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Abstract. Even-theugh-The contemporary crustal stress state is primarily driven by gravitational volume forces and plate
tectonics. However, there are various smaller scale sources such as geological structures and stiffness contrast that perturb
stresses and deviate them from the regional pattern. For example, borehole stress analysis in numerous cases, has revealed
abrupt rotations of horizontal stress orientation of up to 90° when faults are crossed. Fhis-indicates-the-influence-of faults-on

heloea C ate,-which-parameter-control-the-amount-of principa ess-axesrotation. Herein, we investigate the rotation
of principal stress axes at a fault by means of a 2D generic numerical model. We focus on the near field of the fault and the
damage zone with a fault parameterised as a rock stiffness contrast. A substantial influence of the far field stress field in terms
of the differential stress and in terms of the stress ratio Rg=S;/S3 is shown. Furthermore, the contrast in material properties is
the basis for any stress rotation and in particular the stiffness is demonstrated to have a significant influence. Eventually, the im-
10 pact of the angle between the fault strike and the orientation of Syp.x is demonstrated. Our results show that the stress rotation
is negatively correlated with the ratio of principal far-field stresses. A small angle between the far-field stress orientation and

the fault facilitates stress rotation. A high contrast in rock stiffness further increases the stress rotation angle. Faults striking
perpendicular to the maximum principal stress orientation experience no rotation at all. However, faults oriented parallel to the
maximum principal stress orientation experience either no rotation or a 90° rotation, dependent on the ratio of principal stresses

15 and the rock stiffness contrast. A comparison with observations from various boreholes worldwide shows that in general, the
findings are well in agreement, even though the dip angle proves to have an influence on the stress rotation, in particular for

shallow dipping faults.

1 Introduction

The contemporary crustal stress state is a key parameter in the stability and safety assessment of subsurface operations, such

20 as the extraction of raw materials, storage of waste and exploitation of geothermal energy (Catalli et al., 2013; Miiller et al.,
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2018; van Wees et al., 2018). Most frequently freely available and most easily obtained stress information is the orienta-
tion of the maximum horizontal stress component Sgmax Which is compiled in the World Stress Map (Heidbach et al., 2018).
Often, the Symax orientation is observed to be consistent over large areas and volumes following the general patterns im-
posed by plate tectonics (Han et al., 2019; Heidbach et al., 2018; Engelder, 1992; Rajabi et al., 2017a; Reiter et al., 2014), but
regionally variable patterns are also observed (Konstantinou et al., 2017; Niederhuber et al., 2023; Ziegler et al., 2016c¢). In-addi-

tion; The Symax Orientation pattern is influenced by topography of large mountain ranges (Levi et al., 2019; Reinecker et al., 2010; Zoback,

or sedimentary basin geology (Rajabi et al., 2016a, b; Snee and Zoback, 2018). Furthermore;-It has also been hypothesized
that the Symax orientation is diverted by faults (Dart and Swolfs, 1992; Faulkner et al., 2006; Konstantinovskaya et al., 2012;
Li et al., 2023; Schoenball et al., 2018; Yale, 2003). However,-Reiter et al. (2024) showed with a comprehensive study using
a generic geomechancial model that large-scale fault induced stress changes due to a discontinuity beyond a distance of a few
hundred meters from the fault core are too small to be resolved by stress data.

Nevertheless, on a meter scale in boreholes abrupt or gradual rotations of the Syn,x orientation have been observed (Barton
and Zoback, 1994; Brudy et al., 1997; Massiot et al., 2019; Sahara et al., 2014; Shamir and Zoback, 1992; Wang et al., 2023).
Over the last decade, a great increase in high-resolution image logs in various basins aeross-the-werld, provides the opportu-
nity for detailed observation of such small-scale stress rotations in the vicinity of faults at borehole scales (Lin et al., 2010;
Rajabi et al., 2022, 2024; Sahara et al., 2014; Talukdar et al., 2022; Zhang et al., 2023). Figure 1a shows an example of stress re-
orientation of approximately 90° indicated by borehole breakouts (Bell and Gough, 1979; Heidbach et al., 2018; Engelder, 1992)
in the vicinity of and attributed to a fault, which has been interpreted in an electrical image log in the Surat Basin of Queensland,
Australia (Rajabi et al., 2017a).

The observed change in breakout orientation is the manifestation of a change in the orientation of the maximum circum-
ferential stress at the borehole wall (Figure 1b) which is a function of the position at the borehole wall with respect to the
orientation of the principal stresses components S;, S», and S3 (Kirsch, 1898). The principal stress components result from the

transformation of the 2nd order symmetric stress tensor

XX yX zXx
ij= Xy yy zy (D
Xz yz zz

into the main axis system (2), where the three remaining components are the three principal stresses that are perpendicular

to each other, and it is defined that S; > S, > S;.

S 0 0
=0 S 0 2)
0 0 Ss

Any changes in the magnitudes of the individual components of the stress tensor jj are reflected in the principal stress

components. In the main axis system, the changes in magnitudes in jj can also be reflected by changes in principal stress
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axis oriertation (Figure 1b) However this only occurs if the devigtoric stres tersoi change {Engelder, 1994In gereral the
phenomenol of change in the macnitude: of the compcnent:of j; that car be okservet as change in the oriertation of the

principal stres axe: and is commonly referred to as stress rotation. It can be observed e.g., as a change in the orientation of
borehole breakouts (Figure 1a).

Stres rotations are okserve( al vatious locetions worldwide where boreholes have beel drilled througt faults while okseve-
tions of the stres state were possible (e.g., Brudy et al., 1997; Cui et al., 2014; Hickman and Zoback, 2004; Lin et al., 2007).
While som¢faults exhibit arotetion of upto 90 (Lin et al., 2007 others show significantly less (Cui et al., 2014; Hickman and Zoback,
or corsideling the uncertainties almos na rotation at all (Yamada and Shibanuma, 2015). Even though stress rotations can be
observed in boreholes under some circumstances, knowledge of where to expect stress rotations is important for subsurfac
operations that speci cally target faults for their permeable properties (Freymark et al., 2019; Konrad et al., 2021) or may avoid
them for the same reasons but still will encounter them (Gilmore et al., 2022; Long and Ewing, 2004). This raises the questions
as to which parameterdeteimine a stress rotation and how sensitive they are.

The pctertial for stres ratation anc the magnitude for suct ratstion are assumerto be deteiminec by the smallest and largest
principal stress components 8nd S, usually considered in terms of the differential stres$S$(Reiter, 2021; Sonder, 1990;

Ziegler et al., 2017)the cortras in rock stiffnes: betweer the fault anc ar intaci hos rock, and the angle of the fault strike
represented by a rock stiffness contrast with respect to the orientatiop.gf Reiter, 2021; Siler, 2023). Several additional
parameters such as rock fabric and geological structures (i.e., faults and fractures) have been suggested as the possible caus
of these stress re-orientations at small scales (Faulkner et al., 2006; Hung et al., 2007; Siler, 2023; Yale, 2003).

We investigate the reason fthe diverse behaviolof the stres stat¢ ai faults from a geomechanical perspective and in-
vestigate the in uence of various parameters on the angle of stress rotation. We focus on the near eld of the fault and the
damage zone, i.e., the volume around the fault where the rock is signi cantly fractured and affected in its integrity. We expect
a substantial in uence of the far eld stress eld in terms of the differential stress as shown in previous studies (Reiter, 2021;
Sonder, 1990; Ziegler et al., 2017) but also in terms of the stress rgti, 5;. Furthermore, the contrast in material proper-
ties is the basis for any stress rotation and in particular the stiffness (Young's modulus) is demonstrated to have a signi cant
in uence (Hergert et al., 2015; Reiter, 2021; Ziegler, 2022). Eventually, the angle between the fault strike and the orientation
of Sumax IS investigated as an in uential parameter (Reiter et al., 2024; Siler, 2023).

We use a generic geomechanical-numerical model that allows a systematic and comprehensive investigation of the model
parameter space in terms of stiffness contrast, stress ratio, and angle of the fault with respect to the far eld stress state. We
focus on the near eld of the fault at scales of 10s of meters and limit the investigation to the linear elastic response of the stress
state to rock stiffness contrasts which has not been investigated in previous studies that focused on processes (Ziegler et al
2017), did not investigate the full range of parameters (Reiter, 2021) and methods of fault representation due to a different
objective (Reiter et al., 2024). Herein, we conduct an exhaustive study and investigate the entire parameter space.
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Figure 1. An example of stress rotation due to the presence of a small-scale fault in a borehole. The regigraiéhtation in the vicinity

of this wellis approx. 0 (Rajabi et al., 2017zas indicated by borehole breakouts (black areas in image log) oriented East-West above and
below the fault zone delineated by the two sinusoidal red lines. The part in between shows the section that is affected by the fault and thus
shows a rotated stress state. a) Borehole breakouts (blue dashed lines) interpreted in a resistivity image log in the Kenya East Well in the
Surat Basin, Eastern Australia and the borehole diameter represented in 3D. Dark areas represent conductive zones where the borehole
elongated and light areas zones of high resistivity. b) Variations of the circumferential stress at the borehole wall (bold sinusoidal line) with
the orientations where the compressive strength (dashed horizontal line) is exceeded (grey areas) and breakouts occur (dashed blue lines).
Representation of the stress tensor above and below the fault with the stress ellipsoid visualizing orientations and magnitudes of the three

principal stresses:$$,, and S.

2 Model setup

In order to investigate the stress rotation at a fdorrinatec by mode-11-failure (shea failure) we set up numeliical 2D plane
strair mode thai focuse on the besic chaacteristics of a meterial cortras at faults A generic meture fault zone is assumed
with nc darrage zone ouiside the core anc highly localizec darrage regresentel by a 5m wide zone with a reduction in stiff-
ness The mode assume a veltical fault in a strike slip stres regime in mag view, i.e.,the larges principal stres comrpcnent
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S1=SHmax andthe smales principal stres corrpcnen is S; due to the limitation to two dimersions anc is assumer to be Smin.
At the sam« time, the mode is alsc refresertative for othel types of faults which requires to assume the mode to be a depth
sedion. For a noimal fault S;=S, and $=Smin ot for a thrus fault S;=Symax and $S=S,.

The dimension of the numerical model is 10 x 10%uwith a central 5 m wide fault that dissects the entire model (Figure 2a).
We use the nite element method to solve the problem numerically and the model is discretized in a way that boundary effects
and numerical artefacts are reduced (Homberg et al., 1997; Spann et al., 1994). Within the fault, plane strain quad-elements
form a nite element mesh with a resolution of 5 m along strike and 0.25 m normal to the fault strike. These elements represent
the fault by a rock stiffness that is different to that of the host rock. The 200 m at each side of the fault are also discretized
by quad-elements (Figure 2c). The element size normal to the fault strike increases with distance from the fault. Outside the
immediate vicinity of the fault, plane strain tria-elements with a mesh coarsening to 100 m at the boundary are used (Figure
2b).In tatal 18 realizetions of the mode were createc with differen strike argles of the fault. The nurrbei of element: slightly
varies depencdng on the strike argle bui is always betweer 145,61: anc 172,48: elements An exceftion is made for a high
resolution mode (732,52t elements for visLalization puipose with a fault strike argle of 15 . The indeperdenct of the sc-
lution from the discretizéion is showr in Appendi> A. The stress state of the model is controlled with displacement boundary
that are chosen in such a way that they result in the desired horizontal stress magnitudes (Figure. 2a)(Ziegler et al., 2023).

To evaluate which parameter controls the amount of stress rotation, we systematically vary the stiffness contrast between
the fault and the host rock, the ratio of principal stresses3r'S,, and the angle between the faults strike and the far- eld
S, orientation (Table 1). For the host rock we choose a Young's modijy:3=E0 GPa and a Poisson's ratio of 0.25 and for
the fault, the stiffness is systematically varied betweg;;E0.4 GPa and §&,;=40 GPa, resulting in 13 scenarios with a rock
stiffness contrast R=E;,/Enost between 0.01 and 1. This corresponds to a refrom a very soft fault up to thintaci rock.
The Poisson's ratio was kept constant at 0.25 as the in uence of the stiffness is considered as the most important parameter
as shown by previous studies (Reiter, 2021; Ziegler, 2022). Wedelse in uence of the material contrast in eleven far eld
principal stress ratios. We iteridi¢he angle from 0 to 90 in 5 -steps. For the full parameter space this results in total in
2717 model scenarios thwere solved and then analysed.



Table 1. Range of parameters investigated in this study. Note that the rock stiffness conttzes R step width of 0.1 (4 GPa) between a
Re=1 and R=0.1. Larger contrasts are realised to be 0.07, 0.04, and 0.01. The host rock always has a Young's mog:sed®@Ea.

The stress ratio Rs, the differential stressS3, and the absolute stress magnitudes are indicatésithe angle between fault strike and

S: orientation that varies between (parallel) and 90 (perpendicular). The results of all computations are provided in the supplementary

material.
Num.

Parameter Values scen.
Re 1 09 08 07 06 05 04 03 02 01 0.07 004 0.01 13
Efaur [GPa] 40 36 32 28 24 20 16 12 8 4 2.8 1.6 0.4
Rs=S/S; 1.0 1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.8 1.9 2.0
S-S, [MPa] 0.00 2.25 5.00 8.25 12.00 16.25 21.00 26.25 32.00 38.25 45.00 11
S; [MPa] 20.00 24.75 30.00 35.75 42.00 48.75 56.00 63.75 72.00 80.75 90.00
S, [MPa] 20.0 22.5 25.0 27.5 30.0 325 35.0 375 40.0 425 45.0

[1] 0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 4019

Figure 2. Sketch of the model setup. a) Conceptual setup of the generic 2D model with the applied boundary conditions and the location
of the fault in the centre of the model. Please note that the fault can be rotatedteps. b) Detailed excerpt that shows the re ned mesh
geometry in the fault core and close to the fault. An area of 200 m on either side of the fault is discretised with quadrilateral elements for a
better resolution. c) Closeup of the fault (dark area) and its immediate vicinity (light area) that shows the high resolution of 25 cm normal to
the fault strike and 5 m in fault strike direction. Please not thaSsmax and S=Smin.



