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Abstract: In order to determine the in situ stress state of the newly built hydropower station project in Jiacha county, and understand 

the activity of the eastern segment of the Yarlung Zangbo River fault zone, we obtained the in situ stress data in the engineering field 

by using the self-developed deep-hole stress measuring equipment based on the hydraulic fracturing method. We analyzed the fault 

activity by employing the Mohr-Coulomb failure criterion and the collected in situ stress data along the eastern segment of the 

Yarlung Zangbo River fault zone. The results showed that: (1) The magnitudes of the maximum horizontal principal stress SH ranged 

from 6.07 MPa to 37.62 MPa, the values of the minimum horizontal principal stress Sh were from 3.13 MPa to 20.33 MPa at the 

depth from 122.75 m to 418.75 m, and the dominant direction of the measured maximum horizontal principal stress was nearly NNE. 

(2) The stress regime was mainly characterized by SH＞Sh＞Sv (Sv is the vertical principal stress), which was prone to reverse faulting. 

(3) Most of the measured and collected Mohr stress circles intersected the failure threshold line with friction coefficient equal to 0.6, 

which indicated that the eastern segment of the Yarlung Zangbo River fault zone was in a high level of fault slip instability. 

Furthermore, the fault slip risk of the west section from Gongga to Langxian was higher than that of the east section near Linzhi along 

the eastern segment of the Yarlung Zangbo River fault zone. 

Keywords: in situ stress; hydraulic fracturing method; fault activity; Yarlung Zangbo River fault; Qinghai-Xizang plateau 

 

1  Introduction 

In situ stress refers to the stress present in 

underground rock masses. Various tectonic phenomena 

occurring on the surface and inside the crust, as well as 

accompanying geological disasters, are closely related to 

in situ stress, which is the primary cause of neotectonic 

movements such as crustal deformation, fracture, folding, 

and even earthquakes[1–5]. Against the backdrop of rapid 

economic development, China’s underground engineering 

construction speed ranks among the world’s fastest[6-7]. In 

recent years, major projects like the Sichuan–Xizang 

Railway, Yunnan–Xizang Railway, and large hydropower 

stations have been successively undertaken. Geological 

safety risks have become a key factor limiting underground 

engineering construction in the high-stress area of the 

Qinghai–Xizang Plateau[8–11]. 

The Qinghai–Xizang Plateau experiences the most 

intense tectonic activity globally and is the primary area 

of China’s western tectonic stress zone, a first-class in 

situ stress zone. Due to the continuous extrusion and 

collision of the Indian Plate in the northeast direction, the 

magnitude and depth-dependent gradient of the principal 

stress in the Qinghai–Xizang Plateau is significantly 

larger than in other regions [12–13]. In situ stress 

measurement in the hinterland of the Qinghai–Xizang 

Plateau began late due to its unique geographical 

conditions. In the early 21st century, Liao et al.[14–16] 

conducted systematic in situ stress measurement along 

the Qinghai–Xizang Railway using the piezomagnetic 

stress relief technique. They established in situ stress 

profiles from the north to the south of the hinterland and 

obtained shallow in situ stress data before and after the 

2001 Kunlun Mountain Ms8.1 earthquake[17], providing 

fundamental information for researching the present 

tectonic stress field and earthquakes in the Qinghai–

Xizang Plateau. 

Since 2010, the stability and safety problems of 

underground caverns caused by the high in situ stress 

have become very prominent during the construction of 

projects such as the Lhasa–Rikaze Railway, Sichuan–

Xizang Railway (Lhasa–Linzhi section), and Zangmu 

Reservoir (the largest hydropower station built in 

Xizang at present) along the Yarlung Zangbo River 

Gorge[18–19]. Now, a pumped storage power station is 

planned to be built in the middle and upper reaches of 

the Yarlung Zangbo River, south of the Qinghai–Xizang 

Plateau. In the vicinity of the engineering site, the state 

and distribution characteristics of in situ stress are 

obtained using the hydraulic fracturing method. With 
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the existing measured data of in situ stress in the eastern 

segment of the Yarlung Zangbo River fault zone, the 

fault activity is further explored, which is of great 

significance for the long-term operational safety of 

underground powerhouse in the pumped storage power 

station and geological safety risk assessment of 

surrounding projects. 

2  Regional tectonic setting 

Since the Cenozoic, the Himalayan orogenic belt 

and Qinghai–Xizang Plateau have been rising rapidly 

and expanding continuously under the collision and 

continuous convergence of Indian plate and Eurasian 

plate, resulting in a wide range of strong tectonic 

deformation on the plateau and its surrounding regions, 

as well as the highly complex deep processes and 

surface deformations[20–21]. In the Qinghai–Xizang 

Plateau and its surrounding regions, fault systems 

remarkably develop in the near east-west and north-

south directions[22], and relatively parallel fault zones 

and linear folds are formed under this tectonic action. 

The Yarlung Zangbo River suture zone is located in the 

southern part of the Gangdisê Terrane, and its tectonic 

line is dominated by the NNW or NW direction. The 

tectonic line of the Gangdis ê –Nyenchen Tangula 

Terrane is dominated by the NWW or EW direction, 

which is deflected westward near the Yarlung Zangbo 

River fault zone[23]. 

The Yarlung Zangbo River fault zone, also known 

as the Darjeeling–Angren–Renbu–Langxian–Medog 

fault zone, is located to the south of the Gangdisê–

Nyenchen Tangula Mountains, and it is the boundary 

fault between the Gangdisê–Tengchong microcontinent 

and the Yarlung Zangbo River suture zone[24]. The 

Yarlung Zangbo River fault zone is the geotectonic 

boundary of the southern Qinghai–Xizang Plateau, 

which results from the tectonic actions of subduction–

collision of the Indian Plate to the Eurasian Plate. The 

widths of the fracture zones in different parts of the fault 

zone range from hundreds of meters to more than 

kilometers, and obvious signs of dynamic metamorphism 

exist. To the west of the Darjeeling, the Yarlung Zangbo 

River fault zone runs north-west along the north bank of 

the Yarlung Zangbo River via Gongzhucuo and the 

southwest bank of the Kar River, and extend overseas to 

connect with the Indus River fault. To the east of the 

Darjeeling, the Yarlung Zangbo River fault zone 

spreads in nearly east-west direction through Angren, 

Lazi, Bailang, Renbu, Zedang, Jiacha, Langxian, then 

turns around the Great Bend of the Yarlung Zangbo 

River to Medog after reaching Milin, and finally 

extends south-east to Myanmar. The total length of the 

Yarlung Zangbo River fault zone is about 2 000 km. 

Bounded by Zhongba and Renbu, the Yarlung Zangbo 

River fault zone can be divided into eastern, central, and 

western segments, and the activities of those segments 

are obviously different. The more active faults in the 

east of Milin are Holocene active faults, while the 

activity of faults in the west of Milin to Zhongba is 

weaker, and the latest active epoch is mainly Middle-

Late Pleistocene[25–26]. The Yarlung Zangbo River fault 

is active nowadays, dominated by right-lateral strike-

slip, and its activity rate is 5.0±3.0 mm/a[27]. The 

Yarlung Zangbo fault is dominated by thrust and 

belongs to the Oligocene–Miocene intense squeezed 

thrust deformation zone. The indications of thrust and 

rock deformation are particularly obvious especially 

near the fault in the Langxian, and there is no activity 

sign since the Pliocene[28]. 

Prior to the implementation of major projects such as 

the Western Transportation Project, the methods of in situ 

stress field investigation in the Yarlung Zangbo River 

fault zone were mainly qualitative or semi-quantitative 

evaluation methods, including inversion of focal mechanism 

solutions, GPS observation of crustal displacement, and 

numerical simulations, and a large number of studies were 

carried out on the direction and variation law of regional 

maximum principal stress. According to the earthquake 

catalog and the focal mechanism solution data of the 

Qinghai–Xizang Plateau, the seismicity in the eastern 

section of the Yarlung Zangbo River fault zone is dominated 

by small or medium shallow earthquakes, and most of the 

earthquakes occur at the top and the northern section of the 

Big Bend of the Yarlung Zangbo River[29]. The principal 

stress structure is characterized as reverse fault type[30–32]. 

From west to east, the orientation of the maximum principal 

compressive stress in the study area deflects from near NSE 

to NEE[33]. Based on the long-term GPS observation data, 

there is a clockwise deflection trend of the principal strain 

direction from west to east and from north to south[34–35]. 

Based on the viscoelastic upper crust model and 

accumulated GPS crustal displacement observation data 

in recent years, a large number of numerical simulations 

of stress–strain fields in the Qinghai–Xizang Plateau and 

its surrounding regions have been carried out, and the 

deformation rates of the widely developed north-south 

cracks and active faults in southern Xizang have been 

discussed and analyzed in depth[36–38]. In recent years, 

with the urgent need of western engineering construction, 

the in situ stress measurement has been carried out in the 

key sections of engineering construction, especially in the 

Yarlung Zangbo River Gorge, and a certain amount of in 

situ stress measurement data has accumulated[39–43]. The 

measured data show that the maximum horizontal 

principal stresses range from 2.01 MPa to 30.30 MPa and 

the minimum horizontal principal stresses range from 1.40 
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MPa to 16.69 MPa within the measurement depth from 

40.0 m to 600.0 m. The gradients of the maximum and 

minimum horizontal principal stresses with the increase of 

the depth are 40.8 MPa/km and 25.6 MPa/km. The 

principal stress structure is dominated by reverse faults and 

strike-slip faults, and the direction of the maximum 

principal stress is NNE. 

3  In situ stress measurement through ZKJ01 

hole by hydraulic fracturing method 

3.1 Overview of hydraulic fracturing 

The hydraulic fracturing is an effective method to 

measure the stress state of rock masses deep in the crust, 

and it has been widely used in engineering practice. The 

hydraulic fracturing method is one of the methods 

recommended by the International Society for Rock 

Mechanics (ISRM)[44], and it is a method that enables 

direct stress measurements in deep holes. By the 

hydraulic fracturing method, the present in situ stress 

data can be obtained without the mechanical parameters 

of the rock. The method has the characteristics of easy 

operation, continuous or repeated testing at different 

depths, no theoretical measurement depth limit, quick 

measurement, and high data reliability[46–47]. Therefore, 

the method has been widely used in the fields of 

hydropower and transportation engineering as well as 

seismic and geological research in recent years, and a 

large number of in situ stress measurements have been 

achieved[48–50]. 

3.2 Measurement principle of hydraulic fracturing 

The conventional in-situ stress measurement using 

the hydraulic fracturing method is founded on elastic 

mechanics. It assumes that: (i) the rock mass in the test 

section is linear-elastic, homogeneous, and isotropic; (ii) 

the rock mass in the test section is intact and devoid of 

natural fissures; (iii) one principal stress direction is 

parallel to the borehole axis; (iv) the failure of the rock 

mass in the test section aligns with the first strength 

theory (the theory of maximum tensile stress). 

When the pressure is vertically applied to the hole 

wall, the stress state can be simplified as plane strain. 

The stress state around the hole can be determined 

using the infinite plate problem, where two principal 

stresses act on a circular hole with a radius of a (Fig. 1) 

and a homogeneous liquid pressure of Pm exists in the 

circular hole. A local coordinate system X′Y′ is 

established around the borehole (the axes are parallel to 

1 and 2), and the stress function around the borehole 

can be obtained using the classical Kirsch solution[51]. 

The natural coordinate system XY is established (X-axis 

is along the east direction, and Y-axis is along the north 

direction), and the rock failure criterion during 

hydraulic fracturing follows the first strength theory. 

This means that the tensile fracture occurs along the 

direction of the minimum principal stress, and the crack 

direction aligns with the direction of the maximum 

principal stress. The fracture direction forms an angle of 

a with the X-axis (1＞2 and the permeability of the 

surrounding rock is 0). 

 

 

Fig.1  Stress distribution around vertical borehole with 

high inner pressure[52−53] 
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where r is the radial stress,  is the tangential stress, 

r is the shear stress, Pm is the pressure inside the 

borehole, r is the distance from point M to the center of 

the circular hole, θ is the angle between point M and the 

maximum principal stress  SH is the maximum 

horizontal principal stress, Sh is the minimum horizontal 

principal stress (when drilling a vertical hole,  can be 

considered as SH, and  can be considered as Sh). The 

tangential stresses generated at the two points of the 

borehole wall A and B (fracture point) are 

h H m3A B S S P                        （4） 

When the pressure Pm inside the borehole reaches 

the fracture pressure Pb of the surrounding rock and the 

re-opening pressure Pr, the following equations apply: 
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where Ps is the closing pressure, T is the tensile strength 

of the rock mass, γi represents the density of the ith 

stratum and Di represents the thickness of the ith stratum. 

According to the above parameters, the horizontal 

principal stresses SH and Sh on the cross-section of the 

borehole can be determined. The vertical principal 

stress Sv can be calculated using Eq.(8).  

3.3 Measurement device and process 

The hydraulic fracturing measurement system 

includes high-pressure pump, pressure control system, 

data processing system, and downhole measurement 

device (Fig. 2), and the core of the downhole fracturing 

device consists of a push-pull valve, a pair of straddle 

expandable packers, and fracturing sections. During the 

field measurement using the hydraulic fracturing method, 

the fracturing test is first carried out after selecting the 

complete core section. The downhole device is placed in 

the measurement section using a drill rod, and a pair of 

expandable packers are used to seal off a section of the 

borehole at the selected measurement depth. Then the 

test section (often referred to as the fracturing section) is 

pressurized by pumping in fluids, and the changes of 

pressure and flow rate with time are recorded using the 

digital acquisition system (Fig.3). Based on the measured 

pressure-time and flow rate-time curves, the 

characteristic pressure parameters are obtained by 

analyzing the response process of borehole pressure 

injection and induced fracturing. According to Eqs. (5) to 

(7), the maximum and minimum horizontal principal 

stresses at the measurement points as well as mechanical 

parameters of the rock such as the tensile strength can be 

determined[45]. 

The fracturing measurements can be followed by 

the determination of the induced fracture orientation, so 

that the direction of the maximum horizontal principal 

compressive stress can be ascertained. The commonly 

used method is the impression orientation method, 

which directly records the induced fracture traces on the 

borehole wall. The impression orientation system 

comprises an automatic direction finder and an 

imprinter. The imprinter closely resembles the packer in 

appearance, except for being covered with a layer of 

semi-vulcanized rubber. The direction finder is made up of 

a copper shell and a built-in electromagnetic compass. At 

the predetermined time, the electromagnetic compass 

records the orientation of the imprinter baseline, and the 

direction of the induced crack (the direction of the 

maximum horizontal principal compressive stress) is 

calculated according to the relationship between the 

recorded azimuth angle of the baseline and the imprint. 

3.4 In situ stress measurement results of ZKJ01 hole 

The ZKJ01 borehole is situated on the left bank of 

the Yarlung Zangbo River in Jiacha County, Shannan 

City, Xizang Autonomous Region, at an elevation of 

3,640 m. The lithology of the stratum exposed in the 

borehole mainly consists of granite, with an intact and 

hard core. However, the cores within the depths of 

188–195 m, 257–262 m, and 320–250 m exhibit 

relative breakage. The borehole has a final diameter of 

76 mm, a static water level of 105 m, and a total depth 

of 430.50 m. 

 

 

Fig.2  Sketch of the hydraulic fracturing experimental setup 
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Fig.3  Procedure of hydraulic fracturing and typical pressure−time and flow−time records[54] 

 

The measurements were carried out using our self-

developed deep-hole measuring equipment (Fig. 2). 

Twelve depth segments were selected for in situ stress 

measurement based on engineering design requirements 

and core conditions, with a maximum measurement 

depth of 418.75 m. The typical fracturing curves are 

shown in Fig. 4, revealing evident fracture pressures in 

these measurement segments. The curves exhibit a 

relatively standard morphology, with distinct pressure 

points corresponding to the opening and closing of the 

fractures, which can be utilized to determine the 

relevant pressure parameters. 

 

 

(a) Fracturing curves                                             (b) Impression test results 

Fig.4  Typical pressure−time records and impressed results of borehole ZKJ01 
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stress and the minimum horizontal principal stress of 

each measurement section. The vertical principal stress 

was estimated based on the weight of the overlying rock 

layer, with a rock density of 2.70 g/cm3. 

3.5 Analysis of test results 

3.5.1 Measured in situ stress 

The variation of in situ stress with depth partially 

reflects the stress state of the upper crust. Analyzing in 

situ stress measurement data is a crucial method for 

studying regional stress field characteristics. In the 

ZKJ01 borehole, hydraulic fracturing was used for in 

situ stress measurements (refer to Table 1 and Fig. 5). 

The maximum horizontal principal stress ranges from 

6.07 MPa to 37.62 MPa, while the minimum horizontal 

principal stress ranges from 3.13 MPa to 20.33 MPa 

within the measured depth range. Notably, the 

horizontal principal stress between 300 and 354 m 

depth is significantly lower, contrary to the expected 

depth-related increase (see Fig. 5.(b)). The rock quality 

designation(RQD) of ZKJ01 borehole shows substantial 

variations between 29.17% and 98.44% at depths of 

300–354 m (refer to Fig. 5 (c)). Cores at these depths 

exhibit numerous low-angle oblique joints or fractured 

segments (see Fig.6), leading to notable reductions in 

horizontal principal stresses in this section (approximately 

half of the values measured at nearby depths). 

Discontinuous structural surfaces such as joints and 

faults are commonly found in the Earth’s crust, exerting a 

significant impact on the local in situ stress field[57–58]. 

In rock fracture zones with shallow burial depths, the 

rock mass typically exhibits low frictional strength, 

leading to areas where the local principal stress is notably 

diminished[59]. Consequently, during the analysis of the 

regional in situ stress distribution law, anomalous stress 

data showing strong dispersion were excluded. 

 
Table 1  Results of in situ stress measurement for borehole 

ZKJ01 

Number 

Depth of 

measurement 

section 

center/m 

Fracturing parameters/MPa Principal stress/MPa 
Direction 

of SH 
PH P0 Pb′ Pr′ Ps′ T SH Sh Sv 

1 122.75 1.23 0.18 9.58 1.91 1.90 7.67 6.07 3.13 3.31 ― 

2 206.75 2.07 1.02 16.25 10.37 9.12 5.88 20.11 11.19 5.58 N26°E 

3 300.75 3.01 1.96 4.64 2.75 2.60 1.89 9.11 5.61 8.12 ― 

4 309.75 3.10 2.05 4.03 3.24 3.12 0.79 10.27 6.22 8.36 N15°E 

5 343.75 3.44 2.39 3.75 2.71 2.60 1.04 9.58 6.04 9.28 ― 

6 354.75 3.55 2.50 8.30 3.77 4.10 4.53 13.13 7.65 9.58 ― 

7 362.75 3.63 2.58 19.12 12.13 11.75 6.99 27.80 15.38 9.79 N6°E 

8 389.75 3.90 2.85 19.58 9.03 8.77 10.55 22.23 12.67 10.52 ― 

9 396.75 3.97 2.92 16.99 9.34 9.13 7.65 23.07 13.10 10.71 ― 

10 403.75 4.04 2.99 18.37 12.65 12.71 5.72 30.57 16.75 10.90 ― 

11 410.75 4.11 3.06 23.76 15.10 15.40 8.66 36.26 19.51 11.09 ― 

12 418.75 4.19 3.14 24.42 16.04 16.14 8.38 37.62 20.33 11.31 N2°E 

Note: Pb′is the fracture pressure recorded on the ground, Pr′ is the re-

opening pressure recorded on the ground, Ps′ is the instantaneous closing 

pressure recorded on the ground, PH is the static water column pressure, P0 is 

the pore pressure, T is the in-situ tensile strength of the rock mass, SH is the 

maximum horizontal principal stress, Sh is the minimum horizontal principal 

stress, Sv is the vertical principal stress calculated based on the buried depth 

of the overlying rock, and the unit weight of rock is taken as 27.0 kN/m3. 

 

 

(a) Closing pressure               (b) Horizontal principal stress               (c) RQD value 

Fig.5  Variations of horizontal principal stresses and RQD with depth for borehole ZKJ01 
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reverse faults. 

The core cataloging data of ZKJ01 hole show that 

there are pie-shaped cores at the depths of 322.9–329.7 

and 401.2–401.8 m (Fig. 6). According to the previous 

investigation data of Zangmu Hydropower Station, there 

are pie-shaped core phenomena in the investigation holes 

such as 2# flat cave. In the exit section of Sangzhuling 

Tunnel in Lalin section of Sichuan-Xizang Railway, 

deformations of steel arches and pipe shed support, 

spalling of rock around the tunnel, and wall caving have 

also occurred [40], indicating that the study area is in high 

in situ stress state, which is in agreement with the results 

of the present in situ stress measurement. 

3.5.2 In situ stress direction 

Determining the direction of the maximum horizontal 

principal stress is based on the Specification of 

hydraulic fracturing and overcoring method for in-situ 

stress measurement (DB/T 14-2018)[44]. An artificially 

induced crack is pressurized to reopen for 20–40 

minutes, resulting in a plastic bulge trace on the packer 

surface that aligns with the crack, indicating the 

direction of the maximum horizontal principal stress. 

From the test results of ZKJ01 hole, four representative 

fracturing segments underwent impression testing (Fig. 

7). In the depth range of 206.75–418.75 m, the 

dominant direction of the measured maximum 

horizontal principal stress is distributed within N2–26 

E (the average is N12.25 E), indicating a dominant 

orientation of NNE (Fig. 7), which is largely in line 

with the regional principal stress direction. 

 

     

(a) 322.9–329.7 m                              (b) 341.9–347.2 m 

Fig.6  Core discing and crushed zone for borehole ZKJ01 

 

 

(a) In situ stress impression system for hydraulic fracturing          (b) Distribution of maximum principal stress direction 

Fig.7  Impression packer test setup and variation of maximum horizontal principal stress with depth for borehole ZKJ01 

 

The current tectonic deformation of the Qinghai–

Xizang Plateau is primarily characterized by north-

south extrusion. The regional stress distribution is 

notably influenced by faults, leading to stress 

concentration near plate suture zones and regional 

faults. The north-south stress varies significantly along 

the fault line. Due to the strong subduction and 

thrusting effect of the Indian plate in the northeast 

direction, the motion characteristics of the current crust 

in the Qinghai–Xizang Plateau are dominated by east-
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west stretching, eastward movement, north-south 

extrusion, and vertical uplift. East-west shortening 

within the crust is mainly attributed to material outflow 

and clockwise rotational motion around the eastern 

tectonic knob of the Himalayas, while north-south 

shortening is primarily due to crustal thickening. In 

recent times, most major seismic activities in the study 

area have occurred along north-south strike-slip fault 

zones, with horizontal crustal motion direction being 

northeast. The modern tectonic stress field is expected 

to exhibit a corresponding northeastward compression, 

consistent with the displacement vectors derived from 

GPS observations in mainland China. The distribution 

characteristics of the tectonic stress field in mainland 

China were elucidated through focal mechanism 

solutions, fault sliding, and in-situ stress measurements. 

From the collision boundary between the Indian plate 

and the mainland China plate to the northern part of the 

Qinghai–Xizang Plateau, the stress field shows a 

clockwise rotational tendency from north-south to 

northeast. The current measurement site is situated in 

the southern part of the Qinghai–Xizang Plateau. Based 

on the impression test results, the maximum horizontal 

principal stress direction within the depth range of 

206.75–418.75 m is close to NNE, aligning well with 

the regional stress field characteristics. 

4  Discussion on the activity of the eastern 

section of the Yarlung Zangbo River fault 

zone 

The ZKJ01 borehole is situated in the eastern 

section of the Yarlung Zangbo River fault zone in the 

southern Qinghai–Xizang Plateau. The east-west 

fractures in this area are predominantly large-scale and 

deep, often appearing as strike-slip or reverse thrust 

faults. Conversely, the north-south fractures are generally 

smaller in scale, forming a concentrated belt distribution. 

Towards the northern end of the borehole, the Yarlung 

Zangbo River fault zone traverses from west to east, 

exhibiting high seismic activity. The activity within this 

fault zone holds significant importance for the design, 

construction, and long-term operational safety of the 

underground plant for the pumped storage hydropower 

station. 

The fracture processes within the Earth’s crust are 

highly intricate. Most fractures (faults) form and 

become active due to sliding damage caused by 

escalating shear stresses[4, 62–63]. According to the 

Coulomb criterion, when the shear stresses acting on 

the fault surface exceed or equal the frictional resistance, 

the fault slips. The Coulomb failure function can be 

mathematically represented as 

nCFF=                                            （9） 

where CFF is the critical friction function;  is the fault 

surface friction;  is the fault surface friction coefficient; 

n is the normal stress on the fault surface. When the 

Coulomb failure function is negative, the fault surface 

remains stable and the shear stress is not enough to 

overcome the sliding resistance. When the Coulomb 

failure function is 0, the shear stress on the fault surface 

overcomes the resistance, leading to fault sliding. The 

Coulomb criterion disregards cohesion on the fault 

surface. Additionally, the impact of pore pressure P0 is 

taken into account. 

n 0= / ( )P                             （10） 

Byerlee summarized laboratory friction test data 

from various rocks[64] and concluded that the friction 

coefficient remains within a narrow range for normal 

stress values below 100 MPa, with μ typically ranging 

between 0.6 and 1.0[65–66]. The critical values for fault 

sliding are μ=0.6 and μ=1.0. Mohr circles were 

constructed using stress values measured from the 

ZKJ01 hole to assess fault stability in the study area 

(depicted by the green semicircle in Fig.8). The results 

indicate that most Mohr stress circles from the 

measured holes intersect the failure threshold for =0.6, 

suggesting a risk of sliding instability near the 

measurement points. Deeper measurement points 

(exceeding 403 m in depth) show Mohr stress circles 

nearing the upper limit (failure threshold for =1.0), 

indicating a higher risk of sliding instability in the 

vicinity of these points. 

 

 

Fig.8  Mohr circles for fault stability analysis based on in 

situ stress data 

 

To further investigate the stress state of the Yarlung 

Zangbo River fault zone, we collected data from 62 

segments across 8 boreholes spanning from Shigatse to 

Linzhi along the fault zone (Table 2). Utilizing this data, 

we generated Mohr stress circles (Fig. 8). With regards 

to each segment’s data, most Mohr stress circles 

intersect the critical failure line for μ=0.6, indicating a 

risk of sliding instability in the regional faults, except 

for specific data from the ZKJ01 hole. The Mohr circles 
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of boreholes LX, ZKJ01, LR1, and CK3 on the western 

side of the fault zone closely approach the failure 

threshold for μ=1.0, implying varying levels of fault 

activity on the eastern side. Overall, the risk of fault slip 

is higher on the western side from Gongga to Langxian, 

while it is relatively lower on the eastern side from 

Linzhi, showcasing the complexity and inhomogeneity 

of the regional tectonic stress field to some extent. 

5  Discussion 

Seismic activity is closely linked to fault motion, and 

the stress field at the fault location serves as a crucial 

indicator for assessing or forecasting fault motion 

trends[67–68]. Owing to constraints in deep exploration 

technology and financial resources, the majority of in 

situ stress data measurements remain focused on the 

surface layer of the crust. Nevertheless, the theory of 

Earth system science posits that the Earth is a complex 

system, and tectonic movements in the deep crust will 

inevitably impact the surface layer of the crust. The 

actual data proved that the accumulation and release of 

tectonic stresses deep at the seismic source before and 

after the earthquake were also reflected in the crustal 

surface layer and the peripheral areas of the seismic 

source. For example, before and after the Kunlun 

Mountain MS8.1 earthquake (November 14, 2001, at a 

depth of 10 km[69]), a piezomagnetic stress relief method 

was implemented in Xidatan, Golmud[17], with a 

maximum depth of 14.0–18.0 m. The maximum 

horizontal principal stresses of the two measurement 

holes before the earthquake were 12.9 MPa and 6.8 MPa, 

and similar stresses were recorded near the measurement 

holes post-earthquake. Subsequent to the earthquake, the 

maximum horizontal principal stresses near the 

boreholes reduced to 3.5 MPa and 2.2 MPa at the same 

depth, and the orientations of the maximum horizontal 

principal stresses at the two boreholes experienced 

significant deflection pre- and post-earthquake. In 

borehole No.2, the orientation of the maximum 

horizontal principal stress shifted from N58°E before the 

earthquake to N8°W after the earthquake. In addition, the 

crustal stresses at shallow depths (measurement depths 

less than 13 km) exhibited notable deflection pre- and 

post-MS7.0 earthquake in Lushan, which occurred at a 

depth of 13 km. The same phenomenon of horizontal 

principal stress change is also present in shallow in-situ 

stress measurement data (measurement depth less than 

400 m) [70]. These observations indicate that while direct 

observation of the in-situ stress state in the deep part of 

the earthquake source is challenging with current 

technical limitations, analyzing the in-situ stress state in 

the surface layer of the crust using extensive measured 

data remains valuable for investigating and 

understanding the activity of deep faults. 

Table 2  In situ stress measurement along Yarlung Zangbo 

River canyon from Rikaze to Linzhi 

Measurement 

point 

Measurement 

segment 

number 

Depth of 

measurement 

segment /m 

Principal stress/ 

MPa 
Pore 

pressure 

P0/MPa 

Fracture 

orientation /(°) 
Note 

SH Sh Sv 

CK3 

1 133.00  9.51  5.75  3.60  0.90 

Fail to obtain 

fracture 

orientation due 

to imprinter 

malfunction 

Cao et al. 

[43] 

（Data 

from the 

western 

side） 

2 170.00  13.01  6.80  4.60  1.27 

3 241.00  18.12  10.90  6.50  1.98 

4 261.00  8.82  6.01  7.00  2.18 

5 283.00  17.53  10.31  7.60  2.40 

6 296.00  13.59  9.08  8.00  2.53 

LR1 

1 64.04  4.81  3.64  1.73  0.47 ― 

Jiao et al. 

[42] 

（Data 

from the 

western 

side） 

2 77.50  6.95  4.77  2.09  0.60 N38°E 

3 95.25  5.62  4.45  2.57  0.78 ― 

4 103.55  9.21  7.04  2.80  0.86 N33°E 

5 112.68  7.30  5.13  3.04  0.95 ― 

6 121.27  8.89  5.21  3.28  1.04 ― 

7 125.47  10.33  7.05  3.39  1.08 N30°E 

LR2 

1 40.28 2.01  1.50  1.09  0.00 ― Jiao et al. 

[42] 

（Data 

from the 

western 

side） 

2 58.45 2.27  2.08  1.58  0.00 ― 

3 71.04 2.42  1.61  1.92  0.00 ― 

4 96.13 4.12  2.76  2.60  0.00 N42°E 

5 104.20 5.58  3.54  2.81  0.00 N43°E 

LX 

1 150.40 13.20 7.98 3.99 1.50 N3°W Meng et 

al. [39] 

（Data 

from the 

western 

side） 

2 183.86 15.16 9.03 4.87 1.84 N4°E 

3 222.98 18.66 11.15 5.91 2.23 ― 

4 242.90 20.52 12.69 6.44 2.43 ― 

5 250.90 22.29 13.52 6.65 2.51 ― 

ND 

1 117.00 5.45 3.42 3.10 0.87 ― 

Meng et 

al. [39] 

（Data 

from the 

western 

side） 

2 131.20 6.37 4.20 3.48 1.01 ― 

3 146.50 9.25 6.00 3.88 1.17 ― 

4 178.30 5.22 3.76 4.72 1.48 ― 

5 190.80 6.83 4.48 5.06 1.61 ― 

6 216.80 11.85 6.94 5.75 1.87 N12°E 

7 226.30 14.90 8.67 6.00 1.96  

8 247.23 14.02 8.50 6.55 2.17 N28°E 

9 273.30 12.97 7.83 7.24 2.43 N14°W 

10 295.80 9.53 6.15 7.84 2.66 N28°E 

11 370.00 23.40 14.52 9.81 3.40 ― 

12 396.30 30.30 16.69 10.50 3.66 ― 

13 463.70 28.84 16.25 12.29 4.34 ― 

ZM 

1 205.85 9.41 5.61 5.34 1.41 N9°W Wang et 

al. [40] 

（Data 

from the 

western 

side） 

2 297.7 10.58 7.7 7.72 2.33 ― 

3 392.1 11.36 8.61 10.18 3.27 N6°W 

4 477.2 12.58 9.7 12.39 4.12 ― 

5 582.85 17.72 13.1 15.13 5.18 N7°E 

GLL 

1 40.24  2.50  1.40  1.09  0.10 ― 
Xie et al. 

[41] 

（Data 

from the 

eastern 

side） 

2 44.95  2.60  1.70  1.21  0.10 N65°E 

3 58.31  3.30  2.00  1.57  0.20 ― 

4 67.25  3.60  2.30  1.82  0.30 ― 

5 82.36  3.70  3.00  2.22  0.50 ― 

6 90.10  4.50  3.20  2.43  0.60 N75°E 

LZ 

1 102.50 3.74 2.74 2.72 0.77 ― 

Meng et 

al. [39] 

（Data 

from the 

eastern 

side） 

2 115.00 6.68 4.18 3.05 0.89 ― 

3 125.50 6.85 4.26 3.33 1.00 N6°W 

4 137.50 4.73 3.22 3.64 1.12 ― 

5 149.20 5.12 3.66 3.95 1.23 ― 

6 156.00 4.01 3.04 4.13 1.30 ― 

7 165.00 3.92 3.11 4.37 1.39 ― 

8 182.30 8.32 5.63 4.83 1.56 N31°E 

9 188.40 8.54 6.28 4.99 1.62 ― 

10 196.40 5.24 3.88 5.20 1.70 ― 

11 208.00 8.09 6.44 5.51 1.82 N21°E 

12 239.53 7.39 4.99 6.35 2.14 ― 

13 250.20 12.62 7.88 6.63 2.24 ― 

14 288.00 9.45 6.15 7.63 2.62 ― 

15 295.93 7.22 5.04 7.84 2.70 ― 

 

The mechanism of deep crustal tectonic movement 

affecting the stress state on the crustal surface remains a 

challenging issue in geodynamics. Our knowledge 
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about the tectonic morphology of deep faults, the 

physical and mechanical properties of rocks, and the 

earthquake processes triggered by fault activity is still 

insufficient. In situ stress, characterized by strong 

dispersion, is influenced not only by tectonic movement 

but also by factors like stratigraphic lithology, 

discontinuous tectonic surfaces, and topography. There 

are still limitations in using in situ stress data to assess 

or predict the activity state of deep faults. Exploring 

different sections of the eastern Yarlung Zangbo River 

fault zone using measured in situ stress data is a 

valuable endeavor, offering insights for related research. 

However, further improvements are needed to enhance 

our understanding of the correlation mechanism 

between in situ stress and tectonic activity in future 

studies. 

6  Conclusion 

The in situ stress was measured through field tests 

conducted near the Yarlung Zangbo River fault zone in 

the southern Qinghai–Xizang Plateau using the 

hydraulic fracturing method. This method initially 

provides insight into the current state of in situ stress in 

the project area. The analysis of the gathered in situ 

stress data and application of the Mohr-Coulomb 

friction-slip criterion help explore the fault activity in 

the eastern segment of the Yarlung Zangbo River fault 

zone. 

(1) The current tectonic stress in the project area is 

prominently manifested within the depth range of 122.75–

418.75 m of the ZKJ01 borehole, primarily characterized by 

horizontal principal stress. The maximum horizontal 

principal stress varies from 6.07 MPa to 37.62 MPa, while 

the minimum horizontal principal stress ranges between 

3.13 MPa and 20.33 MPa. 

(2) In the ZKJ01 hole, the relationship between the 

principal stresses is SH＞Sh＞Sv. This stress structure 

promotes development and activity of the reverse thrust 

fault. 

(3) The maximum horizontal principal stresses 

measured in the ZKJ01 borehole range from N 2 to 

26°E, with a predominant orientation towards NNE. 

This alignment aligns well with the regional tectonic 

stress field and the direction of crustal displacement 

vector. 

(4) The majority of the data obtained from the 

ZKJ01 borehole intersect with the strength envelope for 

μ = 0.6. Additionally, the Mohr stress circle at the deep 

measurement point approaches the upper limit, 

suggesting a potential sliding risk of the fault near the 

measurement location. 

(5) Based on the in situ stress data measurements, 

the likelihood of fault slip is greater in the eastern 

segment of the Yarlung Zangbo River fault zone. There 

is a higher risk of fault slip in the western section of the 

fault zone spanning from Gongga to Langxian, while 

the risk is lower in the eastern section of the fault zone 

near Linzhi. 
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