
1. INTRODUCTION 

As noted by Sondergeld & Rai [1] "shales are now 

universally recognized as being anisotropic." Knowledge 

of shale anisotropy has been significantly advanced by 

the geophysics community through the need for 

understanding seismic wave propagation (incorporating 

anisotropy into migration algorithms allows for proper 

positioning of reflectors, [2]) such that the majority of 

experimental and theoretical investigations have focused 

on the elastic properties of shales (e.g. [3], [4]). The 

elastic anisotropy of many shales encountered in the 

subsurface can be described, to a good approximation, as 

being transversely isotropic with a vertical axis of 

rotational symmetry [5]. Such vertical transversely 

isotropic "VTI" media possess 5 independent elastic 

stiffnesses and 3 anisotropy parameters denoted by "", 

"" and "" [6] where "" and "" have a simple 

interpretation in terms of the wave velocities for 

propagation parallel and perpendicular to the symmetry 

axis. A compilation of over 150 shale anisotropy 

experiments [1] indicate that most measured ""and "" 

magnitudes are greater than 10% and can approach 50-

60% indicating that elastic anisotropy in shales is 

"strong."  

The origin of elastic/seismic anisotropy in shales is non-

unique and has been attributed to a multiplicity of 

factors [7] including "intrinsic" texture associated with 

single crystal properties and the preferred orientation of  

 

clay mineral platelets resulting from slow sedimentation 

[8] augmented with microcracks [9] and stress-induced 

anisotropy [10]. This pattern is modified during 

compaction and diagenesis [11].  During compaction 

shale density increases and clay particles become 

progressively more aligned suggesting that shale density 

and anisotropy should be positively correlated. However 

experimental evidence indicating that anisotropy 

increases with organic matter content [12] would 

produce an effect opposite to compaction as density and 

particle alignment decrease with increasing organics. 

By comparison with the relatively advanced 

understanding of elastic anisotropy in shales, research 

into shale strength anisotropy has received much less 

attention. This observation may partly reflect the fact 

that many more test samples are required to quantify 

strength as opposed to elastic anisotropy (see discussion 

in Section 3). Nevertheless, numerous experimental 

studies have sought to investigate the mechanical 

behavior of rocks with strong planar geologic fabrics 

including: slate [13], [14], [15]; schist and gneiss [16], 

[17], [18]; shale and mudstone [13], [19], [20], [21], 

[22], [23]; siltstone [24]; sandstone [20]; limestone [25]; 

and coal [26].  While strength anisotropy has importance 

in structural geology as frictional slip along relatively 

weak bedding planes contributes to the deformation of 

layered rocks [27] interest in shale strength anisotropy 

has resulted primarily from a desire to understand 
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ABSTRACT: Significant strength anisotropy associated with weak bedding laminations can lead to wellbore instability issues 
when drilling inclined wells through shale formations. We have compiled a database of ≈400 orientated triaxial compression tests 
in 14 lithologies (mainly argillaceous shales and calcareous marls) to quantify the magnitude of strength anisotropy likely to be 
encountered in situ. All data is analyzed using both discontinuous single plane of weakness and continuously variable strength 
models. Anisotropy is primarily found to result from a systematic dependency of cohesive strength on orientation angle compared 
with the more random variation of internal friction which is most likely due to material inhomogeneity. Cohesive strength 
reduction (shearing through versus shearing along weak laminations) ranges from ≈20–80% depending on lithology. From our 
database analyses we observe systematically higher reduction (hence greater anisotropy) in the weaker fine-grained rocks.   

 

 
 



wellbore failure mechanisms associated with drilling 

through shales. Although elastic anisotropy in shales can 

impact wellbore failure through the redistribution of 

borehole stresses, analytical studies have shown that 

strength anisotropy has a more important control [28]. 

This effect is particularly pronounced for extended reach 

drilling where the borehole trajectory can achieve near-

parallelism with weak bedding planes (shown 

schematically in Fig. 1).   

 

Fig. 1. Near-wellbore stresses with respect to shale anisotropy 

in a horizontal wellbore. 

If the attack angle is low (≈70-90
o
 borehole inclination 

through a formation with ≈0
o
 dip angle) interaction 

between the borehole hoop stress "" and the 

anisotropic formation can result in oblique loading of the 

relatively weak bedding laminations leading to 

premature shear failure. This failure mechanism is often 

wrongly attributed to the invasion of drilling fluids into 

micro-fractures along bedding planes [29]. Depending 

on the relative magnitudes of anisotropic rock strength 

and borehole stress concentration, breakouts may occur 

at "unexpected" positions around the borehole different 

from those conventionally found in isotropic rock [30]. 

Geographically-diverse examples of anisotropic rock 

strength models being used to optimize drilling 

programs include: Gulf of Mexico [31], [32]; Canada 

[33], [34]; Venezuela and Colombia [35]; and the UK 

continental shelf [36].   

In this study we aim to address two basic questions 

relating to the anisotropic strength of shales: 

 What is the relative magnitude of strength 

anisotropy (shearing along versus shearing 

through weak bedding laminations) likely to be 

encountered in shale formations? 

 Can strength anisotropy be estimated from 

conventional strength measurements in which 

laminations are orientated perpendicular to the 

direction of maximum compressive stress? 

  

2. ANISOTROPIC STRENGTH THEORY 

Numerous strength criteria have been proposed to 

capture the deformation behavior of anisotropic rocks 

under different loading conditions. Duveau et al [37] 

summarize many of these criteria and categorize them 

into distinct groups. The first includes discontinuous 

criteria such as the single plane of weakness "SPW" 

theory that we examine here (Jaeger [38]).  In criteria of 

this form there is a distinction between failure on a weak 

plane (such as a bedding or lamination plane) and failure 

of the bulk material (where the failure surface cuts 

through planes of weakness).  With this theory the 

strength of the rock is uniform with respect to 

orientation if the failure does not occur on a weak plane 

and variable if it does.  Other discontinuous criteria 

include that of Walsh and Brace [39] which is a 

modification of Griffith theory in which anisotropy is 

assumed to be the result of a preferred orientation of 

cracks in the rock.  

Another category of failure criteria includes those 

models which describe a continuous variation in strength 

with orientation such as Jaeger’s [38] variable cohesive 

strength "VCS" theory which we examine here. For 

continuous models there is no implicit distinction 

between failure on a weak plane and failure of the bulk 

material.  Starting from a strength value at bedding 

oriented perpendicular to loading, as the orientation of 

the planar anisotropy increases the strength gradually 

decreases until a distinct minimum is reached followed 

by strength recovery. Based on the shape of such 

strength versus orientation angle curves Ramamurthy 

[40] classified anisotropic response into 3 groups: U-

type anisotropy; shoulder-type anisotropy; undulatory-

type anisotropy. Other examples of empirical continuous 

models for shear failure of anisotropic rocks include 

those of Ramamurthy et al. [41] and Hoek & Brown 

[42]. Continuous models can be further subdivided into 

those that are an empirical fit to the variation of strength 

with orientation (such as the "VCS" model) and those 

with a yield criterion based on a mathematical 

formulation (such as a strength tensor). The yield 

criterion of Pariseau [43] is an example of the latter that 

allows for anisotropy and pressure dependence via 

coefficients that depend on the strength of the material in 

different orientations. Additional models have been 

developed such as the soft rock model of Crook et al 

[44] which is a modified form of the Cam Clay material 

model to allow for elastic-plastic deformation in 

transversely isotropic materials such as shales.  In this 

formulation a modified stress state is determined based 

on the anisotropic properties and used to evaluate yield 

and plastic-flow characteristics.  

In addition to the "SPW" theory we consider the original 

continuous "VCS" model of Jaeger and a modified 

version to empirically fit experimental strength data. The 



original "VCS" model assumes that cohesive strength 

variation w.r.t. the orientation of planar features can be 

fit with a periodic cosine function and that the friction 

angle is constant w.r.t. orientation.  McLamore & Gray  

[13] expanded upon this model by postulating  additional 

periodic variation in friction angle with orientation and 

allowing both cohesion and friction angle to have  

dependence on a cosine function raised to a power.  We 

do not utilize the McLamore & Gray adaptation but 

instead implement a modified "VCS" model that 

assumes a constant coefficient of friction and a third-

order polynomial fit to cohesive strength variation w.r.t. 

orientation angle (rather than a cosine) to better 

reproduce the range in observed experimental behavior.  

 

3. ANISOTROPIC STRENGTH DATABASE 

The most common approach for characterizing elastic 

anisotropy in shales is to assume a symmetry axis, 

extract oriented plugs, and measure the phase velocities 

corresponding to specific elastic constants [1]. As shown 

in Fig. 2(a) for the assumption of "VTI" symmetry this 

requires plugging in horizontal, vertical, and 45
o
 

directions with respect to bedding in order to determine 

the five required elastic constants. 

 

 

 

 

 

 

(a) 

(b) 

Fig. 2. Orientated core plug requirements for characterizing: 

(a) elastic anisotropy; (b) strength anisotropy in shales. 

As illustrated in Fig. 2(b) experimental studies designed 

to quantify continuous variation in strength with 

orientation angle "" (defined as the angle between the 

normal to the planar layering and the direction of 

maximum compressive stress "") have most often 

utilized plugs cored in 15
o
 increments from the vertical 

( =0
o
) to the horizontal (=90

o
) direction such that a 

total of 7 core plugs are required for each lithology. As 

multiple additional plugs are also necessary for each 

orientation angle in order to determine strengthening 

associated with elevated confining pressure "" it is 

apparent that complete characterization of strength 

anisotropy can require an order of magnitude more core 

tests than equivalent characterization of elastic 

anisotropy.  

To investigate the potential range in magnitude of 

strength anisotropy exhibited by diverse shale 

formations we have conducted an extensive 

experimental program of orientated triaxial compression 

testing on 7 individual lithologies (3 top seal shales, 3 

intra-reservoir shales and 1 outcrop shale). To augment 

this database we have incorporated equivalent data 

sourced from the public domain, including: (i) lean 

(≈84liters per metric ton) and rich (≈165liters per metric 

ton) Green River Formation oil shale composed of fine-

grained calcite and dolomite laminations interlayered 

with organic kerogen, (McLamore & Gray [13]); (ii) 

upper Toarcian Tournemire massive shale, (Niandou et 

al [19]); (iii) Carboniferous laminated silty mudstone, 

(Attewell & Farmer [23]). These 11 shale lithotypes can 

be broadly subdivided into argillaceous shales (varying 

amounts of clay minerals and silt-size quartz) versus 

calcareous shales or "marls" (varying amounts of clay 

and carbonate minerals). For comparative purposes we 

also analyze: (i) a Lower Devonian laminated dolomitic 

limestone composed of 0.25-1mm thick laminae of 

calcite pellets (with interstitial sparry calcite and 

scattered dolomite rhombs) and up to 10% nearly pure 

sparry dolomite laminae, (McGill & Raney [25]); (ii) a 

Pennsylvanian Age fine-grained, highly cemented 

sandstone, (Chenevert & Gatlin [20]); (iii) a dull 

bituminous coal with well-defined bedding planes and 2 

orthogonal cleat directions, (Pomeroy et al [26]).  

A summary of all 14 database lithologies (combined 

total of ≈400 triaxial compression tests) including Mohr-

Coulomb strength parameters (cohesion "" and 

internal friction angle "") measured perpendicular to 

bedding ( =0
o
) is given in Table 1. We use the outcrop 

shale (#8 in Table 1) tested in-house to illustrate typical 

variation in observed peak strength as a function of 

orientation angle. In Fig. 3 complete stress difference (1 

– 3) versus (axial and radial) strain curves are shown 

for 35 triaxial compression tests (5 confining pressures, 

3.45 ≤ ≤  68.9MPa) in which orientation angle varies 

in 15
o
 increments in the range 0

o 
≤ ≤ 90

o
. Peak 

strengths at equivalent confining pressures appear 

consistently lower for = 45
o
 and 60

o
 orientation angles 

compared with other orientations. Post-test sample 

photographs (Fig. 4) suggest that these strength minima 

correlate with orientation angles for which induced shear 

fractures exhibit alignment with the plane of intrinsic 

anisotropy representing the orientation angles most 

favorable for failure.   



            

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3. Complete stress versus strain curves for orientated triaxial compression testing of outcrop shale (#8). 35 tests for 7x 

orientation angles in the range 0
o 
≤ ≤ 90

o
 (15

o
 increments) conducted at 5x confining pressures from 3.45 to 68.9MPa. 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4. Post-test sample photographs for orientated triaxial compression testing of outcrop shale (#8) illustrating induced shear 

fracture morphology. 10 tests for 7x orientation angles in the range 0
o 

≤ ≤ 90
o
 (15

o
 increments) conducted at 2x confining 

pressures of 3.45 and 34.5MPa. 



Table 1. Summary of 14 database lithologies (≈400 triaxial compression tests) used in anisotropic shear strength analyses. 

 

 

 

 

 

 

 

4. ANISOTROPIC STRENGTH MODELING 

4.1. Single Plane of Weakness 
The single plane of weakness "SPW" [38] strength 

model is fully described using 4 material parameters: 

two cohesions "τ0
b 

" and "τ0
w
 "; two friction angles "υ

b
 " 

and "υ
w
 ". It assumes that there is a weak plane in the 

bulk material at a specific orientation (see Fig. 5).  The 

weak plane has strength properties "τ0
w 

" and "υ
w 

" and if 

properly aligned with the principal stress axes failure 

occurs by slip on the plane. If the plane is not optimally 

aligned failure occurs within the bulk material and cuts 

across the plane of weakness. It is assumed that the bulk 

material has isotropic strength properties "τ0
b
 " and "υ

b
 ". 

Failure will occur on the plane of weakness if:  

 | |    
             (1) 

where the shear stress "τ " and normal stress "σn " on the 

plane are determined by the maximum and minimum 

principal stresses "σ1 " and "σ3 " respectively and the 

planar orientation angle " β " which is the angle between 

the σ1-axis and the unit normal to the bedding plane (see 

Fig. 2(b)). Stresses on the plane are found via: 

    
 

 
             (2) 

    
 

 
        

 

 
             (3) 

Substituting Eq. 2 and Eq. 3 into Eq. 1 enables 

determination of the maximum principal stress 

sustainable by the plane of weakness for a given 

orientation "" before failure (see Eq. 4). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Fig. 5. Plane of weakness failure modes: (a) when stresses are 

low no failure occurs on the weak plane or through the bulk 

material; (b) if the weak plane is well oriented an increase in 

stress results in sliding on the weak plane; (c) if weak plane is 

not well oriented a further increase in stress results in bulk 

material failure.  

 



 
Fig. 6. Single plane of weakness "SPW" model fit (solid lines) to laboratory data (points) for 6 database lithologies.  

 

                
             

                  
              

Failure will occur in the bulk material based on the same 

failure criterion as the weak plane (Eq. 1) such that the 

maximum principal stress that can be sustained is: 

 

               
 

     

       
   

       

       
            

The maximum compressive stress that the rock specimen 

can undergo for a given orientation angle "" is the 

lesser of Eq. 4 and Eq. 5. Therefore "SPW" model fits to 

experimental data as shown in Fig. 6 exhibit distinct 

"shoulders" where failure occurs in the bulk material and 

a "U-shaped" dip where failure occurs on the weak plane 

with a minimum value at:   

     
  

 

 
              (6) 

To fit this model to experimental strength measurements 

we first estimate which orientation angles "β " have peak 

strengths associated with plane of weakness failure and 

perform a linear regression on strength data for all other 

orientations to arrive at an average bulk cohesion and 

friction angle. Plane of weakness cohesion and friction 

angle values are then determined by minimizing the sum 

of the squares of all remaining residuals (measured 

minus modeled strengths) to achieve a best fit with 

laboratory data. As shown in Fig. 6 we find that the 

minimum strength value occurs at     
      for all 

lithologies and generally occurs at       
     . The 

"SPW" model is a very good representation of the 

limestone and oil shale data. This is mainly due to the 

observed uniformity in strength w.r.t. orientation angle 

for bulk material failure (shearing through planes of 

weakness). An important general observation derived 

from all database lithologies is that, because test material 

is markedly inhomogeneous, between-sample variability 

for a given lithology is much greater than generally 

observed in more homogeneous rock types. This effect 

was quantified by McGill & Raney [25] during 

anisotropic strength testing of laminated dolomitic 

limestone (database lithology #1). Using multiple-

regression analysis they estimated that about 25% of the 

variability in compressive strength was directly related 

to confining pressure, 25% to orientation angle and 10% 

to strain rate, such that the remainder (nearly 40% of the 

total) was not related to any of the experimental 

variables but rather to material inhomogeneity (plus 

experimental error). 



4.2. Variable Cohesive Strength (periodic) 
In the variable cohesive strength "VCS" [38] formulation 

there is no distinction between failure of a weak plane 

and failure through the bulk material. Therefore there is 

no abrupt change in the model strength w.r.t. orientation 

angle (as dictated by the "SPW" model, see Fig. 6). The 

"VCS" model has a continuous variation in cohesive 

strength "τ0
c 
" w.r.t. "β " however the friction angle "υ

c
 " 

is assumed to be independent of direction. To achieve 

periodic variation a cosine function is used such that the 

material strength criterion is defined by the equations: 

 

 | |    
         (7) 

   
        (        

  ) (8) 

where "A " and "B " are fitting parameters and "    
 " is 

the orientation angle at which there is a minimum in the 

strength data.  From the "SPW" fits and an examination 

of the laboratory data we know that "    
 " is always 

greater than 45°. Since a cosine function is used to fit the 

data and the minimum is at a point ≥45° the strength at 

β=0° must be larger than that at β=90°. This is a 

constraint placed by the model that does not represent 

the observed variation in strength for all database 

lithologies. In Section 4.3 we discuss a modification to 

the "VCS" model that allows for the strength at β=90° to 

be greater than that at β=0°. The "VCS" fit to 

experimental data is obtained by first setting the constant 

friction angle "υ
c
 " equal to the friction angle derived 

from orientated core measurements at β=0°.  The 

function minimum "     
 " is then determined using: 

     
      

 

 
   (9) 

Following quantification of "υ
c
 " and "     

 " empirical 

parameters "A " and "B " are derived using least squares 

minimization. "VCS" model fits to experimentally-

derived Mohr-Coulomb strength parameters for 5 

database lithologies are shown in Fig. 7. Experimentally-

determined cohesive strength exhibits a fairly systematic 

continuous variation with orientation angle. The periodic 

"VCS" model captures this variation to some degree 

with a function minimum lying between 45
o
 ≤  ≤ 60

o
 

with the proviso that strength at =90
o
 is always less 

than that at =0
o
. Compared to the cohesive strength 

data, friction angle appears to exhibit little or no 

systematic variation w.r.t. orientation angle "β." This is 

most likely the result of pronounced between-sample 

variability for a given lithology due to the markedly 

inhomogeneous nature of all anisotropic database rocks. 

This observation tends to support the use of a constant 

friction angle "υ
c 
" (as opposed to implementing periodic 

variation) for such anisotropic rocks. 
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(b) 

Fig. 7. Variable cohesive strength model fits ("VCS" periodic 

in blue, modified "VCS" in red) to core-derived Mohr-

Coulomb strength parameters (in black): (a) cohesive strength; 

(b) internal friction angle. 

 

4.3. Variable Cohesive Strength (polynomial) 
The third model that we consider is a modified version 

of the periodic "VCS" formulation that better accounts 

for material inhomogeneity (between-sample variability) 

and is not constrained  to consistently represent strength 

at β=90° less than strength at β=0°. Core-derived 

strength data for a given orientation angle is first fit 

using the linear Mohr-Coulomb criterion. As shown in 

Fig. 8 an automated 3D-surface fitting procedure is then 

implemented to interpolate between these orientation-

dependent linear fits with the constraint that all data 

must have a common slope in the "1" versus "3" plane 

equal to the arithmetic mean of all core-derived slopes.  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 8. 3D-surface fits (peak strength 1 as a function of confining pressure 3 and orientation angle ) to laboratory data for 6 

database lithologies. 

 

Fig. 9. Modified variable cohesive strength "VCS" model fit (solid lines) to laboratory data (points) for 6 database lithologies.  

 



This tends to smooth out between-sample variability and 

enables better evaluation of the effect of orientation 

angle on strength. The modified "VCS" failure criterion 

is therefore best represented using a friction angle "υ
p
" 

equivalent to the average of all core-derived values as 

shown in Fig. 7(b). Rather than fitting the cohesive 

strength data at each orientation angle with a periodic 

cosine function we observe that a third-order polynomial 

provides much improved congruency with experimental 

data. The resulting failure criterion is defined by:  

 | |    
         (10) 

   
               |     (11)                                    

                                    ̅  
 

 
∑   

 

   
                                   

where    
 
  is the orientation dependent cohesion, 

"0|=0°" is the cohesive strength at β=0° (conventional 

compression perpendicular to plane of anisotropy) and 

the coefficients "C ", "D " and "E " are determined by a 

least squares minimization.  The friction angle used in 

this model "υ
p
 " is not the core measured friction angle 

but rather the arithmetic average   ̅   of all core-

measured friction angles for orientations in the range 0
o
 

≤ ≤ 90
o
. Fig. 9 illustrates example fits to experimental 

data using the modified "VCS" criterion which can be 

directly compared with the equivalent "SPW" fits as 

presented in Fig. 6.  

 

5. ANISOTROPIC STRENGTH ESTIMATION 

Quantitative assessment of the magnitude of shear 

strength anisotropy and its potential prediction is 

hampered by the fact that so few lithologies have been 

sufficiently characterized experimentally (due to the 

large number of core tests required) and the inherently 

inhomogeneous nature of the test materials (between-

sample variability) compared with more isotropic rocks. 

Nevertheless we use our database of experimental 

measurements and the model fits to evaluate some basic 

controls related to the development of strength 

anisotropy in fine-grained rocks. All data tends to 

support the notion that strength anisotropy is primarily 

the result of a systematic continuous variation in 

cohesive strength with orientation angle. By comparison, 

variability in internal friction angle is much less 

systematic and most likely the result of material 

inhomogeneity thus justifying the use of a constant 

friction angle (as opposed to implementing continuous 

variation) in anisotropic failure criteria. 

Some useful empirical correlations are also evident such 

as those illustrated in Fig. 10 derived from modified 

"VCS" fits to experimental data. To first-order we 

observe that the arithmetic average friction angle   ̅   
correlates on a near 1:1 basis with the experimentally-

measured friction angle "|=0°" derived from 

conventional triaxial testing with maximum compression 

perpendicular to the plane of anisotropy. Similarly, the 

orientation angle "min" most favorable for shear failure 

(determined from 3D-surface fitting peak strength as a 

function of " " and "3 ") can be estimated from 

"|=0°" using Eq. 9.             

 

(a) 

 

(b) 

Fig. 10. Empirical predictive correlations relating "VCS" 

(polynomial) model parameters to core-derived parameters at 

=0
o
: (a) orientation angle for cohesive strength function 

minimum; (b) minimum cohesive strength magnitude.  

Core-derived and modeled cohesions at the =0
o
 

orientation angle show a strong 1:1 correlation. The 

functional minimum in cohesive strength "0|=min" also 

correlates highly with measured "0|=°" for all 

lithologies and, interestingly, we note that the difference 

between the two values increases systematically as 

cohesive strength measured perpendicular to the plane of 

anisotropy decreases. Similar results are observed for 

both the "SPW" and periodic "VCS" formulations but 

with "τ0
w
 " (Eq.1) and "A-B" (Eq.8) replacing "0|=min" 

respectively.    



 

Fig. 11. Cohesive strength reduction (modeled and predicted) for 14 database lithotypes as a function of cohesive strength 

measured at = 0
o
.

Fig. 12. Predicted model fits (lines) to measured Wilcox shale strength data evaluated at  =0, 45 and 90
o
 orientations (points).   

To quantify the magnitude of strength anisotropy we 

postulate a "cohesive strength reduction factor" (CSR) 

representing the normalized strength difference 

associated with shearing across (trans-laminar) versus 

shear within (intra-laminar) the plane of anisotropy: 

   

                           
  |    

       |      

     

  |    
                            

Cohesive strength reduction as a function of core-

derived cohesion measured at =0
o
 exhibits significant 

model dependency as shown in Fig. 11 (points represent 

model-dependent "CSR" values and lines are predictions 

derived from empirical fits to minimum cohesive 

strength). However, systematic "CSR" decrease 

associated with increasing "0|=0" magnitude is common 

to all. Although model predictions are projected upwards 

to a "CSR" magnitude of 1 (implying zero intra-laminar 

strength) we note that this is an extrapolation and that 

more low strength measurements at 0|=0 ≤10MPa 

should be performed.  Focusing on the modified "VCS" 

formulation we observe that slip on weak 

bedding/lamination planes reduces the cohesive strength 

of sandstone, limestone and oil shale samples by ≈20-

25% whereas calcareous and argillaceous shales (plus 

coal) exhibit ≈45-80% decrease. Thus petrophysical 

models for predicting rock strength from wireline logs 

(calibrated from measurements conducted perpendicular 

to bedding e.g. Crawford et al [45]) may offer potential 

for estimating the magnitude of strength reduction likely 

to be encountered in anisotropic formations. An example 

prediction of strength variation with orientation angle is 

illustrated in Fig. 12 for triaxial compression testing of 

Wilcox shale as reported by Ibanez & Kronenberg [21]. 

Core derived cohesion and friction angle at β=0° 

(   |    
          MPa;  |    

          ) are used to 

estimate anisotropic strength model coefficients via 

empirical correlations. This technique could aid in 

extrapolating strength versus orientation angle data when 

only a limited number of orientated plugs are available 

for testing (e.g. Ewy et al [46]).       



6. CONCLUSIONS 

 We have compiled a database of ≈400 orientated 

triaxially compressive failure tests conducted on 14 

strongly anisotropic rocks: 6 argillaceous shales;       

3 calcareous marls; 2 oil shales; 1 limestone;               

1 sandstone; and 1 coal. 

 All anisotropic strength data has been analyzed 

using both discontinuous single plane of weakness 

and continuously variable strength models. 

 The magnitude of strength anisotropy for a given 

lithology is shown to depend on the particular model 

formulation used to analyze experimental data.   

 Model fits to experimental data tend to support the 

notion that strength anisotropy is primarily the result 

of a systematic continuous variation in cohesive 

strength with orientation angle.  

 Variability in internal friction is much less 

systematic and most likely the result of material 

inhomogeneity, thus justifying the use of a constant 

friction angle in anisotropic failure criteria. 

 Slip on weak bedding/lamination planes is observed 

to reduce the cohesive strength of sandstone, 

limestone and oil shale samples by ≈20-25% 

whereas calcareous and argillaceous shales (plus 

coal) exhibit ≈45-80% decrease, such that higher 

reduction (greater strength anisotropy) is observed in 

the weaker fine-grained rocks. 
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