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Abstract

Quantifying the relationship between faulting and the spatial geometrical and mechanical characteristics of a rock mass controlled

by faulting is difficult, mainly because of varying lithology and rock mass characteristics, the effects of topography and vegetation

and local erosion of weaker rock mass. In this study, the procedures, investigation approaches, evidence and criteria for defining

the threshold distance for damage zones of Yarlung Tsangpo (YLTP) Fault of southern Tibet were studied quantitatively by

combining the spatial variations of fracture density, rock mass strength, rockfall inventory and previous thermal evidence. The

extent of threshold distance of damage zone of the YLTP Fault is estimated at 5.9±0.6km. The internal dynamic action of fault

controls rock mass physical and mechanical properties in the study area. The fault first affects the characteristics of rock mass

structures, and then the orientation of the rock structures influences the stability of slope leading to rockfall.
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Key Points: 18 

• The extent of threshold distance of damage zone of the Yarlung Tsangpo Fault 19 

of southern Tibet is estimated at 5.9±0.6km. 20 

• Both the fracture density and the cohesion of rock mass strength vary with the 21 

distance to the fault core showing power curve relations.  22 

• Internal dynamic action of faults controls rock mass physical and mechanical 23 

properties in the study area.   24 
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Abstract 25 

Quantifying the relationship between faulting and the spatial geometrical and 26 

mechanical characteristics of a rock mass controlled by faulting is difficult, mainly 27 

because of varying lithology and rock mass characteristics, the effects of topography 28 

and vegetation and local erosion of weaker rock mass. In this study, the procedures, 29 

investigation approaches, evidence and criteria for defining the threshold distance for 30 

damage zones of Yarlung Tsangpo (YLTP) Fault of southern Tibet were studied 31 

quantitatively by combining the spatial variations of fracture density, rock mass 32 

strength, rockfall inventory and previous thermal evidence. The extent of threshold 33 

distance of damage zone of the YLTP Fault is estimated at 5.9±0.6km. The internal 34 

dynamic action of fault controls rock mass physical and mechanical properties in the 35 

study area. The fault first affects the characteristics of rock mass structures, and then 36 

the orientation of the rock structures influences the stability of slope leading to rockfall. 37 

Plain Language Summary   38 

The extent of the fault damage zone remains an outstanding challenge confounding 39 

attempts to assess rock mass physical and mechanical properties, the effects on 40 

landscape evolution and slope stability, and to delineate safe places for human 41 

occupation and infrastructure development. Recent technological developments 42 

including Unmanned Aerial Vehicles, terrestrial laser scanning, photogrammetry and 43 

point cloud analysis software tools greatly enhance our ability to investigate the issues 44 

using the Yarlung Tsangpo Fault of southern Tibet as a case study where ideal 45 

geological conditions exist to investigate the relationship. The results have been 46 

compared with published data from the evidence of thermal effects related to the exactly 47 

same fault and show a good match between internal thermal action and rock mass 48 

physical and mechanical properties controlled by the same faulting.  49 

1 Introduction 50 

Faults and fault materials are a major controlling factor for superficial and 51 

shallow processes such as slope stability, groundwater flow and surface hydrology, 52 

underground excavations, hydrocarbons extraction and storage, and mining (De 53 

Joussineau & Aydin,2007; Bense et al., 2013; Laubach et al., 2014). Localized 54 

deformations at low confining stresses cause the formation of zones characterized by 55 

heterogeneous and anisotropic properties (Frankel et al., 2007; Gudmundsson, 2011). 56 

As a consequence, landslide susceptibility assessment (Wang et al., 2014), groundwater 57 

flow modeling (Faulkner et al., 2010; Bense et al., 2013) and design of superficial and 58 

underground structures (Aydin et al., 2004), require a detailed description of the zones 59 

affected by faulting (Faulkner et al., 2010). Fault core and damage zone are definitions 60 

which embrace the entire rock mass volume around a fault “plane” (Faulkner et al., 61 

2010; Laubach et al., 2014). Such a volume can be affected by a more or less important 62 

deterioration due to the stress and displacement concentration. The fault core is the zone 63 

where most of the displacements are accommodated. The damage zone is the portion 64 

of rock mass characterized by secondary structures including mainly fractures, 65 

secondary faults and zones with more abundant micro-fracturing, porosity and 66 



groundwater flow. In landslide susceptibility mapping, the distance from fault core has 67 

been frequently used as an index to quantify the potential triggering of fault-related 68 

landslide (Wang et al.,2014). In general, the spatial extent of such a controlling factor 69 

is often defined empirically, or at a mesoscale with limited ground evidence and 70 

analysis of the type of fault and the local characteristics (Mizoguchi & K. Ueta, 2013). 71 

Consequently, we suggest this distance should be the main focus in the geological 72 

characterization of fault damage and its engineering importance.  73 

In the geomorphological literature, it has been recognized that the geometrical 74 

and mechanical characteristics of a rock mass are both important in controlling relief 75 

and stability of slope (Burbank et al., 1996; Crosta et al., 2014; DiBiase et al., 2018). 76 

However, the fault-controlled spatial variation of geometrical characteristics (i.e. 77 

fracture density) and a quantitative description of the effects of faulting on the 78 

mechanical properties of the rocks within a specific threshold area have rarely been 79 

quantified (Caine et al., 1996; Faulkner et al., 2010; Laubach et al., 2014). Such 80 

quantification is often hampered by certain conditions mainly including: (1) large faults 81 

could result in varying rock mass characteristics within a specific area; (2) changes in 82 

lithology along and around the fault could render it difficult to have comparable 83 

conditions; (3) the effects of topography and vegetation obscuring damaged rock mass 84 

outcrops, limiting their number, size and distribution and then the possibility to build a 85 

robust data set; (4) the local erosion of sections of weaker rock mass. At the same time, 86 

some of the above listed features can support the characterization and analysis of these 87 

damaged zones, as by back analysis of landslides in areas with different landslide types 88 

and abundance. The availability of high-resolution topographic data (i.e. laser scanner 89 

and photogrammetric point clouds) can be of help at studying both small and large 90 

features supporting the description of the degree of fracturing at different spatial scales 91 

(Oskin et al., 2007).  92 

As a consequence, in order to assess the susceptibility to landsliding of the rock 93 

mass strength for construction, it is important to define some basic rules for the 94 

identification, mapping, sampling and testing of the extent of these zones and the 95 

properties of the involved materials (e.g. breccias, cataclasite, mylonite). The total 96 

thickness of the fault zone will depend on the size of the fault, the total amount of 97 

cumulated displacement, the type of fault, the overburden depth for the considered zone 98 

of the fault, the affected lithology. Many of the same factors will also controls the 99 

physical, chemical and mechanical characteristics of the fault materials (Laubach et al., 100 

2014). Using recent technologies including Unmanned Aerial Vehicle (UAV), terrestrial 101 

laser scanning, and photogrammetry and point cloud analysis software tools (e.g. 102 

AgiSoft, Photoscan and Coltop; Jaboyedoff et al.,2007), we attempted to determine the 103 

best procedures, investigation approaches, evidence and criteria for defining the 104 

threshold distance for damage zones around faults. Combining geometrical, mechanical 105 

characteristics and published thermal evidence (Quidelleur et al., 1997), quantitative 106 

description of the effects of faulting on rock mass physical and mechanical properties 107 

were quantified to reveal the dynamic action of fault. 108 



2 Materials and Methods 109 

In this study, we selected an area of Tibet where ideal geological conditions 110 

exist to investigate the relationship between faulting and the spatial geometrical and 111 

mechanical characteristics of a rock mass controlled by faulting (Figure 1). The area is 112 

affected by the Yarlung Tsangpo Fault that belongs to a south-dipping thrust system 113 

composed of at least five south dipping thrust faults (Heim & Gansser, 1939; Yin et al., 114 

1999; Murphy & Yin, 2003). Yarlung Tsangpo suture zone between the Indian and the 115 

Eurasian plates has been reactivated by northward back thrusting and dextral strike-slip 116 

movement (Burg & Chen, 1984) with an underthrusting rate of 21.3 mm/yr of the Indian 117 

Shield (Murphy & Yin, 2003) and a right-lateral slip rate of 2.6±0.7 mm/yr (Chen et al., 118 

2004). The nearly E–W trending suture zone extends for more than 2000 km in southern 119 

Tibet (Aitchison et al., 2011; Xu et al., 2015), whose deformation along the multiple 120 

fault planes of suture zone is complex and shows variations from place to place, 121 

depending mainly on its orientation (Yin et al., 1994; Xu et al., 2012). For the geological 122 

description of the area we relied on Quidelleur et al. (1997), Chen et al. (2004) and Xu 123 

et al. (2012,2015). The lithology of the area is mainly diorite and granite with a small 124 

component of gneiss.  125 

 126 

Figure 1. Location of the five surveying sites (1 to 5) and 360 rockfalls, including 237 127 

rockfalls scars and 123 rockfalls deposits, with respect to the YLTP Fault core. Rockfall 128 

scars are zoned in 7 main clusters for back analysis of rock mass strength (Figure 4A), 129 

A to G, considering similar geometrical characteristics of the rock slopes and rock mass. 130 

Our 30-km measurement area covered by UAV at five sites and 10-m DEM for rockfalls 131 

identification on the whole slopes traverse along the Yarlung Tsangpo river valley. 132 

Rockfall iso-density contours obtained through bivariate kernel density estimation by 133 

ArcGIS are shown.  134 

Both the geometrical characteristics of rock mass structures and rock mass 135 

strength could be controlled by a fault within a certain area (Osmundsen et al., 2009). 136 

The results of geometrical characteristics of rock mass structures and rock mass 137 

strength within the same fault zone should be consistent approximately if the 138 

approaches are used suitably. Hence, we firstly explored the spatial variation in the 139 

geometrical characteristics of the rock mass structures. Rock mass structures at the 140 

slope scale were identified and measured using a UAV at five selected sites at varied 141 



distances from the YLTP Fault core (Figure 1), with the consideration that exhumation 142 

doesn’t influence fracture measurements at the surface (Savage & Brodsky, 2011). The 143 

selection of the sites was based on the outcrop rock mass conditions and the rock mass 144 

structures present. To get precise geometrical data of rock mass structures, we set at 145 

least six ground control points (GCP) at each site when flying Unmanned Aerial Vehicle 146 

(UAV). At each site, the same window was selected for measuring the dip/dip direction 147 

and spacing of all visible rock mass joints structures by PhotoScan (AgiSoft LLC, 2010), 148 

COLTOP (Jaboyedoff et al.,2007) and ArcMap.  149 

Fracture density is an important parameter to quantify the character of the rock 150 

mass, which is used commonly in quantitative studies of damage zones (Faulkner et al., 151 

2010). To estimate fracture density, we used three-dimensional (3D) geomechanical 152 

data to quantify joint volumetric count (Jv), with this taken as a measure of inter block 153 

size (ISRM, 1978) and of the total number of joints encountered in a cubic meter of 154 

fractured rock mass (Palmstrom, 2005; Messenzehl & Dikau, 2017). Meanwhile, to 155 

verify the data and results, we also measured independently the fallen block size using 156 

the UAV and Photoscan imagery.  157 

Rock mass strength is a very difficult characteristics to be defined in a large area 158 

because of lack of suitable approaches and its inherent geology uncertainty (Hoek, 1983; 159 

Gudmundsson, 2011).Some studies (Hoek, 1994; Schmidt & Montgomery,1995 ; Evans 160 

et al., 1997;Shipton et al., 2002; Crosta et al., 2014) have tried to solve the problem. 161 

Various authors tackled the subject from a geomorphological and geomechanical point 162 

of view. Schmidt & Montgomery (1995) proposed an approach to define rock mass 163 

strength by analyzing relief and slope angle based on back analysis. Crosta et al. (2014) 164 

adopted an advanced geomechanical modeling approach to characterize rock masses on 165 

Mars starting from the distribution of landslides. Based on data of slope and relief of 166 

historical rockfall scars and reference to previous studies (Schmidt & Montgomery, 167 

1995; Burbank et al., 1996; Montgomery & Brandon,2002; Crosta et al., 2014; DiBiase 168 

et al,2018), the rock mass strength of bedrock was back-calculated by the Culmann 169 

method under the precondition that bedrock relief is controlled by rock strength in the 170 

study area. When the present relief of bedrock areas is larger than the limit relief, the 171 

bedrock is prone to generate rockfalls. We located abundant scars left by rockfall on 172 

bedrock, and measured the relief at scar sites which were considered as limit relief 173 

thresholds. Then, the Culmann's two-dimensional slope stability model based on 174 

principles of limit-equilibrium was used to back-calculate the rock mass strength of the 175 

slope, which predicts a bounding relationship between hillslope gradient (β) and relief 176 

such that the maximum hillslope height (Hc) is given by (Culmann, 1875).  177 

 178 

          𝐻𝑐 =
4𝐶

𝜌𝑔

𝑠𝑖𝑛𝛽𝑐𝑜𝑠𝜑

[1−cos(𝛽−𝜑)]
                    (1)  179 

 180 

where c is cohesion, and φ is the internal friction angle. 181 



3 Results  182 

The types of rock mass structures controlling the stability of slopes include pre-183 

existing lithologic structures, tectonic and weathering structures (Stead & Wolter, 2015). 184 

For the granite rock mass exposed in the area and subjected to strong tectonism, the 185 

predominant structure type would be mainly due to tectonics and weathering (Townend 186 

et al., 2004). Overall a total of 2322 structures were measured including 537, 510, 560, 187 

417 and 298 structures at sites 1 to 5 respectively (Figure 2). Based on the results, 5 188 

predominant joint sets were identified in the study area. Joint sets J1 and J2, whose dips 189 

are greater than 56°, are conjugate joint sets created probably due to tectonism under a 190 

condition of vertical maximum principal stress. The two joint sets are most commonly 191 

and clearly exposed in the areas between sites 1 to 4. At site 5 and areas beyond that, 192 

joint sets J1 and J2 are few, with J1 absent in some places. Joint set J3 appears to 193 

represent unloading/stress-relief structures that parallel the slope surface and are 194 

exposed between sites 1 to 5. The dip of joint set J4 mainly exposed at sites 1 to 5 is 195 

less than 41°. Joint set J4 also represents unloading structures created during denudation 196 

of the diorites and granite. Joint set J5 whose mean dip is about 40° is mainly found at 197 

site 5 and areas beyond site 5. It should be noted that the dip/dip direction of the joint 198 

sets at the first four sites have very similar characteristics. In contrast, the dip/dip 199 

direction of the joints recorded at site 5 show significantly different characteristics 200 

including the disappearance of joint set, J1, and the appearance of joint set, J5 (Figure 201 

3).  202 

 203 

  

  



 

 

 

Figure 2. Coltop images (a) in colours representing the local orientation of five joint 204 

sets (b) at five sites (Figure 1 and Figure 3) and stereographic projections (c). At each 205 

site, a window of 100ⅹ100ⅹ100 m was selected for measuring the dip/dip direction (c) 206 

and spacing of all visible rock mass joints. The horizontal distances of the five sites 207 

from the YLZP Fault core are 0.5km, 3.0km, 3.4km, 8.5km and 13.5km (Figure 3). (d) 208 

Logarithmic and exponential relationships between mean spacing, computed Jv and 209 

fallen blocks’ size with the distance from fault core.  210 

The joint size measured is based on the quantity of data obtained by UAV, with 211 

a minimum joint spacing of 0.3m. The J1 to J4 joint set spacing is shown in Figure 2d 212 

based on the mean values to the distance from the fault core in damage zone. Influenced 213 

by tectonics, the relationship between mean spacing of joint sets with distance from the 214 

fault core show a strong power relationship with R2 of 0.99 (Figure 2d). The rock mass 215 

exposed at site 3 in contrast to the other four sites is predominantly gneiss (Figure 1). 216 

The rock strength of the gneiss measured on site by Schmidt hammer testing (Aydin & 217 

Basu 2005) is lower than that of diorite and granite. As observed at site 3, the spacing 218 

of the joint sets within gneiss is smaller relative to the same joint sets in the diorite 219 

under the similar condition of tectonism (Figure 2d). For consistency here we only 220 

considered the spacing of the joint sets within the same diorite lithology.    221 

The joint volumetric count, Jv, at varying distance (d) from the fault core is 222 

calculated using the joint set spacing and shows a strong power relationship 223 

(Jv=3.42×d^(-0.53)) with R2 of 0.97 (Figure 2d). The bedrock rock mass strength (i.e. 224 

cohesion, c) varies with the distance (d) to the fault core showing a power curve relation 225 

(c=80.43×d^0.28) (Figure 3). A marked exponential distribution in the size of the fallen 226 

blocks with distance from the fault core is obtained with R2 equals to 0.92 (Figure 2d). 227 

This indicated that the sizes of the rockfall blocks and the joint set spacing agree even 228 

when they are obtained by different methods.   229 

Using data from helicopter-based remote sensing imagery and a DEM of 10 m 230 

resolution of the complete study area, a total of 360 historical rockfalls inventory 231 

including 237 rockfalls scars on bedrocks and 123 rockfalls deposits at toe of slopes 232 

were identified (Figure 1). Cohesion arises from the physical and chemical bonds in 233 

materials. The values of the cohesion calculated by the Culmann’s approach show a 234 



significant increase with distance (Figure 3). The internal friction angle indicates the 235 

potential mobilized forces resisting motion along the failure plane. The values of 236 

internal friction angle show little fluctuation with the values from 23° to 28° at varied 237 

distances from fault core. The results may suggest that cohesion is an important 238 

component of hillslope-scale strength (Gallen et al., 2015).   239 

4 Discussions 240 

The results of the geometrical and mechanical analysis of the rock mass 241 

characteristics proved to be qualitatively consistent even when they were studied 242 

independently (Figure 3). Because of the influence of the fault, the rock mass strength 243 

values within a distance of 5.3km from the YLTP Fault core is less than 150kPa (Figure 244 

3), which are close to the values in Longmenshan which are affected by the Beichuan 245 

fault and the Pengguan fault (Gallen et al., 2015), and are within the bounds of values 246 

estimated for hillslope-scale strength (Schmidt & Montgomery, 1995). The low values 247 

of rock mass strength in the area probably are the result of the characteristics of the 248 

fault damage zone. For the areas farther than 6.5 km from the fault core, the rock mass 249 

strength shows a significant increase (Figure 3). Using 360 rockfalls, we calculated the 250 

spatial variation of rockfall density obtained through bivariate kernel density estimation 251 

using ArcGIS (Figure 1). It can be also observed that the mean rockfall density within 252 

a distance of 6.5km the YLTP Fault is about three times the value obtained beyond this 253 

distance (Figure 3). 254 

Combining the results, the extent of threshold distance of damage zone of the 255 

YLTP Fault is estimated at 5.9±0.6km. Quidelleur et al. (1997) studied internal thermal 256 

evolution related to thrusting using Biotite, K-feldspar and numerical simulation at the 257 

study area. A good match was observed between our threshold distance and the location 258 

of GR-18 that is the boundary in their thermal model (Figure 3). It presents a good 259 

evidence that evolution of physical, mechanical and thermal properties affected by fault 260 

in the study area is consistent.    261 

 262 

Figure 3. Extent of the damage zone of the thrust plane of the YLZP Fault. Considering 263 



the divergency of 45° (Figure1) and a constant 30° dip to the south for the fault 264 

(Quidelleur et al.,1997), the five sites (1 to 5) are situated between 0 and 6.8 km from 265 

the hanging wall of the YLZP Fault. The exposure and average spacing of joint sets 266 

with the distance from fault core, using 2322 joints (Figure 2) measured by UAV at the 267 

five sites, are represented. Cohesion of bedrocks back calculated by means of the 268 

Culmann’s approach on the whole slopes (Figure 4b) and the rockfall density extracted 269 

from Figure 1 along the A-A’ profile vs distance from fault core are represented in the 270 

plots.    271 

Previous studies indicated a trend of increasing damage zone width with 272 

displacement of fault, and that a lack of data for large faults (with displacements larger 273 

than 100 m) limits the possibility to find a statistically valid relationship for larger faults 274 

(Savage & Brodsky, 2011, De Joussineau & Aydin, 2007; Faulkner et al., 2010; 275 

Laubach et al., 2014; Torabi et al.,2019). Combining the displacement provided by 276 

Quidelleur et al. (1997) and our damage zone width, our result reaches values close to 277 

the maximum reported in literatures (Figure 4a). 278 

Using the data of 237 historical outcropping rockfalls scars (Figure 1), a clear 279 

inverse relationship was observed between the mean slope angle and topographic relief 280 

(Figure 4b). This is similar to the results of Schmidt & Montgomery (1995), Crosta et 281 

al. (2014), Frattini & Crosta (2013) and DiBiase et al. (2018). Hence, we can also infer 282 

that the rock mass strength is a controlling factor on slope relief in the study area. 283 

However, Gabet et al. (2004) suggested that annual rainfall not rock mass strength is a 284 

controlling factor on relief in the whole Himalayas of central Nepal. In our selected 285 

study area in southern Tibet, the geological conditions are controlled by intense tectonic 286 

activity. The geometrical characteristics of rock mass structures (e.g. joint set dip/dip 287 

direction, joint set spacing, and joint volumetric count) show a significant spatial 288 

variation due to the influence of the cumulative displacement along the fault. The 289 

differences with respect to different scale and different geological settings (e.g. 290 

tectonically active sites) could be further studied in the future.  291 

 292 

Figure 4. (a) Log–log plots of damage zone width against displacement of large faults 293 



(＞100 m displacement, Torabi et al., 2019) from the previous studies and our study on 294 

YLZP fault. (b) Relief vs slope angle at 237 rockfall scars (see Figure 1 for locations). 295 

Square and circle points represent data from left- (L)and right-hand (R) valley flanks. 296 

DL and DR (km) are the distances from fault core. CL and CR (kPa) are estimated 297 

cohesion values of bedrocks. C-A (to F) represent the 7 clusters (A to F) of rockfall 298 

scars in Figure 1.   299 

Numerous studies (Khazai & Sitar,2004; Huang & Li, 2009; Qi et al,.2010) have 300 

noted that faults have an important influence on triggering landslides and rockfalls; 301 

some of these workers also discussed the relationships between number of landslides 302 

and distance from a fault. However, the process of faults controlling regional 303 

landsliding and rockfall still suffers from a lack of quantitative description. We 304 

quantitatively show that spatial variation of the rock mass strength shows different trend 305 

within and beyond the threshold distance due to the shift of geometrical characteristics 306 

of rock mass structures controlled by the YLZP Fault (Figure 3). Correspondingly, the 307 

density of rockfalls shows a significant shift at the threshold distance.  308 

5 Conclusion 309 

The extent of threshold distance of damage zone of the YLTP Fault is estimated 310 

at 5.9±0.6km, which reaches values close to the maximum reported in literatures. 311 

Within the threshold distance of YLTP Fault, both the joint volumetric count and the 312 

cohesion of rock mass strength vary with the distance to the fault core showing power 313 

curve relations.  314 

Combining the studies, we concluded that internal dynamic action of faults 315 

controls rock mass physical and mechanical properties in the study area. To 316 

predict/assess the influence of faults in controlling regional landslide and rockfall 317 

distribution, the spatial variation of the geometrical characteristics of jointing is a key 318 

issue for future investigations. 319 
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