b) bounce height; (c) translational velocity; (d) total kinetic energy. 
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Figure 10. Reach rate and accumulation rate histogram for W01 slope. RR, Reach Rate; AR, Accumulation Rate. 
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Figure 11. Zonation map based on the computed total kinetic energy and accumulation rate. 
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Table 1. Five unstable slopes selected to assess rockfall hazard in the study area.
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No.

	
Corresponding Mileage

	
Altitude (m)

	
Lithology

	
Rock Mass Structure

	
Slope Structure

	
Failure Mode

	
Volume

(m3)






	
W01

	
K43 + 120 ~ K43 + 220 m

	
2157

	
Granite

	
Mosaic

	
Insequent

	
Toppling

	
31,758




	
W02

	
K43 + 600 ~ K43 + 672 m

	
2158

	
Andesite

	
Mosaic

	
Dip

	
Sliding

	
23,520




	
W03

	
K43 + 900 ~ K43 + 980 m

	
2138

	
Andesite

	
Mosaic

	
Dip

	
Wedge

	
43,000




	
W04

	
K44 + 520 ~ K44 + 640 m

	
2095

	
Dacite

	
Mosaic

	
Dip

	
Wedge

	
13,772




	
W05

	
K50 + 152 ~ K50 + 366 m

	
1914

	
Silicolite

	
Mosaic

	
Insequent

	
Toppling

	
43,125
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Table 2. Numbers and parameters of the discontinuity sets in five unstable slopes.
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No.

	
Set Number

	
Average Attitude

	
Persistence (m)

	
Spacing

(m)

	
JRC

	
Type

	
Weathering






	
W01

	
J1

	
115°/86°

	
15–20

	
0.4–1.3

	
13

	
Unloading

	
Moderately




	
J2

	
23°/81°

	
9–12

	
0.3–0.4

	
7

	
Tectonic

	
Slightly




	
J3

	
40°/35°

	
4–6

	
0.3–0.4

	
6

	
Tectonic

	
Moderately




	
W02

	
J1

	
120°/74°

	
8–12

	
0.3–1.0

	
9

	
Unloading

	
Slightly




	
J2

	
297°/50°

	
2–4

	
0.3–0.5

	
7

	
Tectonic

	
Moderately




	
W03

	
J1

	
164°/60°

	
4–5

	
0.5–1.0

	
7

	
Tectonic

	
Moderately




	
J2

	
260°/56°

	
5–7

	
0.6–1.5

	
6

	
Tectonic

	
Slightly




	
J3

	
43°/53°

	
2–6

	
0.2–0.3

	
5

	
Tectonic

	
Moderately




	
W04

	
J1

	
175°/73°

	
10–15

	
4.0–5.0

	
7

	
Unloading

	
Slightly




	
J2

	
295°/56°

	
2–5

	
0.2–0.5

	
9

	
Tectonic

	
Moderately




	
J3

	
40°/43°

	
4–6

	
0.2–0.5

	
6

	
Tectonic

	
Moderately




	
W05

	
J1

	
195°/80°

	
15–25

	
5.0–8.0

	
15

	
Tectonic

	
Moderately




	
J2

	
225°/58°

	
5–8

	
0.4–0.8

	
8

	
Tectonic

	
Slightly




	
J3

	
13°/47°

	
4–6

	
0.2–0.5

	
7

	
Tectonic

	
Moderately
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Table 3. Mechanical properties of rock and discontinuity used in Universal Distinct Element Code (UDEC) simulation.
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Property

	
W01

	
W02

	
W03

	
W04

	
W05






	
Rock

	
Number of specimen

	
5

	
5

	
5

	
5

	
5




	
Lithology of specimen

	
Granite

	
Andesite

	
Andesite

	
Dacite

	
Silicolite




	
Density (g/cm3)

	
2.85

	
2.65

	
2.65

	
2.63

	
2.75




	
Cohesion (MPa)

	
2.5

	
1.9

	
1.9

	
1.6

	
1.9




	
Friction angle (°)

	
45

	
43

	
43

	
42

	
41




	
Elasticity modulus(GPa)

	
25

	
23

	
23

	
20

	
9




	
Poisson’s ratio

	
0.25

	
0.24

	
0.24

	
0.23

	
0.22




	
Joint

	
Cohesion (MPa)

	
0.48

	
0.23

	
0.23

	
0.15

	
0.43




	
Friction angle (°)

	
35

	
32

	
32

	
30

	
35




	
Normal stiffness (GPa/m)

	
16.9

	
15.6

	
15.6

	
12.0

	
11.4




	
Tangential stiffness (GPa/m)

	
7.5

	
6.3

	
6.3

	
5.0

	
4.4
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Table 4. Representative values of rockfall mass used in the simulation of rockfall.
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No.

	
Size Range (m3)

	
Density (g/cm3)

	
Representative Values (kg)




	
M1

	
M2

	
M3

	
M4

	
M5

	
M6






	
W01

	
0.005–0.100

	
2.85

	
10

	
50

	
100

	
150

	
200

	
300




	
W02

	
0.010–1.000

	
2.65

	
50

	
100

	
500

	
1000

	
2000

	
2500




	
W03

	
0.005–0.500

	
2.65

	
10

	
50

	
100

	
500

	
1000

	
1500




	
W04

	
0.050–1.000

	
2.63

	
100

	
500

	
1000

	
1500

	
2000

	
2500




	
W05

	
0.005–0.100

	
2.75

	
10

	
50

	
100

	
150

	
200

	
300
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Table 5. Coefficients of restitution retrieved from the literature.







Table 5. Coefficients of restitution retrieved from the literature.







	
Authors

	
Material Type

	
Rt

	
Rn






	
Liu (2012)

	
Hard surface paving

	
0.87–0.92

	
0.37–0.42




	
Bedrock or boulders with little soil or vegetation

	
0.83–0.87

	
0.33–0.37




	
Talus with little vegetation

	
0.83–0.87

	
0.30–0.33




	
Talus with some vegetation

	
0.80–0.83

	
0.30–0.33




	
Soft soil slope with little vegetation

	
0.80–0.83

	
0.28–0.32




	
Vegetated soil slope

	
0.78–0.82

	
0.28–0.32




	
Schweil et al. (2003)

	
Asphalt

	
0.90 ± 0.04

	
0.40 ± 0.04
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Table 6. Parameters used for the rockfall simulation.







Table 6. Parameters used for the rockfall simulation.







	
Parameters

	
W01

	
W02

	
W03

	
W04

	
W05

	
Asphalt






	
Number of rockfalls

	
1000

	
1000

	
1000

	
1000

	
1000

	
—




	
Coefficient of normal restitution

	
0.37 ± 0.03

	
0.34 ± 0.03

	
0.34 ± 0.03

	
0.33 ± 0.03

	
0.37 ± 0.03

	
0.40 ± 0.04




	
Coefficient of tangential restitution

	
0.87 ± 0.04

	
0.86 ± 0.04

	
0.86 ± 0.04

	
0.85 ± 0.04

	
0.87 ± 0.04

	
0.90 ± 0.04




	
Rotational friction angle (°)

	
30 ± 2

	
30 ± 2

	
30 ± 2

	
30 ± 2

	
30 ± 2

	
30 ± 2




	
Surface roughness (°)

	
2

	
2

	
2

	
2

	
2

	
2




	
Initial velocity (m/s)

	
0

	
0

	
0

	
0

	
0

	
0
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Table 7. Values for each parameter extracted from rockfall simulation for five unstable slopes.
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No.

	
HR (m)

	
BM (kg)

	
RD (m)

	
L (m)

	
BH (m)

	
L (m)

	
TV (m/s)

	
L (m)

	
TKE (kJ)

	
RR (%)

	
AR (%)






	
W01

	
46.2–57.8

	
10

	
44.2–133.0

	
44.9

	
13.75

	
49.7

	
22.2

	
49.7

	
2.62

	
99.25

	
14.74




	
50

	
44.2–136.5

	
44.9

	
12.84

	
49.7

	
22.1

	
49.7

	
12.84

	
98.95

	
15.63




	
100

	
44.2–130.8

	
44.9

	
13.98

	
49.7

	
22.2

	
49.7

	
26.30

	
97.75

	
13.47




	
150

	
44.2–133.4

	
44.9

	
17.22

	
49.7

	
22.1

	
49.7

	
39.05

	
98.95

	
14.33




	
200

	
44.2–131.2

	
44.9

	
12.88

	
49.7

	
22.2

	
49.7

	
51.91

	
99.05

	
11.66




	
300

	
44.2–132.7

	
44.9

	
13.61

	
49.7

	
22.1

	
49.7

	
78.13

	
97.85

	
12.76




	
W02

	
28.1–39.7

	
50

	
26.1–46.6

	
26.4

	
10.48

	
31.7

	
16.1

	
34.3

	
7.65

	
85.99

	
29.53




	
100

	
26.1–46.5

	
26.4

	
9.65

	
31.7

	
16.0

	
33.0

	
14.79

	
88.69

	
31.83




	
500

	
26.1–48.1

	
26.4

	
9.95

	
31.7

	
16.0

	
33.0

	
74.22

	
89.29

	
28.63




	
1000

	
26.1–47.1

	
26.4

	
10.29

	
31.7

	
16.1

	
34.3

	
156.36

	
87.69

	
27.53




	
2000

	
26.1–47.1

	
26.4

	
10.07

	
31.7

	
16.1

	
33.0

	
295.91

	
87.79

	
28.93




	
2500

	
26.1–46.8

	
26.4

	
10.06

	
31.7

	
16.0

	
34.3

	
383.77

	
88.29

	
30.13




	
W03

	
42.2–53.8

	
10

	
40.1–62.8

	
40.0

	
13.13

	
42.4

	
26.0

	
42.4

	
3.51

	
98.60

	
9.41




	
50

	
40.1–61.9

	
40.0

	
12.94

	
42.4

	
25.9

	
42.4

	
17.43

	
98.20

	
12.51




	
100

	
40.1–63.3

	
40.0

	
12.91

	
42.4

	
26.0

	
42.4

	
34.88

	
98.30

	
11.41




	
500

	
40.1–63.3

	
40.0

	
12.86

	
42.4

	
26.0

	
42.4

	
175.49

	
99.40

	
10.91




	
1000

	
40.1–63.1

	
40.0

	
12.76

	
42.4

	
25.9

	
42.4

	
348.61

	
98.90

	
9.31




	
1500

	
40.1–63.4

	
40.0

	
13.02

	
42.4

	
25.9

	
42.4

	
525.52

	
99.20

	
11.11




	
W04

	
50.8–62.4

	
100

	
48.6–64.6

	
49.4

	
18.81

	
39.5

	
26.1

	
39.5

	
36.47

	
99.90

	
9.41




	
500

	
48.6–64.6

	
49.4

	
19.27

	
39.5

	
26.3

	
39.5

	
184.72

	
99.60

	
10.01




	
1000

	
48.6–64.6

	
49.4

	
19.98

	
39.5

	
24.3

	
39.5

	
323.23

	
99.70

	
8.71




	
1500

	
48.6–64.6

	
49.4

	
19.25

	
39.5

	
24.1

	
39.5

	
478.44

	
99.60

	
8.41




	
2000

	
48.6–64.6

	
49.4

	
18.33

	
39.5

	
24.5

	
39.5

	
659.18

	
98.70

	
9.51




	
2500

	
48.6–64.6

	
49.4

	
18.09

	
39.5

	
26.3

	
39.5

	
920.78

	
99.00

	
8.91




	
W05

	
7.2–18.8

	
10

	
11.2–20.4

	
1.32

	
4.42

	
3.0

	
15.8

	
3.0

	
1.65

	
100.0

	
98.60




	
50

	
10.4–21.2

	
1.32

	
4.44

	
3.0

	
16.1

	
3.0

	
8.51

	
100.0

	
96.00




	
100

	
11.7–20.8

	
1.32

	
4.42

	
3.0

	
16.0

	
3.0

	
16.86

	
100.0

	
93.49




	
150

	
10.8–20.5

	
1.32

	
4.42

	
3.0

	
15.9

	
3.0

	
25.17

	
100.0

	
97.70




	
200

	
10.5–20.5

	
1.32

	
4.38

	
3.0

	
16.0

	
3.0

	
33.92

	
100.0

	
96.20




	
300

	
11.8–21.2

	
1.32

	
4.41

	
3.0

	
15.8

	
3.0

	
49.31

	
100.0

	
97.00








Note: HR = Highway Range (m); BM = Block Mass (kg); RD = Runout Distance (m); L = Location (m); BH = Bounce Height (m); TV = Translational Velocity (m/s); TKE = Total Kinetic Energy (kJ); RR = Reach Rate (%); AR = Accumulation Rate (%).
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