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Abstract 

Due to the wide availability of stress measurements in mines it is tempting to infer the regional 

stress state from stress observations in mines. However, our study demonstrates limitations of 

this approach and how to overcome them. In this study we used hydraulic fracturing 

measurement data from shallow boreholes at different mining depth levels in the eastern Ruhr 

area and compared them with stress information from deep boreholes to infer the regional stress 

state.  We defined selection criteria , which resulted in more robust values for Shmin magnitudes 

because we eliminated the data that had been influenced by the mine galleries, mining sequence 

and nearby faults. When deriving SHmax, special consideration was given to the effect of pore 

pressure. Despite the fact that mines are filled with air, pore pressure cannot be automatically 

assumed to be zero. The pore pressure in the tested intervals is highly dependent on the 

excavation damage zone and the permeability of the rock. We show that careful selection of data 

and consideration of pore pressure (for SHmax values) is essential to distinguish between local and 

regional stresses in mining areas. We therefore recommend the use of independent pore pressure 

observations and, where available, deep vertical borehole data. The resulting stress state in our 

study is indicative of normal fault tectonics, contradicting previous studies that infer a strike-slip 

tectonic regime. This results in less critical stress states of faults in the study area. 

 

Plain Language Summary 

Using stress measurements from mines to understand regional stress has limitations. We 

studied hydraulic fracturing data from short boreholes in mines and deep boreholes in the north-

eastern Ruhr area. We carefully checked each measurement and set criteria like distance to 

tunnels, proximity to faults, and sequence of mining, which result in more accurate Shmin values 

by excluding affected data. For SHmax calculations, we considered pore pressure. Even though 

mines are filled with air, pore pressure isn't necessarily zero. It depends on the damage zone 

around the excavation and the rock's permeability. To distinguish between local and regional 

stresses, we suggest to choose data carefully and consider pore pressure for SHmax determination. 

Where possible additional data from deep boreholes should be used. Our study shows that the 

stress state is a normal faulting tectonic regime. 

  

1 Introduction 

Understanding the stress field in mines is crucial for ensuring safe and efficient 

underground operations. Different methods have been developed to assess stress conditions for 

engineering purposes. Early investigations of the magnitude of stress in mines, pioneered by 

Hast 1, were based on overcoring observations. His work included more than 15,000 discrete 

stress measurements across 30 sites in Scandinavia. In recent decades, hydraulic fracturing (HF) 

tests, which were introduced in the 1960s 2 have progressively replaced overcoring. In the Ruhr 

mining district substantial measurements have been conducted by researchers such as 3-5 and 

MeSy (now MeSy Solexperts). Further technologies are used (e.g. 6-8) to derive the local or 

regional tectonic stress field with its principal stress components (SHmax, Shmin as maximum and 

minimum horizontal stresses and SV as vertical stress). The World Stress Map (WSM) sets 
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standards for the quality of stress observations, focusing primarily on the regional state of stress 
9,10. 

The stress field, along with rock properties, is critical for assessing mine safety, 

particularly regarding rock failure. Mining-induced seismicity and rock bursts often correlate 

with changes in stress conditions, posing significant safety risks to personnel and infrastructure. 

In the German coal mining in the Saarland region 11, the occurrence of induced seismicity has led 

to the cessation of mining operations. Rock bursts, characterized by instantaneous failures in 

areas of increased stresses in underground openings are common in mine workings, pillars, 

tunnels, and shafts with substantial overburden 12 and contribute significantly to the overall 

seismicity.  

Stress observations in mines cannot directly infer the regional stress state due to the 

combination of regional stress and local stress concentrations. In the vicinity of mines, shafts, 

tunnels, caverns and other underground openings, the zero shear stress boundary conditions 

cause reorientation and stress concentration (stress arching, 13-16) in the remaining structures. 

Thus, close to free surfaces (quarry walls, tunnels, mines) the stresses do not necessarily reflect 

the regional stress state. Therefore, even if a stress observation near the excavation itself 

provides perfect data quality according to WSM, it is only representative of the near-field stress 

and not necessarily to the regional stress state. 

Accordingly, criteria for evaluating different types of stress information have been 

established for the purpose for regional stress analyses. Zoback 6 proposed the utilisation of a 

quality ranking table for stress indicators, with the objective of assessing the reliability of data 

for regional stress orientation. The modern WSM quality ranking table employs a grading system 

from A to E 17, with A-C grades indicating reliable regional horizontal stress orientation 

indicators. 

As HF and overcoring observations in mine galleries and shafts are significant for mining 

operation safety, numerous measurements exist worldwide 19,20 and allows for the derivation of 

the regional state of stress. It is tentative to interpret the vast amount of this data to get a more 

detailed database for numerical modelling or to infer the reactivation of faults. The different 

quality of the data needs to be considered, as stress relief data obtained by overcoring with a 

small distance to a free surface (less than 10 m) are classified with a quality designation of E 10. 

Higher quality levels require measurements at depths greater than 10 m from the nearest free 

surface, with quality B requiring a minimum distance from the excavation equal to at least two 

excavation diameters (WSM) 18  

For hydraulic fracturing data, the WSM quality assessment is based on hydraulic 

fracturing measurements obtained from boreholes drilled from the ground surface. Boreholes 

within mining operations are typically shallow and show the same limitation than overcoring 

data. Hence the damage zone needs to be taken into account and the same criteria as for 

overcoring data should apply for HF data within mines. Morawietz 9 used the WSM quality 

ranking to introduce a stress magnitude classification scheme, though classification for HF 

measurements from shallow underground boreholes is still missing.  

One of the most comprehensive compilations of mine HF data for the study area (Ruhr 

area) is presented in 21, with the averaged results of 423 HF measurements taken at six mines 

between 1986 and 1995. These are classical HF tests with straddle packers and all measurements 

that were quality-weighted according to the criteria outlined by WSM 9. However, the 
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representativeness for the regional stress field was not evaluated. The tectonic stress field in the 

eastern Ruhr area is characterized by a NW-SE oriented compressive stress, which is 

accommodated by a series of thrust faults and folds in the sedimentary rocks of the region. 

However, the stress field is also influenced by local structures, such as the normal faults, which 

form Horst and Graben structures. Niederhuber 22 compile stress orientations and show how data 

from shallow boreholes inside mines can be used to derive stress orientation 22. Combined with 

other data sets like the World Stress Map database 8, gridded stress orientation maps have been 

created22. 

One limitation of the HF method is that it provides a direct measurement of the minimum 

stress magnitude only. In order to derive the maximum horizontal stress magnitude from the 

measurement of the minimum stress magnitude, it is necessary to know the pore pressure. In 

many cases, however, the pore pressure is unknown. In permeable or highly fractured rock, the 

pore pressure in the vicinity of an opening is close to zero. Conversely, in dense and tight rock, 

the pore pressure may remain elevated and largely unaffected by the opening. Incorrect 

assumptions about pore pressure can result in the derivation of erroneous maximum horizontal 

stress magnitudes and an inaccurate characterization of the tectonic regime. 

Fig. 1: Map of Study Area in the eastern Ruhr Area including the water provinces (central 

pumping stations for water regulation in mines; location of shafts; locations of the mines Haus 

Aden, Heinrich Robert and Westfalen; tectonic elements and top Carboniferous based on 

Geologischer Dienst NRW 23. 

This study aims to determine the regional stress state and the pore pressure conditions for 

the Ruhr area at water province Haus Aden, which is of particular importance due to current 

mine-flooding activities (Fig. 1). The database includes information from deep boreholes and 

stress observations in mines. To achieve this goal, we re-evaluate the HF-measurement data from 

deep boreholes in the Ruhr area, taking into account the influence of the measured pore pressure. 

We use the density logs of these wells to derive the vertical stress component. To determine the 

regional stress from the mine measurements in the study area, we applied selection criteria to 

separate those measurements that indicate local stresses from those that provide regional stress 

Jo
ur

na
l P

re
-p

ro
of



Geomechanics for Energy and the Environment 

5 

 

information. From our results we provide recommendations for the use of HF stress magnitude 

data to derive the regional stress state that could potentially be included into the WSM quality 

ranking. 

2 State of the Art: Factors Influencing the Stress Field in Mines 

Here we briefly summarize natural (lithology and distance to faults) and anthropogenic 

factors that need to be considered for the local state of stress in mines.  

2.1 Modifications due to Lithology and Faults 

Variations in lithological units or the degree of rock fracturing often result in changes in 

the rheological properties and material parameters of the rock, which can affect the stress 

magnitude and orientation 7,24. These changes have been measured by different methods like HF 

measurements and strain recovery 25. In their experiments in oil and gas fields the Shmin 

magnitudes in shales in the North Sea were significantly higher than the magnitudes measured in 

sandstones 26. Similar observations are shown by e.g. 27. In a compressional stress state the stress 

magnitudes of the least principal stress correlate with the stiffness of the rocks 28. More recently 

these effects have been proven by numerical studies (e.g.29,30).  

Furthermore, geological structures like faults, fractures, folds, and other structural 

features can concentrate or dissipate stress and can therefore lead to changes in stress magnitude 

and orientation. In folds the stress state can be extremely heterogeneous ranging from 

extensional to compressional nearby areas as a result of the shape of the fold 31. For frictionless 

discontinuities such as faults and joints, stress rotations have been observed from borehole to 

regional scale 32-36. The rotation is facilitated when the differences in principal stress magnitudes 

are small 17,37,38.  

2.2 Changes due to Mine Geometry and Mining  

Anthropogenic activities in the subsurface can modify the local state of stress and also the 

pore pressure. For example, each opening of the subsurface such as mines, boreholes or tunnels 

leads to new surfaces with zero shear stress and thus modifies the stress magnitude and usually 

rotates the principal stresses 39,40  

Unloading and new free surfaces lead to stress concentrations 41 around the underground 

opening which had been focus of numerous analytical and numerical studies. In the zones of 

stress concentrations, rock failure lead to a) rock fracturing due to excessive compressive or 

tensile stresses, b) opening or closing of pre-existing fracture or shearing along them and thus 

form excavation damage zones with stress relief and changes in hydraulic conductivity 42. In the 

excavation damage zone, the material stiffness is reduced. Triaxial tests show that these damage 

zones affect stress measurements 43 up to a distance of three times the tunnel diameter (six times 

the radius) 4. 

Removal of large masses of material in the subsurface can modify the vertical load in 

some sections and due to stress arching effects, lead to vertical stress increase in other parts, such 

as the remaining pillars in within the mined out areas 44. At the bottom of the mined out areas 

tensile stresses can develop 45. However, also changes in deviatoric stress components e.g. in 

South Africa can explain mine tremors 46. 
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Stress concentration and stress arching effects may superimpose. In general, the zone 

around a mine opening can be characterized by the so-called excavation damage zone where the 

rock is fractured (and thus destressed) and at some distance from the opening, the undisturbed 

zone where the regional stress field is encountered (Fig. 2). In between there is a transition zone 

which may still exhibit compressive or tensile tangential stress concentrations, depending on the 

tectonic regime, the orientation of the mine and the amount of mined out material, respectively.  

 

Fig. 2: Schematic representation of the damage zone and the zone of stress concentrations 

around a cavity. (1) almost complete release of stress; (2) zone of stress concentrations; (3) rock 

subjected to far field stresses without stress concentrations (figure according to description of 
4,43) 

Undercut-mining can lead to severe, in stress mapping literature sometimes not 

considered, changes of the stresses in the undercut mine level 47-49. If a mine has been caved and 

mined out, high stress levels develop around the perimeter of the mine which affect stability. A 

second level below the caved extraction destresses the rock and enables further mining. The 

upper level becomes then an undercut level. The upper undercut level should be completed first 

enabling that the lower tunnels are carried out in a destressed rock 49. There are different 

methods of undercutting depending on the sequence of development mine-levels: a) In post- 

undercutting or conventional undercutting the deeper production level has been completed first 

and then, the shallower undercut level is developed. 2) In pre-undercutting the undercut level is 

completed before the development of a production level in deeper sections. 3) In advance 

undercutting the excavation takes place above a deeper partially developed production level. 

As the objective of undercutting is to destress the mine in the production level, the stress 

magnitudes are decreased in comparison to the far field stresses. Thus, to infer the regional stress 

field, the sequence of mining and hydraulic fracturing in the mines are considered here.  
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3 Geological Setting and Mine Description 

3.1 Geological and Tectonic Setting 

The Ruhr Basin is an Upper Carboniferous (Pennsylvanian) sedimentary basin in western 

Germany. The basin extends approximately 150 km in NE-SW direction and about 80 km across 
50,51 and is home to the largest domestic coal mining area in Germany. In 2018 mining operations 

were ceased52. 

In a warm and humid climate during the Westfalian period, extensive forest (peats) bogs and bog 

(peat) lakes were formed in a shallow, constantly sinking coastal area. When the sedimentation 

rate was slower than the subsidence, sea flooding occurred resulting in the deposition of sea 

sediments. The interplay between the renewed filling of mud and sand masses, increasing 

sedimentation and peat formation took place in approximately 350 cycles. As the sediments and 

peat deposits sank to greater depths, claystone, siltstone, sandstone and hard coal were formed. 

The coal seams represent approximately 2-3 % of the total layer sequence 53. 

The thicknesses of the stratigraphic sequences and of the coal seams were obtained from deep 

drillholes and from the mines. The Carboniferous strata terminate at the surface in the southern 

part of the Ruhr area. In the northern region, these geological formations are situated at 

considerable depths beneath the Cretaceous strata 54. In the study area the base of the Cretaceous 

is situated at a depth of between 250 and 750 m below sea level (see Fig. 1). 

The thickness of the Upper Carboniferous was determined in the Münsterland 1 borehole, 

situated to the north of the study area. The Top of the Upper Carboniferous was observed at a 

depth of 1788 m 55,56, marking the boundary with the Carbonaceous rocks and extending to a 

depth of approximately 5438 m. The boundary between the Lower Carboniferous and Devonian 

is at a depth of 5507 m 56. This corresponds to an apparent thickness of the Carboniferous of 

3719 m. The dip of the strata in the borehole Münsterland 1 is predominantly between 2° and 

18°. Occasionally a dip angle of up to 85° is also described 56. However, this is only likely to be 

the case in fault zones. Therefore, the true thickness of the Carboniferous is likely to be around 

3500 m 57 with approximately 100 coal seams 58. 

The Ruhr Basin is characterized by thrust faults and dominant NW-vergent folds of 

Variscan origin 59, subdividing the area into NE-SW trending anti- and synclines 50. Normal 

faults striking NW-SE to NNW-SE separate the area into Horsts and Grabens. In addition, E-W 

and N-S trending strike-slip faults are present 50. The mining areas of this study are located 

within the Essen syncline (Essener Mulde) and the Bochum main syncline (Bochumer 

Hauptmulde). Both are bordered to the WNW and ESE by the Sutan and Scharnhorst thrust 

faults respectively. The Sutan fault is considered as the major tectonic structure extending 

laterally for more than 100 km 52. Furthermore, the Königsborn fault, the Flierich fault, and the 

Radbod fault (a normal fault) subdivide the area into the Königsborn Graben and the Hamm 

Horst (Fig. S.1). 

The coal mining followed these structures. Due to the alternating layers along with the 

Horst and Graben structure, the mining levels in each mine are at different depths. The average 

economic relevant coal seam thickness ranges between 1-3 meters 60. Many strike slip 

(transverse and diagonal) faults in the basement were formed post-Variscan and during the 

Alpine orogeny 61-63. Presently, these faults and the Ruhr area exhibit very low natural seismic 

activity, as confirmed by the 2011 seismic zoning map (DIN EN 1996), which places the Ruhr 

area outside seismic zoning ranges 64. This low seismicity is supported by studies indicating a 
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generally low slip tendency of the faults e.g. 65 who did calculations for the faults around 

Heinrich Robert mine or 66 who used a statistical approach and lithology dependent friction 

coefficients taking into account the heterogeneities of the layered rocks.  

3.2 Haus Aden Mine 

Haus Aden which is part of the “Bergwerk Ost“ colliery in the Eastern Ruhr region, 

consists of the formerly independent mines Haus Aden, Monopol and Heinrich Robert 67. The 

mine development was a step-by-step process, with different mining levels established at 

different times. Essential for maintaining safe mining conditions was an effective mine water 

drainage. Since coal mining has ceased, long-term optimization of drainage remains a perpetual 

obligation. The RAG plans to centralize mine water management at several key sites in the Ruhr 

region, with Haus Aden designated as one of these "water provinces." 

Coal production in the Haus Aden started in 1943 using longwall mining techniques, 

partly with hydraulic roof supports protecting the area. Similar to other German hard coal 

deposits, productive seam thickness varies between 1-3 meters 60, with an average seam 

thickness at Haus Aden of about 2 meters (Fig. S.2.1; Fig. S.2.2). Between mined sections pillars 

are left in place. Some sections of the excavated areas are refilled by waste. 

The design of the mine is described in supplement 2. The mining area of Haus Aden was 

developed following the structure of the coal seams located in Carboniferous rocks within NE-

SW striking folds (Fig. S.2.3). The mining activity has encountered initial and thus undisturbed 

stress conditions, while in other places already mined zones have encountered modified stress 

conditions by nearby galleries. This also affects the determinations of tectonic stress in the Ruhr 

area (see 22 and section 3). Undercut mining has been performed in different sections of the mine 
68. Here, we consider especially the area around shaft 6 where HF-measurements have been 

performed at a depth of 750 m before and after post-undercut mining at a level of 880 m depth. 

4. Results from borehole data analysis 

4.1 Pore pressure compilation 

Pore pressure is an important parameter in the evaluation of flood-induced stress changes 

and required for the calculation of SHmax. In hydraulically connected formations which are not 

disturbed by injection, pumping, or groundwater lowering, pore pressure can be determined by 

integrating fluid densities (f) over depth (z) starting from a pressure head (zref). 

𝑃𝑃 = ∫ 𝜌𝑓(𝑧)𝑔 𝑑𝑧
𝑧

𝑍𝑟𝑒𝑓

 

In this study we investigate the pressure distribution on a regional scale and in the mining 

areas. The regional pore pressure gradient was determined from mineralization of water samples 

in reports from 69 and 70 described in supplement 3 and from data of the Münsterland-1, Rieth-1 

and Natarp-1 wells (supplement 4). In the Münsterland-1 well the pore pressure information 

comes from drill stem tests 71. In Rieth-1 and Natarp-1(Fig. 3a) packer tests 72 were re-evaluated 

in the framework of this study to derive the pore pressure. The mineralization indicates a range 

of pore pressure gradients between 10.3 and 10.4 MPa/km (supplement 3). The pore pressure 

gradients from boreholes are 11.6 MPa/km (Münsterland-1), 10.4 MPa/km (well Rieth-1) and 

10.6 MPa/km (well Natarp-1) at greater depth.  
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4.2 Vertical stress 

Litho-density logs from 14 deep boreholes provided by the Geologischer Dienst NRW 

(geological survey of North Rhine Westphalia) and densities from core investigations 73-75 were 

used to estimate vertical stress as lithostatic load (Fig. 3a, supplement 6). The average density of 

the Upper Cretaceous, based on litho-density logs is 2380 kg/m³. For the Carboniferous, the 

average density is 2540 kg/m³ (based on litho-density logs) and 2610 kg/m³ (based on core data), 

resulting in an average density of 2570 kg/m³. For details we refer to supplement 6. 
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Fig. 3: a) Overview maps with location of the analyzed boreholes of the litho-density logs, the 

location of the HF measurements based on 21; b) Detail of  the three mines Haus Aden, Heinrich 

Robert and Westfalen with the trace of the Sutan TF based on 66.  

4.3 Stress Magnitudes with Depth 

The hydraulic fracture test results from both boreholes (Rieth-1 and Natarp-1) are in 

accordance with a linear increase with increasing depth. The Shmin gradient derived from HF 

measurements in deep boreholes Rieth-1 and Natarp-1 (Fig. 9) is 15.6 MPa/km±0.8 MPa/km. 

The SHmax gradient in Rieth-1 and Natarp-1 derived in this study by applying the measured pore 

pressures within the boreholes Rieth-1 and Natarp-1, respectively, is 20.4±2.3 MPa/km (the 

details of the analysis can be found in supplement 7). The vertical stress has been calculated 

using an average vertical stress gradient of 24.4 MPa/km.  

 

5. Selection of in-situ Stress Observations in Mines to Derive the Regional Stress 

Magnitudes 

The tectonic stress field in the eastern Ruhr area has been the subject of numerous studies 
3-5,21,76,77 which are based on HF-measurements and borehole data. The recent compilation by 

Kruszewski 21 with 429 data entries 78 shows high variability in the stress gradients of SHmax, Shmin 

and SV magnitudes and, in most cases, the information about the deduction of stress magnitudes 

is not complete, which complicates the derivation of the regional patterns of tectonic stresses. 

This especially concerns the pore pressure at individual locations. To reduce the uncertainty in 

stress magnitudes the data was analyzed for different potential influencing factors, including the 

effect of tested lithologies, the sequence of mining, and distance to nearby galleries. 

5.1 Influence of Lithology 

To study the potential influence of the lithology we sorted Shmin data given in 79 according 

to the rock types (Fig. 4). There is no general trend for the Shmin gradient observed across the 

sandstones, sandstone-claystone alternations, and claystone lithologies. Most groups have high 

uncertainties (indicated by the size of the boxes and length of the error bars in the box plot). 

However, there is some evidence that the Shmin magnitude is underestimated in heavily jointed 

rocks. Therefore, tests in highly fractured boreholes like B4/H, B7/V and B9/H in the Westfalen 

mine have been excluded from our analysis of the regional stress field.  
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Fig. 4: Visualization of the Shmin gradients based on the lithology in which the test was 

conducted (sandstone: yellow, sand-claystone alternation: yellow with brown hatching, 

claystone: brown). The dashed line represents the average Shmin gradient of the Rieth-1 and 

Natarp-1 boreholes. Dark grey shows single standard deviation (68.3 % of normally distributed 

values) and light grey shows triple standard deviation (99.7 % of normally distributed values). 

  

5.2 Influence of Faults and Saddle Structures 

The influence of major faults like the Cappenberg fault (Fig. 5) in Haus Aden on the 

stress field was tested using data from four boreholes (two vertical and two horizontal) at 1000 m 

depth 4. The results indicate that the boreholes (B1/H, B2/V) in the hanging wall exhibit higher 

stresses than those in the footwall block (B4/V, B2/H) or nearby saddle structure, regardless of 

whether the boreholes are horizontal or vertical. We excluded the data of these measurement 

locations due to the potential influence of the fault structure and the large error bar of B2/V. 

 

Fig. 5: a) Box plots showing Shmin stress magnitudes in wells B4/V, B2/H, B1/H, and 

B2/V, categorized by their location (saddle, footwall, and hanging wall). Horizontal wells are 
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shown in blue and vertical wells are shown in red. The dashed line represents the average Shmin 

magnitude of the Rieth-1 and Natarp-1 boreholes. Dark grey shows single standard deviation 

(68.3 % of normally distributed values) and light grey shows triple standard deviation (99.7 % of 

normally distributed values). b) N-S profile illustrates the Cappenberg Saddle and adjacent 

Cappenberg thrust fault with the four boreholes at 1000 m depth as well as the seam positions 

based on 4. 

5.3 Influence Distance to Gallery  

Stresses near excavations are influenced by stress concentrations and changes in the 

rheologic properties of the rock (see chapter 2.2). Despite considerable uncertainty, the Shmin 

gradients increase with distance from the gallery for boreholes in Haus Aden and Westfalen (Fig 

6). The comparison with the independent measurements in the deeper boreholes outside the 

mining area show good agreement for distances > 20 m to the gallery. We follow the suggestion 

by 3 and exclude measurements closer than 20 m to the galleries for the determination of the 

regional stress field.  

 

Fig. 6: Plot of the Shmin gradients from the compilation of all published data in the Haus 

Aden and Westfalen mines based on their distance from the mine shaft. The dashed line 

represents the average Shmin gradient of the Rieth-1 and Natarp-1 boreholes. Dark grey shows 

single standard deviation (68.3 % of normally distributed values) and light grey shows triple 

standard deviation (99.7 % of normally distributed values). 

5.4 Influence of undercut sections and lateral distance to mining activities 

In the Northfield of the Haus Aden mine four boreholes were drilled and tested in 

different times enabling the evaluation of undercut mining on the stress field. The boreholes 

1229V and 1231H were drilled from the depth level of 750 m and were tested after the lower 880 

m depth level has been excavated 5. Thus, the 750 m depth is the undercut level and has been 

destressed. Combining the hydraulic fracturing test date information from all of the boreholes at 

Haus Aden with the mining dates based on “Bürgerinformationsdienst der RAG - BID” 80, it is 

evident that no other hydraulic fracturing test was conducted above, below or near the active 

mine. Accordingly, a comparison is made between the stress magnitudes of the two boreholes 

with the stress magnitudes of the boreholes 1165V and 1166H, which are in the direct vicinity 

but were measured prior to the excavation of the 880-meter level (Fig. 7).  
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Fig. 7: Location of the hydraulic fracturing measurements in the Haus Aden mine with 

respect to mining work and mine-shafts. The mining field p10 north of the Sutan thrust fault (TF: 

based on Allgaier et al., 2024), with the hydraulic fracturing measurements in the boreholes 

1165V, 1166H, 1229V and 1231H is enlarged in the center. Colors show the mean year in which 

the segments were mined 80. 

The first mined field in the northern part of Haus Aden mine was the field p10. It was 

mined from SE to NW. The HF measurements on the 750 m level were performed in September 

1989 in the boreholes 1165V and 1166H. During that time none of the neighboring fields were 

mined. The main mining activity near the HF test sites took place in the year 1990 and in the first 

days of 1991 (until 09.01.1991) at a depth of 880 m, which is around 130 m below the level of 

the HF tests. After the minefield p10 was completely mined the boreholes 1229V and 1231H 

were tested in April 1991.  

The comparison of the stress magnitudes shows the difference between the undercut and 

non- undercut situation (Fig. 8). The stress magnitudes determined after undercut-mining show a 

significant reduction of the Shmin gradients. In the vertical boreholes the average gradients 

decrease from 19.3 MPa/km to 10.4 MPa/km. In the horizontal boreholes the decrease is from 

16.5 MPa/km to 11.1 MPa/km. As a consequence, the data where undercut-mining could have 

influenced the measurement should be excluded from stress field analysis. 
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Fig. 8: The Shmin gradients of measurements in boreholes of Haus Aden at the 750 m level 

show lower stresses for the undercut (destressed) situation in comparison to the earlier 

measurements where the 750 m level has not been undercut. The dashed line represents the 

average Shmin gradient of the Rieth-1 and Natarp-1 boreholes. Dark grey shows single standard 

deviation (68.3 % of normally distributed values) and light grey shows triple standard deviation 

(99.7 % of normally distributed values). 

In the Westfalen mine, boreholes B1/V and B2/H were subsequently undercut. However, 

the HF test sites are at a distance of several hundred meters to the active mining during the HF 

test period, suggesting that they remained unaffected. The boreholes B9/H and B10/V are located 

outside the direct mining area, but within the pillars of adjacent mine workings (approximately 

50-80 m away, by comparison of BID database for mining sequence and HF test periods) which 

were mined at several levels during the HF test period and which could be affected by stress 

arching and mining activities which leads to very high Shmin in B9/H and low Shmin in B10/V. 

Consequently, these boreholes should be also excluded from the stress analysis. 

5.5 Influence of Borehole Orientation and Fracture Orientation on the Determination of 

Stresses 

The HF method allows for the measurement of a single stress component, but not the 

complete stress tensor. By increasing the pressure within the packer interval, fractures are 

typically generated perpendicular to the minimum stress orientation. The orientation therefore 

strongly depends on the stress regime. In thrust faulting, the minimum stress is SV, while in 

strike-slip and normal faulting, the minimum stress is the smaller principal horizontal stress and 

thus Shmin is determined. According to the results of the deep drillholes Rieth-1 and Natarp-1 the 

tectonic regime is a normal faulting regime. 

In order to obtain reliable results from HF measurements, it is recommended that only 

boreholes with borehole axes parallel to one of the principal stresses be tested 81. Thus, shear 

stresses and non-planar hydraulic fractures in the vicinity of the wellbore (see also Fig. 1 in 82), 

which have an impact on the breakdown pressure, can be avoided. As the orientation of the 

horizontal boreholes is sometimes not given or strongly varying, and mostly not parallel to one 

of the principal stresses, the results of HF from horizontal wells have been excluded in our study. 
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6 Results of the Re-Evaluation of Stress Magnitude and Pore Pressure Data in Mines 

For this study, we have selected the data that are not influenced by mining activities to 

derive stress magnitudes. For the derivation of SV magnitudes, we have interpreted litho-density 

logs and lithology-data from 14 wells (supplement 6). In comparison to previous interpretations, 

we considered the pore pressure to determine SHmax magnitude, and for the pore pressure 

deduction we have examined the mineralization of the mine waters (supplement 3).  

According to the above described selection we use a reduced amount of data which we 

also checked for plausibility: a) the derived magnitudes and gradients of SHmax should be higher 

than those of Shmin and b) we used only those results with Shmin gradients that fit within a range 

defined by 3 times the standard deviation of the results of the deep nearby boreholes Rieth-1 and 

Natarp-1, i. e. in the range 13.2-18.0 MPa/km.  

The filtered HF data result in a Shmin gradient of 14.9±1.3 MPa/km and 14.4±1.3 MPa/km 

for Haus Aden and Westfalen, respectively (supplement 9). To derive the SHmax gradient, 

knowledge of pore pressure is essential (supplement 5). As described above pore pressure is 

rather unclear in the Haus Aden and Westfalen mines. Therefore, the SHmax gradient could range 

from 25.4 (Westfalen) to 26.2 MPa/km (Haus Aden) for a pore pressure of zero and range from 

15.8 MPa/km (Westfalen) to 16.3 (Haus Aden) MPa/km for a pore pressure gradient of 10.4 

MPa/km.      

  

Fig. 9: Measured Shmin stress magnitudes and calculated SHmax and SV magnitudes. SHmax 

magnitudes are displayed as original data which had been calculated under the assumption of 

zero pore pressure 83-85 provided in 72 and as SHmax magnitudes calculated under the assumption 

of hydrostatic pore pressure (this study). A linear regression has been performed on each series 

of data (dashed line) to derive stress gradients. In addition, the stress magnitudes from the HF 

tests in mines are added as triangles. 
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7 Discussion  

To investigate whether stress data from mining can be used to determine the regional 

stress field, the data were filtered and compared to a reference data set. Two boreholes, Rieth-1 

and Natarp-1, located near the mines Haus Aden and Westfalen (Fig. 3) were used as references. 

The distance between the two boreholes and between boreholes and mine is far enough to 

assume that there is no resultant stress-interaction between boreholes and mine. Measurements in 

both boreholes exhibited consistent stress gradients which further support that these 

measurements reflect the in-situ stress state. Within the mining areas several effects can alter the 

stress field. Their impact was assessed to reduce uncertainty. However, as the stress field is often 

the superposition of several effects, extracting the impact of a single effect can provide 

additional information e.g. on the stress regime or the pore pressure. Several local influences on 

the observed stress data such as lithology (Fig. 4) and nearby fault and fold structures (Fig. 5), 

stress concentration and distance to the mine gallery (Fig. 6) and the effects of undercut-mining 

(Figs. 7, 8) and borehole orientation, had been identified and used for interpreting the data from 

the mining activity. Apart from these influences there are uncertainties in the test procedure 

itself, especially with regard to the reopening pressure Pr. The reopening pressure directly affects 

the determination of the maximum horizontal stress and depends on the compliance of the test 

equipment and injection rates. The effect of the reopening pressure uncertainty on the SHmax 

derivation is described in Supplement 5.  

The geology of the Ruhr area is characterized by significant normal faults, such as the 

Flierich and Koenigsborner Faults, with displacements of several hundred meters 86. Faults with 

large displacements often induce rotations in stress orientations and alter stress magnitudes by 

juxtaposing weaker against stronger rock units. The Cappenberg Fault (Fig. 5), a former thrust 

fault with up to 200 meters of displacement 4, also exhibits reduced stress magnitudes in the 

footwall north of the fault compared to reference data, while the hanging wall remains 

unaffected. Whether the hanging or footwall is affected by stress reduction depends on the 

prevailing stress regime 87. As a consequence, the observed stress reduction in the footwall of the 

fault, compared to the hanging wall stresses probably indicate a prevailing normal faulting 

regime in the Ruhr area. This is further supported by the stress regime obtained from Rieth-1 and 

Natarp-1 well data. To investigate the spatial extent of the stress re-orientation, detailed 

numerical models are required, which are beyond the scope of this wok. However, from generic 

numerical models, the zone of influence of nearby faults can be calculated up to 2 km 87. 

Nevertheless, the larger stress changes are located mainly within the first few hundred meters in 

the immediate vicinity of large faults 87. The influence of minor faults or fractures on the stress 

field is smaller 88. For longwall mining operations, large displacements along faults are a 

challenge and stress concentrations in their vicinity are known. Therefore, in the Ruhr area, a 

distance of several hundred meters has been maintained from major faults for the determination 

of the regional stress field. If measurements are made within the mines, no influence of major 

faults are expected. In contrast, drifts can cross these faults. Often HF tests are performed within 

boreholes drilled from galleries e.g. the HF tests in the Haus Aden mine. There it is of particular 

importance to consider the location of faults and folds, as well as the distance of the HF test to 

them. 

Furthermore, the occurrence of stress concentrations and stress disturbances is well-

known around underground excavations. Here an increased vertical stress is expected on the 

sides of excavations, whereas a reduced vertical stress results at their top and bottom (stress 
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arching). These altered stresses can exceed the rock strength, leading to the formation of an 

excavation damage zone (EDZ) characterized by reduced rock strength and stress magnitudes. 

The extent of these zones is often estimated based on circular openings using the Kirsch equation 
41. However, the shape of the excavation and orientation significantly influences the horizontal or 

vertical extent of an EDZ, particularly in an anisotropic stress field 7,47,77,89-91. At Haus Aden site 

the shape is rectangular with dimensions of 7.3 m in width and 5.5 m in height 4. Rectangular 

tunnel shapes result in higher vertical stresses compared to a circular tunnel 89, likely resulting in 

the formation of an EDZ with reduced rock strength especially in the vicinity of the corners. The 

threshold, where disturbed stress observations diminish, and the regional stresses become visible 

can be approximated by HF tests. Within Haus Aden the Shmin gradients increase with the 

distance to the gallery, especially within the first 15 m . However, the definition of a precise 

threshold based on HF test results alone is challenging due to large uncertainties. However, 

integrating rock strength and fracture analysis from the boreholes B1/H, B2/V, B3/H, and B4/V 

at Haus Aden mine indicate a threshold of 20 m, which is the distance where Kück 77 identified 

stress and tensile strength maxima along with constant microfracture length and fracture 

distribution. Subsequent studies 4,66 also used this 20 m as a threshold for HF tests in Haus Aden. 

However, Rummel noted that the zone of stress concentration might extend to a greater distance 
3. This is partly supported by observations at Haus Aden, which seem to indicate that increased 

stress magnitudes can also occur at a distance of 20-25 m, compared to shallower and deeper 

borehole sections. Due to the experimental uncertainties, these findings lack statistical 

significance. In this study, the threshold was set to 20 m, as deviations from undisturbed stress 

conditions beyond this distance are minimal, at least for Shmin. As noted earlier, SHmax cannot be 

measured directly, and its determination carries greater uncertainty compared to Shmin. Due to the 

lack of data, the extent of disturbed SHmax may be larger, potentially requiring a higher threshold. 

A similar trend in Shmin is observed at Westfalen mine (Fig. 6). This suggests that the results from 

Haus Aden can be applied to Westfalen mine as well. No significant correlation of Shmin gradients 

and lithology was observed. However, lower values are observed for fractured rocks. Data from 

these tests are excluded as they violate the HF test requirement of an impermeable borehole wall. 

For fractured rocks HTPF tests 92 or PSI-methods 93,94 should be utilized.  

In this study, all HF-measurements in horizontal boreholes were excluded, as only 

boreholes with their borehole axes parallel to one of the principal stresses provide reliable results 
81. This assumption is reasonable for vertical boreholes at greater depths and in areas without 

significant topography 95, which is the case in the eastern Ruhr area. Therefore, the likelihood of 

inducing shear stresses that could affect the breakdown pressure is minimal. In horizontal 

boreholes, shear stresses may be induced if the borehole axis is not perfectly aligned with one of 

the principal horizontal stress orientations, potentially leading to altered stress magnitudes. 

However, if a horizontal borehole axis is aligned parallel to the SHmax orientation and if a vertical 

fracture parallel to the borehole axis is created during the HF test, the vertical stress can be 

determined. As shown, the HF test can be influenced by several factors that affect the magnitude 

of stress, particularly in mining areas. This is reflected in the generally high standard deviations 

of the results for SV. Therefore, the more robust method of integrating density logs (Figs. S.6.2 

and S. 6.3) is used to derive vertical stress in this study. The regional SV gradient of deep 

boreholes (unaffected by the mining) range for the gradient of SV =24.3-24.6 MPa/km. However, 

for two boreholes, B2/H and B12/H, it was possible to eliminate most of the external factors 

except pore pressure. These boreholes, drilled in compact sandstone, showed consistent Shmin 

values with values measured with a threshold of 20 m from the gallery. 
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Additionally, for determination of SV and SHmax precise pore pressure information is 

required. Pore Pressure is typically assessed using hydraulic pressure fall-off tests, such as Drill-

Stem-Tests, or by the integration of fluid mineralization data from deep boreholes. Regional data 

from the Rieth-1 and Natarp-1 borehole suggest a slightly over-hydrostatic pore pressure of 10.4 

MPa/km (Fig. S.3.2). It needs to be taken into account that local conditions in the vicinity of 

mines may differ. Historical reports on pore pressure are often inconsistent and incomplete, 

making it difficult to accurately derive SHmax. Assuming zero pore pressure in mines and their 

surroundings, as in most of the earlier reports 5,21,79,83-85,96, may result in an overestimation of the 

SHmax, while assuming full hydrostatic pore pressure conditions may lead to underestimation of 

SHmax. In mining areas, the assumption of a generally hydrostatic pore pressure is often 

unjustified due to centuries of mining combined with the extensive dewatering to enable mining 

works. The generally low matrix permeability of Carboniferous rocks 73 suggests that locally full 

hydrostatic pressure may be present already a few meters from the mine opening and outside the 

excavation damage zone (where reduced or near zero pore pressure could prevail, due to the 

fractured character with enhanced permeability). At Haus Aden mine, non-zero pore pressures 

were observed in some of the permeability tests conducted as part of the HF tests (supplement 4) 
3,77. These tests were carried out in galleries distant from active mining. Thus, it is possible that 

these parts of the mines and the surrounding area were not fully dewatered at the time of the 

measurements. In contrast, in the immediate vicinity of the mining levels, the pore pressure is 

reduced to almost zero, especially if the mining activity has been ongoing for already several 

decades. However, no specific pore pressure measurements, such as drill-stem tests, have been 

conducted in these mine boreholes, leaving pore pressure estimates uncertain between zero and 

hydrostatic conditions. 

To address this uncertainty, we used an inverse approach for the two boreholes, B2/H and 

B12/H, which are assumed to be only affected by pore pressure reduction. We set the vertical 

stress to the reference value obtained from density log integration. For correct results we 

included the depth of the Carboniferous surface, obtained from www.geoportal-nrw.de, at the 

measurement sites in the calculations of SV ref. The pore pressure was approximated as the 

difference between the zero pore pressure solution SV (Pp=0) and the reference value SV ref. 

Backward calculations of pore pressure in both boreholes confirmed a decrease in pore pressure 

near to the gallery. In B12/H, the pore pressure was reduced by approx. 75% and persisted up to 

39 m (maximum depth of borehole) from the gallery. In contrast, B2/H showed a smaller 

reduction (57 %) with a significant increase in pore pressure towards the bottom of the borehole, 

approaching nearly hydrostatic conditions (Table S.10). 

This highlights the heterogeneity of pore pressure distribution even within in the same mine, 

emphasizes the uncertainty of calculating SHmax or SV from HF tests without accurate pore 

pressure data. It was found that pore pressure ranges from nearly zero to full hydrostatic. 

Assuming zero pore pressure, the average horizontal stress gradients for the Haus Aden mine and 

Westfalen mine would be SHmax: 25.8 MPa/km, Shmin: 14.65 MPa/km, Pp: 0 MPa/km. Assuming a 

hydrostatic pore pressure gradient of Pp = 10.4 MPa/km, SHmax decreases to 16.1 MPa/km. 

According to supplement 5 the pore pressure reveals much higher uncertainties for the derivation 

of SHmax in comparison to e.g. the reopening pressure.  
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Earlier published studies using mining data of the Haus Aden mine, which report SV = 24.4-26.4 

MPa/km, SHmax = 25.5-35.5 MPa/km, Shmin 13.6-17.3 MPa/km 68 based on 97, and thus a strike 

slip tectonic regime. A more recent publication reported stress gradients of SV: 24.4 MPa/km, 

SHmax: 28.1 MPa/km, Shmin: 14.5 MPa/km 21 based on 72, which is consistent with the findings of 

this study, when assuming zero pore pressure. In this publications pore pressure is either not 

specified 68 or variable. In the original reports, negligible pore pressure was assumed, except for 

Haus Aden B1-B4 (supplement 8). Despite these differences, all studies suggest a strike-slip 

tectonic regime.  

The same strike -slip regime is reported by a study including data from the broader Ruhr area, 

with an reported SV gradient of 23.1 ± 1.3 MPa/km, an Shmin gradient of 16.1 ± 4.3 MPa/km and 

an SHmax gradient of 33.6 ± 9.6 MPa/km 98. The lower average vertical stress results from the 

inclusion of data from the northwest of our study area, where a thicker Cretaceous unit with 

lower density (Supplement 6) overlays the Carboniferous rocks. This study also reports a pore 

pressure gradient of 10.8 ± 1 MPa/km, which is slightly higher than the 10.4 MPa/km determined 

in this study. This, for the results insignificant difference, can be attributed to the broader depth 

range of the analyzed samples. Shallower water typically has lower mineralization than deeper 

sections, which directly affects average fluid densities (Supplement 3). 

In contrast, SHmax magnitudes from the two deep boreholes (Rieth-1 and Natarp-1), differ 

significantly from those deducted within the mines and from published studies, although Shmin 

and SV are within the same range. These data are much more uniform, indicating a normal 

faulting tectonic regime with SV: 24.5 MPa/km, SHmax: 21.0 MPa/km, Shmin: 15.5 MPa/km, 

consistent with previous reports 4,66. The SHmax gradient from the deep boreholes is between the 

gradients obtained in the mine with and without pore pressure, indicating that the pore pressure 

in mines is neither zero nor hydrostatic (Supplement 10).The prevailing normal faulting regime 

in the Eastern Ruhr area is further supported by HF tests in the vicinity of the Cappenberg Fault 

and their interpretation by numerical modelling 87. The observed reduction in stress magnitude in 

the footwall can indicate a prevailing normal faulting tectonic regime in the vicinity of the fault 

but does not support the assumption of a strike slip regime as obtained with mine data and while 

assuming zero pore pressure. 

The state of stress is closely linked to seismicity. A common method for assessing the fault 

reactivation potential, and thus seismicity, is the slip tendency of faults 99. This approach has 

been used in several studies to evaluate the seismic risk of the Ruhr area 21,65,66,100. In studies 

where a strike slip regime was assumed, most of the faults were found to be critically stressed, 

increasing the likelihood of natural seismicity.  

The western Ruhr area may exhibit strike-slip tectonics, as indicated by earthquake focal 

mechanisms demonstrating strike-slip behavior. In contrast, the eastern Ruhr area exhibits low 

levels of natural seismic activity 64. Observed seismic events in this region are primarily linked to 

mining operations 101,102, implying a comparatively less critical stress state. This observation is 

consistent with previous studies that support a normal faulting regime for the region 66. 
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8 Conclusions and Outlook 

We conducted an analysis using different filtering methods to mitigate the effect of stress 

perturbations caused by mine opening and mining operations or extract single effects to get 

additional information e.g. on pore pressure or the tectonic regime. Our analysis reveals 

significant variability in Shmin magnitudes within the mines, whereas more uniform results were 

obtained from two nearby deep boreholes (Rieth-1 and Natarp-1), which are unaffected by stress 

perturbations.  

Independent from lithology our analysis shows that a high degree of rock fracturing 

correlates with lower Shut In pressures because the pressure is not only penetrating the 

impermeable borehole wall but also the fracture surfaces. These data cannot be used to determine 

the regional stress field and must be excluded from further analysis. 

A key finding is that most HF test data from mine levels and galleries do not represent 

the regional stress state. Instead, they are heavily influenced by mine geometry, proximity to 

faults and folds, and the temporal evolution of the mine (undercut mining) and need to be 

excluded for regional stress determinations. 

Pore pressure, crucial for calculating effective magnitudes of SV, Shmin and SHmax, is often 

poorly known in mining environments, introducing substantial uncertainty in determining of 

those stress components, which cannot be measured directly. This uncertainty can lead to an 

altered tectonic stress regime, changing strike slip faulting to normal faulting regime. Because of 

lacking pore pressure information within the mines, we determined the regional stress field based 

on the two deep boreholes, where hydraulic fall-off tests were available (SV: 24.5 MPa/km, SHmax: 

21.0 MPa/km, Shmin: 15.5 MPa/km, Pp: 10.4 MPa/km). 

Our recommendations for the derivation of regional stress from HF data in mines are:  

a) to use only those HF data from locations where pore pressure information is available 

at the time of testing to determine the SHmax magnitude,  

b) to handle HF data measured close to excavations (galleries and mining areas) with 

caution, as they have limited relevance for broader applications, like creating of regional stress 

maps (e.g. the World Stress Map 8), without additional information about the mining process 

(timing, design of the mine),  

c) For HF fracturing in mines and tunnels we suggest applying similar quality ranking 

criteria as used in the WSM for overcoring 6,17,103. This would improve their use as regional 

stress indicators. Such a quality ranking could for example require to have exact borehole 

orientations, orientation of the generated fractures, pore pressures, timing and design of the mine. 

If independent information from deep nearby boreholes is available and confirms the mining 

data, it should be considered in the quality assessment. 
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Highlights 

 Hydraulic fracturing results in mines are affected by stress concentrations.  

 Estimation of regional stress requires knowledge of pore pressure. 

 Ruhr Area is characterized by normal faulting tectonics. 
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