
ETH Library

How does in situ stress rotate
within a fault zone? Insights from
explicit modeling of the frictional,
fractured rock mass

Working Paper

Author(s):
Zhang, Shihuai ; Ma, Xiaodong 

Publication date:
2021

Permanent link:
https://doi.org/10.3929/ethz-b-000465444

Rights / license:
In Copyright - Non-Commercial Use Permitted

Funding acknowledgement:
182150 - In situ stress variations near faults considering fault zone rock rheology - implications for reservoir stimulation and
associated seismicity (SNF)

This page was generated automatically upon download from the ETH Zurich Research Collection.
For more information, please consult the Terms of use.

https://orcid.org/0000-0003-2725-5567
https://orcid.org/0000-0003-3373-808X
https://doi.org/10.3929/ethz-b-000465444
http://rightsstatements.org/page/InC-NC/1.0/
https://www.research-collection.ethz.ch
https://www.research-collection.ethz.ch/terms-of-use


Table 1. Elastic Property Contrasts in Fault zones (E: Young’s modulus, v: Poisson’s 

ratio, HR: host rock, DZ: damage zone, FC: fault core) 

 

Fault zone 

thickness 
EHR/GPa EDZ/GPa EFC/GPa vHR vFC References 

~15km 75 - 30~45 0.25 - 
Schmalzle et 

al., 2006 

100m 77±6.3 - 52±5.7 0.21±0.06 0.23 
Heesakkers et 

al., 2011 

~50m 55.4~57.3 22.6~27.1 16.2 0.242 0.263~0.393 
Isaacs et al., 

2008 

40m - 7.6~17 4.2 - - 
Bauer et al., 

2015 

30m 30~40 >25 14~19 0.3 0.34~0.37 
Carpenter et 

al., 2014 

20m 
40 

- 
22 

- - 
Jeanne et al., 

2012 60 13 

10m 
5 1 0.4 

- - 
Jeanne et al., 

2017 47 6.5~12.8 6 

10m 54~88 - 26~46 0.15~0.27 0.16~0.3 
Leclere et al., 

2015 

10m 
53.97a 2.78a 0.03a 

- - 
Cappa et al., 

2007 26.39b 1.36b 0.02b 

a: bulk modulus 

b: shear modulus 

 



 

Figure 1. Rotations of the horizontal maximum principal stress (SHmax) within the San 

Andreas Fault (SAF) zones and Grimsel S3 Fault zone. Vertical error bars are deduced 

from focal mechanism inversions (Hardebeck and Hauksson, 1999; Provost and 

Houston, 2001). Gray and black bars designate the 95% and 80%, respectively, 

confidence limit on the inverted stress orientations. The large confidence limits are 

mainly due to the uncertainties in the localization and stress inversion method. 

Secondary faults also perturb the local stress fields. The shaded area indicates more 

elaborate constraints on the regional stresses at a scale of 10 km near the SAF (Townend 

and Zoback, 2004). Blue triangles show that SHmax rotates away from the S3 Fault at the 

Grimsel Test Site (Krietsch et al., 2018). The inset illustrates two types of stress 

rotations observed in the field. 

 



 

Figure 2. Constitutive relationship of a fracture under plane strain condition: a 

Geometrical features and local stress state of a fracture. b Normal stress versus normal 

displacement. When a fracture is subject to uniform normal compression, its normal 

displacement is controlled by the normal stiffness of the fracture walls, while the 

resistance to the fracture open is provided by the matrix. c Shear stress versus shear 

displacement. Shear deformation of the fracture consists of elastic and plastic 

components, the latter of which emerges when the shear stress τf exceeds its frictional 

strength (τμ = μσn). 

 



 

Figure 3. a Configuration and boundary conditions of the multilayer model for a strike-

slip fault zone. The model is configured under plane strain condition (zz = 0) so that 

the intermediate principal stress is not considered. b Far-field state of stress and 

corresponding stress components in the local coordinate system represented by Mohr 

diagram. The inset particularly shows the initial stress state and boundary conditions 

applied to individual layers in the simulations. 

 



 

Figure 4. Schematic diagrams of stress updating under the condition of strain boundary 

along the fault slip direction: a S1 is initially oriented at an angle of θ < 45°. b S1 is 

initially oriented at an angle of θ > 45°. In the Mohr diagrams, effective stress 

components are adopted. 

 



 

Figure 5. Accumulative numbers of fractures with length greater than l are plotted as 

functions of l for all layers (based on 10 realizations). The decreasing value of  

represents decreasing fracture density. Dashed lines indicate that the fracture networks 

of all layers are characteristic of a fractal dimension of 2. The position of stiffness length 

is also marked as a dash dot line. 

 



 

Figure 6. a Stress rotations as a function of (normalized) fracture density and fracture 

shear stiffness ks for θ = 10°, 30°, 60°, and 80°, respectively. Datasets are based on 10 

realizations of each parameter combination. b Mohr diagrams representing stress 

variations with increasing fracture density for different values of θ, in which the mean 

values of principal stresses are shown (ks = 20 GPa/m). 

 



 

Figure 7. Stress rotations as a function of fracture density and fracture frictional 

coefficient μ for θ = 10°, 30°, 60°, and 80°, respectively. Datasets are based on 10 

realizations of each parameter combination. 

 



 

Figure 8. Variations of differential stress (left) and mean stress (right) as a function of 

fracture density and fracture frictional coefficient. Error bars show the corresponding 

uncertainties based on the results of 10 realizations. 

 



 

Figure 9. Stress rotations as a function of fracture density and pore pressure for θ = 10°, 

30°, 60°, and 80°, respectively. Datasets are based on 10 realizations of each parameter 

combination. 

 



 

Figure 10. Effective elastic properties as a function of the strain increment in the fault 

slip direction: a Effective Poisson’s ratio. b Effective Young’s modulus. Compression 

is taken as positive. The effective elastic properties are obtained from the simulations 

as shown in Figures 6, 7, and 9. Note that the parameter combination (ks = 20 GPa/m, 

μ = 0.6, Pp = 40 MPa) is set as benchmark, plotted as red error bars, one of which varies 

while the remaining are kept constant. 

 



 

Figure 11. Total strain increment and its plastic component in the fault slip direction, 

as functions of fracture density and a fracture shear stiffness, b fracture frictional 

coefficient, and c pore pressure. 

 



 

Figure B1. Schematic diagram of the bisection method used to solve the stress change 

Δσyy due to the fracture-induced strain increments in the slip direction. 


