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Abstract
A classic assumption in geophysics is that shear wave polarization and splitting occurs due to stress-aligned structure, previously considered to be stress-aligned microcracks. This structure is now more often considered to be a desirable ‘open’ set of sub-vertical conducting fractures that are also assumed to be parallel or sub-parallel to the maximum horizontal stress. Geomechanics modeling unfortunately demonstrates that unless fractures are rather rough and wall strength rather high, or that there is over-pressure, there are likely to be only very small hydraulic apertures at several kilometers depth. Deep-well measurements demonstrate that fractures that are under differential shear stress are more likely to be water conducting, and those that are principally under normal stress are less likely to be water conducting. In this paper, alternative interpretations of shear-wave polarization directions are examined, including the contribution of two, maybe unequal joint sets, intersected by the major stress, having different stiffnesses and dynamic compliances, and possibly with pre-peak non-linear shear strength and dilation contributions to their enhanced permeability. Shearing induced by reservoir production and compaction is also considered, both as a source of permeability maintenance, and as a potential source of temporal rotation of seismic anisotropy, as recently recorded in 4D seismic at the Ekofisk and Valhall reservoirs in the North Sea. The shear stresses, or the mobilized frictional strength assumed to be acting on sheared joints or minor faults in deep well analyses is very high, such as μ of 0.9, and the possibility of an error, due to application of stress transformation equations that do not include dilation, is therefore addressed. 
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1.   Introduction
1.1 Shear waves for detecting jointing
The use of polarized shear waves, for indicating the presence of aligned and perhaps fluid-conducting structure at depths in petroleum reservoirs, has been a topic of interest for at least 20 years. The classic assumption has been that the aligned structure that causes frequency-dependent shear-wave anisotropy, is usually parallel or sub-parallel to the major stress. 
1.2  Unequal joint sets may be present
In fact it has been shown in an extensive review of the literature [1], that deviation between the assumed major stress and apparent structure, or deviation between the axes of anisotropy and the assumed major stress, may each occur, each being more likely when one is  no longer close to the surface. The reasons might be that more than one set of unequal fractures could be contributing to the anisotropy, and that if these are bisected by the major stress, permeability at depth could also be more easily explained, due to the shear stress actually causing slight, but desirable, dilation. 

    The need for this alternative explanation is due to the difficulty of explaining ‘open’ fractures at depth: joints or fractures are likely to be held ‘closed’ by a minimum effective normal stress of ten’s of MPa. However, mineral-bridging, or joints with rough surfaces in hard rock are possible alternative explanations of ‘open’ features at depth.
1.3 Geomechanical modelling and testing 
Parametric studies of typical reservoir rocks and
joints, using appropriate depths, with variation of both wall strength JCS and roughness JRC, give predictions of very small conducting apertures. These apertures are of a few micron or less in magnitude, when modelling closure by an assumed σh min of for example 20 to 40 MPa, unless joint roughness and strength are both unusually high.

     Available data from a laboratory coupled-stress-flow-test (CSFT) apparatus, and from an in situ block test, each including heating, also confirm the extremely small apertures of interlocked joints, unless rough and of high strength, or with mineral bridging. An added hindrance to the desired ‘open’ joints or fractures in reservoirs, is that higher temperatures alone cause smaller apertures than those we tend to test or model at ambient temperature [2].
2. Deep well evidence conflicts with geophysics
Conducting, ‘open’ joints, fractures or microcracks parallel to the classic direction of maximum horizontal stress σH are commonly referred to in the geophysics literature. In a remarkable number of these studies, stress-aligned microcracks are automatically assumed to be the source of shear-wave polarization. Fractured reservoirs, being biased samples of the ‘near-surface’, may indicate a supplementary anisotropy, due to a set of open fractures, again with conventional interpretation. These are also assumed to be stress-aligned.    

     Yet deep-well monitoring shows fracture sets that are under shear stress as the significant conductors, such as a conjugate pair either parallel to, or intersected by, the maximum horizontal stress.  Measurements in deep wells in hard crystalline rocks reported during the last 10-15 years, do not show single sets of ‘open’ conducting fractures parallel to the ‘classic’ direction of σH.

     The steeply dipping fractures that are conductors in deep wells are found to be consistently in conjugate directions. They may strike parallel to the ‘classic’ σH direction, but are acted on by shear stress due to the inequality of σV and σh acting perpendicular to their strike, as demonstrated in references [3] and [4]. 
    The non-conducting fractures in these deep wells are presumably held ‘closed’ by the resultant normal stress, which would be consistent with geomechanics modelling, unless fracture roughness and rock wall strength, and therefore also apertures are larger. Mobilized friction coefficients μ of mostly 0.5 to 0.9 have been interpreted in the case of numerous deep wells with such conducting fractures. 
     This mechanism of shear, whether pre-peak or post peak, may also occur in a down-dip sense, perpendicular to strike, due to matrix compaction in weak porous reservoir rocks such as chalk, as demonstrated in distinct element (discontinuum) modelling [5]. Here the conjugate fracturing is due to the domal or anticlinal structures, typical of reservoirs like Ekofisk and Valhall. This will be illustrated by means of modelling later in this paper.
     In both these cases the normal and shear compliance of both sets will be contributing to the ‘stress aligned’ axis of maximum shear-velocity VS1, and to the strength of the anisotropy. The shear wave splitting will therefore also be sensitive to fluid type as both normal and shear compliances are mobilized. Unequal contributions due to one dominant set may be the source of 4D rotations of anisotropy and attenuation axes. The detailed geomechanics within individual non-planar fracture planes may be contributory here [1].
     A question naturally arises from Figure 1 in the context of this introduction. Are there two sets or one set of fractures causing the registered anisotropy from shear-wave polarization? A significant number of fractured reservoir cases in fact seem to be showing as much as 20º to 40º rotations of the polarization fast axes of qS1 or VS1  relative to interpreted  σH directions. This is possibly because more than one set of fractures is present, as expected in most rock masses, but mostly ignored in traditional geophysics literature. It may also be due to the logic that fractures under shear stress are usually by far the best conductors, both from geomechanics principles, and from the actual deep well measurements referred to earlier.

     At the recent 12th IWSA in Beijing, numerous examples were presented of fast shear-wave rosettes from earthquake studies, such as in the Fujian district of China in reference [6], and from the Beijing capital area in reference [7]. The shear-wave polarization rosettes the authors presented, actually resemble the symmetries seen in structural geology fracture-set rosettes. The same has been seen in the Iceland data published numerous times by Crampin and his co-authors, but mysteriously interpreted by them only as stress-aligned microcracks. 
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Fig.1. The conventional interpretation of shear-wave polarization in geophysics, with the fast axis assumed to be caused by only one set of major-stress-aligned fractures or by one alignment of microcracks [8].
     As shown by [9], shear-wave anisotropy may  be caused by preferential closure of fracture sets that are not aligned with σH, and of course by the potential ‘openness’ of the set that is major-stress aligned. There seems to be limited reason to always assume that microcracks are involved, when there is such a lot of tectonic structure (joint or fracture sets) that may be bisected by σh, or by σH.

     The fast shear wave may indeed be interpreted, conventionally, as parallel to a single set of fractures, when the reality may be that it is composed of two fracture-set components. The two sets are quite likely to have different frequencies, and their roughness and wall strength (JRC and JCS: see box 1), may also be different. This unequal two-set system, could be good reason for a non-parallel-to-stress seismic anisotropy axis. One could take this a stage further and suggest that if the minor or major stress was bisecting these two sets, and if shear stress was involved due to anisotropic 3D stress, production could also cause temporal rotation of the anisotropy axes, and even temporal rotation of the attenuation axes in repeated 4D seismic.
	JRC (joint roughness coefficient)

A dimensionless number that ranges from 0 to about 20 as the surface roughness of the joint (or fracture) surface increases from smooth-planar, to rough-undulating. Can be estimated from simple roughness profiles (see later) or back-calculated from self-weight tilt-tests, or from shear-tests, using two pieces of core containing the natural fracture. 

JCS (joint wall compression strength)

A number with units of e.g. MPa, representing the strength of the opposing walls of natural joints or fractures. In the case of weathered or altered joint walls, JCS may be much lower than the uniaxial compression strength of the rock (σc or UCS). It is registered by a simple index test (Schmidt hammer) performed on the clamped core piece.

These parameters, developed in reference [10], are needed to estimate shear strength, dilation during shear, shear stiffness, normal stiffness, and the coupling of the changing physical aperture with the hydraulic-aperture based permeability, following  the Barton and Bandis joint model. [11].
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Fig. 2. Top: A minerally-sealed example from SW-England demonstrates the possible dominance of one fracture set. Bottom: Shear-wave splitting when the incident waves are no longer split by vertical fracturing [12]. Here the polarized-by-structure shear wave components qS1 (fast) and qS2 (slow), depend on both the shear and normal compliances (the inverse of dynamic stiffness), since the incident angles are no longer parallel to the fractures. The conjugate pair of dipping fracture (or joint) sets are typical of domal / anticlinal reservoirs (e.g. Ekofisk, Valhall), as shown later.
     A useful summary of azimuthal trends from water-flood fracture and fault data by [13], and local micro- and macro-fracture data from a single rock type from East Texas, are  shown in Figure 3. One may reasonably speculate that the orientation of the maximum horizontal stress corresponds to that of the microcracks in the East Texas well data. That being so, the ‘symmetric’ range of strikes for the macro-fractures means they are conjugate sets and could possibly also be under some shear stress, perhaps with extra good conductivity as a result. In fact according to the deep well data cited earlier, they would need to be under shear stress, unless the limestone was sufficiently strong, the roughness of the fractures significant, or that the fractures had mineral bridging from an earlier, incomplete mineralization process.
     Near-surface evidence from civil engineering, for the approximate ‘line-up’ of dominant structure, major horizontal stress, permeability and maximum P-wave velocity, can be deduced from the literature [1]. This near-surface experience has also been repeated in near-surface oil-well investigations, as suggested from the upper 30 m of data from the Conoco borehole experiments in fractured limestones.
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Fig. 3. Top.: Rosette data interpreted from water-flooding, for fractured reservoirs (33) from [13], suggest the possibility of frequent contributions to flow from ’conjugate’ sets. Bottom: East Texas well data for microfractures and macrofractures in limestones, from [14].
     However, at greater depth in the same Conoco well, there was deviation of observed fracturing azimuth from the shear-wave polarization resultant azimuth [15]. This seems to be one of many indications that shear waves may split in response to the relative strength of multiple sets of fractures or joints, which differs dramatically from the traditional geophysics interpretation of one set.
3. Joint shearing from reservoir compaction
Despite the growing interest in fractured reservoirs, seemingly worldwide, the exploratory wells are nearly always vertical and the target structures often vertical or sub-vertical as well. As a consequence, cores and well-logs may give little direct information about the fractures. A fortunate exception is the conjugate fracturing found in anticlinal or domal structures, where samples of both the oppositely-dipping joint or fracture sets cannot be avoided when taking core from the reservoir, for porosity determination. 

     During the big drive to understand compaction and subsidence mechanisms at the huge offshore Ekofisk field in the North Sea, when these effects were finally registered in the mid-eighties, both the expected continuum modelling, and a more ‘unconventional’ discontinuum approach were followed. 
     In the discontinuum approach, discrete modelling of the fractures in the deformable chalk was performed at ‘block-scale’. In the 400 km3 of overburden, the modelled discontinua were of necessity, orders of magnitudes larger, such as sedimentary rock boundaries and assumed major vertical structure. These models contrasted greatly with the very large continuum models requisitioned by the operator Phillips Petroleum Co.. Many scales and modes of modelling have their place of course, and ‘reality’ was modelled to differing degrees.

     What was discovered from the discontinuum modelling performed so long ago seems in retrospect to have direct application to current 4D interpretation, since there is now evidence of anisotropy-axis and even attenuation-axis rotations. At apparent large scale, stretch in a discontinuous subsiding overburden may be the source of a rotating anisotropy, not because of stress or strain from the continuum world of modelling, but because of intra-bed fractures and faulting that may be anisotropically distributed. Discontinuities must surely be the reality in an overburden that may be up to hundreds of km3 in volume (The far-reaching influence of discontinuities on seismic response at many scales in numerous earth-science fields, is reviewed in [1]).

    The small-scale modelling of Ekofisk chalk 
rock-block-behaviour, following detailed characterization and testing of core with fractures, indicated down-dip shearing with dominance of one of the conjugate sets, as illustrated in Figures 4 a and b. 
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Fig. 4. Distinct element UDEC-BB modelling of joint shearing despite 1-D compaction constraints [5]. The ‘flags’ represent joint shearing magnitudes.
The shearing occured even in 1D compaction with roller-boundaries, due to the matrix shrinkage caused by the 40 % porosity matrix, and the modelled pore-pressure reduction of 20 MPa, caused by production. This increased to about 24 MPa before it was controlled by water-injection. ‘Flags’ in the lower diagram indicate maximum shear displacements of 4 mm. Later modelling at NGI by Gutierrez with the maximum 24 MPa draw-down, gave shear displacements up to 10 mm, obviously post-peak-strength, giving significant permeability-maintaining dilation. See reference [1]. 

     The operator Phillips’ core-logging geologists detected slickensides on conjugate  fracture sets, when drilling new holes during the late 1980’s pressure maintenance project, acheived using injected seawater. 
     Significantly, slickensides had apparently not been detected during exploration of the Ekofisk field in the late 1960’s. This numerical-model evidence for shearing was not at first believed outside NGI. Some years later, authors of reference [16] mention Ekofisk exhibiting: ‘Shear fracture micro-seismicity, possibly indicating that subsidence is caused by a combination of pore collapse and shear sliding’.

4. Modelling apertures that are a function of surface roughness
The surface roughness of joints or fractures is known from numerous studies in rock mechanics to be an important contributor to stiffness and to the stress-dependent hydraulic aperture, e.g. [17]. Nevertheless, it is actually difficult to model sufficient hydraulic apertures (e) to satisfy the ‘open fractures’ concept at several kilometres depth in a petroleum reservoir. The assumed stress-parallel joints or natural fractures may be acted on by an effective normal stress, i.e. σh, as high as 20 to 50 MPa. This must be expected to close (unsheared) joints to extremely tight or almost non-existent apertures.
Unless the rock is very strong with high joint wall compressive strength (JCS: maximum range
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Fig. 5. Normal closure cycles for consolidating fractures, using the Barton-Bandis model of [17]. Top: A nearly planar fracture (JRC = 5) in a weaker 25 MPa rock. Bottom: A rougher fracture (JRC = 10) in a stronger 50 MPa rock There is a huge difference  in conducting apertures (e) that can be derived, via JRC, from the larger physical apertures (E) shown modelled. In approximate terms E = (e.JRC2.5)0.5 for E ≥ e, with apertures expressed in μm. A slightly modified equation is used when shear-produced gouge is involved, causing a reduced effect from a given dilation [1].
of  e.g. 20 to 200 MPa), and unless the joint or fracture surfaces are quite rough, with high joint roughness coefficient (JRC: maximum range of e.g. 0 to 20), the traditionally expected ‘open’ fractures parallel to σ H max may be hard to justify from a geomechanics viewpoint, as emphasised by 1D modelling in [1]. However, various categories of mineralized fractures have been described by [18]. The single, stress-parallel fracture set obviously becomes more logical, if 
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Fig. 6. Shear-dilation-permeability modelling (under constant normal stress), using the Barton-Bandis model and the same fracture characterization data as in Fig. 5. This constant normal stress of course gives an exaggerated dilation compared to confined conditions. Shearing, as modelled, causes orders of magnitude increases in fracture permeability, most for the tightest of the above fractures. In UDEC-BB modelling, the increasing stress with dilation causes a reduced effect. Advantages of shearing are clear[1].
there is partial mineral bridging maintaining some local channel apertures.
5. Geophysics compliances and rock mechanics stiffnesses show some common trends in normal closure direction
The pseudo-static stiffnesses Kn and Ks have been used now for 40 years for modelling of structures like tunnels and rock slopes in rock mechanics, firstly in FEM with joint or fracture elements. Since 1985 these fracture stiffnesses have been used in non-linear and scale-dependent forms in distinct element models like UDEC-BB. In the normal-loading sense, similar magnitudes of the pseudo-static stiffness Kn and its inverted dynamic neighbour BN  have been documented for the case of single fractures [1].  
     Numerous experimental studies reviewed in [1], such as [19] and [20], indicate that the overall range of reported data for Kn and BN suggests that Kn(static) ≈ 1/ BN (dynamic) in this stiffest of loading directions, despite the huge differences in displacement between the dynamic and static case. This may be due to ‘traversing’ the same stress-displacement curves, over widely differing increments [1]. 
     Typical ‘complex’ geophysics units of 10-13 m.Pa-1 for compliance, convert to a more simply understood 10 MPa/micron stiffness, in the inverted and pseudo-static world of rock mechanics. However, the strong stress-dependence, probably of both parameters, needs to be considered, as illustrated in Figure 7, for the pseudo-static case. The most typical, broad-brush ranges for these normal compliance and pseudo-static stiffness terms are 10-12 to10-14 m.Pa-1 and 1000 to 100,000 MPa/mm (1 to 100 MPa per micron). Lower, near-surface values of Kn in weathered rock are however common, as documented by [20].
    There is accelerating interest in the potential magnitudes of these shear and normal fracture compliances, because they dictate the strength of shear wave anisotropy, the degree of attenuation, and even the interpretation of fluid type in the case of shear waves that are not propagated in perpendicular or parallel directions relative to fracturing, as illustrated in Figure 2. 

    More recently, [12] and [21] considered the relative effects of fluid type on the likely ratios of the averaged normal and shear compliances BN and BT concerning the contribution of individual fractures in a fractured network of dipping fractures. In a recent article, [22] contrasted the ratio of the collective group compliances ZN / ZT for the case of micro-fractures caused by rough core-plug extraction-damage, with the less rough thermally-induced microcracks that they generated by heating the cores.

     In the shearing direction, involving an entirely different mechanism from normal closure (unless roughness is extreme), the pseudo-static inequality of Kn >> Ks is well known, and may 
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Fig. 7. Psuedo-static normal stiffness of some laboratory-scale natural fractures, showing strong stress dependence. Note stiffening behaviour when well consolidated after two previous load-unload cycles [20]. At high stress and if rock is unweathered, 1/Kn ≈ BN., while at low stress, and if fractures are weathered, there is clearly a large mismatch of Kn and 1/BN.  
range from about 10 to 100, depending on normal stress-level and the character of the fractures. Reference to Figure 8 can be used to emphasise the different mechanism involved.
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Fig. 8. Top: An example of a rough-walled Ekofisk fracture, one of many that were characterized for roughness (JRC) and wall strength (JCS) prior to the compaction modelling shown in Figure 4 [8]. Fractures like this one were also subjected to stress-closure cycling, and to shear testing, with and without fluids (oil and carbonate-equilibrated sea water). Bottom: The reconstructed shear-dilation behaviour is for illustration only. Note the black ‘overlapped’ areas which would result in crushed asperities and gouge, which would alter normal stiffness Kn and presumably normal compliance BN as well. 
     Even a rough fracture when displaced in shear, is deforming in its ‘soft’ vulnerable direction, one that leads to ultimate failure in rock engineering. In the case of larger pseudo-static (non-dynamic) loading, dilation, damage and gouge production would result (dark over-lapped areas, Fig. 8).
      This shearing fracture also shows ‘opposite rotation’ of the ‘open’ and ‘contacting elements in the fracture plane. It is surmised in [1] that this might be one source of added 4D seismic response. Perhaps the fluid ‘lenses’ whose average planes ‘rotate’ with shear, cause 4D effects due to rotation of the shear-wave polarization direction? The same argument and question can be addressed to the ‘rotating’ contacting zones. (See Figure 10 for further vizualization of these open (‘O’) and rock-contact (‘R’) elements). 
6. Importance of  roughness JRC emphasised
In view of the importance of joint (or fracture) roughness, now also recognised in geophysics, and used for many years in the more ‘fracture-visible’ field of rock mechanics, the scheme of roughness characterization (JRC) that is often used as a guide in rock engineering projects, is illustrated in Figure 9. As can easily be imagined, the exaggerated shearing model for conjugate jointing seen in Figure 10, will be greatly affected by the relative magnitude of the ‘joint roughness coefficient’ JRC. Reservoir compaction, and coupled permeability effects during production, will therefore rely on JRC, unless the rock is rather weak, when JCS  and φr will dominate instead.
     Of course there prove to be complications of scale effects, which have been easier to resolve in ‘hands-on’ rock engineering than in geophysics, where great uncertainty remains. It has been found that the natural block-size, as defined by cross-joint spacing, determines the magnitude of JRC. This can be derived by back-analysis of shear tests of different size, by inverting the non-linear peak shear strength criterion (equation 1) of [10] given below. In the Barton-Bandis model, empirical expressions are also available for estimating the reduction of JRC and JCS with increased rock-block size, see [23].
τ = σn’ tan [ JRC log(JCS/σn’) + φr ]               (1)                                                                                                  
where τ is the peak shear strength, σn’ is the effective normal stress, φr is the residual friction angle, and JRC and  JCS were defined earlier (see box).
  
[image: image15]
Fig. 9. Standard set of 100 mm long natural fracture (=joint) roughness profiles, with corresponding ranges of JRC, from [10]. Values of JRC for fractures with the smoothest 4 or 5 profiles can be measured using self-weight tilt tests, otherwise direct shear tests are required when too rough for tilt-testing. JRC (together with JCS) has many uses in rock mechanics, and would now seem to be useful in 4D seismic  interpretation. Uses include estimation of shear strength, shear stiffness, normal stiffness, estimation of physical aperture with the effect of dilation when shearing, and final conversion of physical aperture to hydraulic aperture for permeability estimation.
     The net result of these scale effects is that the pseudo-static shear stiffness Ks, that we would like to compare with the (dynamic) shear compliance BT, proves to be doubly scale dependent, as the displacement to peak, δpeak is also block-size dependent. In rock engineering, Ks is simply defined as τ/ δpeak. Examples of Ks estimation are described in [1]. Figure 11 shows 
a set of predicted Ks behaviour, as a function of 
both block-size and normal stress.
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Fig. 10. The unequal conjugate shear mechanism that could explain 4D rotation of anisotropy and attenuation. Note the opposite ‘rotations’ of open lenses (‘O’) and contacting rock (‘R’), [1]. Deep reservoir and crustal permeability may depend on such mechanisms, with roughness/waviness clearly exaggerated here, for clarity.
These rather low values of pseudo-static shear stiffness, can be compared with a recent compilation of compliances given by reference [26], shown in Figure 12. 
     It appears that shear compliance at large scale can be close to pseudo-static shear stiffness data for large block sizes, following inversion. This is despite huge differences in displacement magnitudes between the dynamic and static cases. 
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Fig. 11. Psuedo-static shear stiffness Ks extrapolations to different block-sizes, using the Barton-Bandis model, showing strong scale-effect and normal stress sensitivity. [25], [1].
Since ratios of Kn/Ks can be very large, perhaps ratios of BN / BT  may be correspondingly very small, at in situ scale. Most existing data is at laboratory scale.

[image: image18]
Fig. 12. Laboratory studies of the dynamic compliances BT and BN  of artificial fractures in two limestones, as a function of normal stress (here termed Ks and Kn dynamic), modified from [25].
7. Enhanced permeability and resistance of shear stress
A significant earth-science contribution by the University of Stanford [3], from deep-well monitoring and analyses is shown in Figure 13. These authors have demonstrated significant hydraulic conductivity variation, for the case of  joints or fractures that are under differential shear stress, compared to those that are principally under normal stress and insignificant shear stress, due to their different orientations.

     However one finds that the conducting ‘fractures’ with μ in the range 0.6 to 1.0, require typical to high ranges of both JRCn and JCSn when using non-linear Barton-Bandis shear strength dilation and aperture interpretation, in place of the linear Byerlee μ = 0.6 to 1.0 assumption used by these authors for the shear strength of ‘faulting’.
    This means that a full-scale roughness as high as 10, and full scale confined rock strengths (σ1-σ3) as high as 200 to 600 MPa or more, are needed to explain this higher range of resisted 
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Fig. 13.  Mohr stress representation of Cajon Pass fractures and their conducting or non-conducting orientations, depending on resisted shear stress [3].

τ/σn′ loading. The subscripts on the index parameters signify in situ scale roughness. and strength, with block sizes Ln of perhaps 0.25 to 2.5 m [1].

     It is actually very difficult to model μ as high as 1.0 in situ, in jointed or fractured rock at kilometre depths, but easy when near-surface, due to the non-linear shear strength. The significant strength differences exhibited also in Figure 14, can perhaps be better explained as non-linear phenomena, than by reference to the linear Byerlee ‘law’ assumptions.

     The joints or fractures must be pre-peak or close to   peak strength to have sufficient strength to develop the implied mobilized friction angles as high as 45º. At the same time they must be sufficiently pre-peak (even post-peak?) dilated to be conducting. ‘Fractures’ that are resisting only the lower μ range of 0.4 to 0.6 in a ‘critical earth’ scenario, are more likely to have the character of minor faults or have larger block sizes or some clay smear.
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Fig. 14. Maximum versus minimum effective stress from the interpreted stress levels on conducting fractures in deep wells. [26].

8.  Non-coaxial stress and strain
A related question concerning these apparently resisted shear stress levels is the ‘classic’ assumption of co-axial stress and strain (or displacement) in the standard stress-transformation equations. This assumption, and therefore the transformation equations themselves, seem to be in error if the joints or fractures or new fault surfaces are non-planar and therefore potentially dilatant. 

     Since shear displacement is implied when specifying shear strength, or specifying a resisted value of τ/σn′ = μ, then some slight dilation has inevitably also occurred at the highest range of (the apparently mobilized) μ of about 0.7 to 1.0, which correspond to the above authors’ observations of good conducting potential, since under significant shear stress.
The likely mobilized dilation angle dn mob estimated from the JRCmobilized concept [25], needs to be added to the angle β used to define the joint of fracture orientation in relation to the major principal stress direction σ1. The addition of the dilation as sin 2(β+ dn mob) and cos 2(β+ dn mob) in the classic shear and normal stress transformation equations given below, helped to explain the unexpected difficulty of shearing experienced with 1m3 jointed biaxial samples. These modified equations might also explain the (possibly erroneous) high end of the interpreted values of in situ μ from deep well analyses.
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Conclusions
1. Shear-wave splitting is conventionally thought to be caused by stress-aligned open micro-cracks, and/or by a set of stress aligned vertical fractures in an NFR (naturally fractured reservoir) context. There are other possibilities if two conjugate sets are present and each are under shear stress, for which there can be several scenarios.

2. This ‘fractures-under-shear-stress model, certainly true in the case of domal or anticlinal  NFR, is more consistent with geomechanics principles (and deep-well measurements)  that indicate clearly that fractures under shear stress are better conductors of fluids.

3. Newly developed slickensides identified many years after exploration are evidence for such a shear-with-production mechanism at Ekofisk, and were discretely modelled, yet hardly believed, prior to recognition as production-related slickensiding.
4. If one of the shearing fracture sets is dominant, and with different strike, it would probably give detectable 4D seismic effects, such as rotation of both anisotropy and attenuation axes. Opening intra-bed fractures in subsiding overburdens could cause similar 4D rotation effects, if one set was dominant, as is usual.

5. Dynamic normal compliance BN is of similar magnitude, when inverted, to the pseudo-static normal stiffness Kn that is much researched in rock mechanics. The dynamic shear compliance BT  may be strongly scale-dependent, perhaps partly following the better known scale-effect trends for the pseudo-static shear stiffness Ks.

6. The shear resistances of permeable fracture sets that are under shear stress, are non-linear functions of effective normal stress. Wall roughness, rock strength, pre-peak dilation, and correct stress transformation, have each to be considered when back-analysing resisted μ.
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