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1t is not uncommon to observe shear fractures in ductile rocks oriented at more than 45° with respect to the
maximum compression direction. Since these orientations cannot be explained with the classic
Mohr-Coulumb or Tresca yield criteria, Zheng et al. (Journal of Structural Geology, 35: 1394—1405, 2011)
proposed the maximum effective moment (MEM) failure criterion. This rule suggests that shear fractures in
ductile rocks form at ~55° with the maximum compression axis and that this orientation is
material-independent and, therefore, universal. Zheng et al. (Science China: Earth Sciences, 57(11): 2819—
2824, 2014) used data from our own experiments as supporting evidence of their failure criterion. In this
contribution we discuss why shear fracture formation in ductile rocks indeed strongly depends on the
mechanical properties of the deforming medium, and why experimental data should not be taken to prove
the validity of the MEM criterion. The formation mechanisms and orientations of shear fractures in our
experiments significantly vary depending on the material strength and degree and type of anisotropy
(composite and intrinsic). We therefore demonstrate using experimental data that a universal failure angle
in ductile and anisotropic rocks does not apply. Additionally, we highlight some inconsistencies of the MEM
criterion.
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Failure criteria are used to predict the conditions under which solid materials, such as rocks, fail
when they are subjected to an external load. The onset and orientation of shear fractures in isotropic
rocks is typically predicted with the Mohr-Coulomb failure criterion, which is represented by an
envelope in a plot of material shear strength against applied normal stress (e.g. Jaeger and Cook,
1979). This criterion considers that the angle between the shear fracture plane and the principal
compressive stress (o1) actually depends on the material as well as on the stress state (and
consequently on the confining pressure), since the failure envelope in shear stress vs normal stress
space is a material property. This angle becomes higher with increasing confining pressure, and can
reach up to 45° when the rock starts to behave plastically. Fractures can form at this orientation
once the plastic yield stress has been reached, and then follow the Tresca, or maximum shear stress
orientation, yield criterion (Twiss and Moores, 1992). At this point yielding becomes independent of
the differential stress. A fundamental problem of these criteria is that they are unable to predict
fractures oriented at more than 45° with respect to o1, such as for example low-angle normal faults
and high-angle reverse faults (see Zheng et al., 2011 and Gomez- Rivas and Griera, 2012 and


https://core.ac.uk/display/77052232?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1

Gomez-Rivas and Griera. 2015. On the material dependence of experimental shear fracture orientation. Science China Earth Sciences, 58, 2357-2362

references therein). These types of fractures are not uncommon in isotropic or anisotropic rocks that
are deformed in dominant ductile conditions, and therefore a failure criterion to describe their onset
is lacking. For that reason, Zheng et al. (2004, 2011, 2012) proposed the
“maximum-effective-moment” (MEM) failure criterion. The main implication of this criterion is
that the angle between shear fractures and the maximum compression stress (o1) has a constant
value of 55°, and it is material-independent.

Recently, Zheng et al. (2014) have published in this journal a manuscript titled “Interpretation of
the experimental data provided by Gomez-Rivas and Griera (2012) in terms of the MEM-criterion”.
These authors used the experimental data published in Gomez-Rivas and Griera (2012) to support
their failure criterion, because the angles at which shear fractures nucleate in these experiments fit
their predictions. Their contribution does not criticise or question our experimental results, but
attempts to provide an alternative interpretation of our models. One of the main findings of the
experiments published in Gomez-Rivas and Griera (2012) is the development of large angles
between conjugate shear fracture sets and ox in anisotropic materials. For simplicity, here we use
the term shear fracture to refer to both shear fractures and shear bands. In this contribution, we
refrain from discussing the theory underlying the definition of the MEM criterion (see Tong, 2012),
but instead we prove that our experiments should not be taken as supporting evidence for the MEM
theory. The ~55° average angle between shear fractures and o1 in our models is a mere coincidence
for the specific configuration, material and strain rate we used. The attempt of applying the MEM
criterion to experimental data points out some of its inconsistencies, which we briefly discuss. We
show that the orientation of shear fractures actually depends on the mechanical properties of the
deforming materials, and therefore a material-independent criterion is not applicable.

1. Fracture formation angles and nucleation mechanisms

The results of Gomez-Rivas and Griera (2012) summarise part of the experiments presented in the
PhD thesis of Gomez-Rivas (2008), which was also taken by Zheng et al. (2011) as supporting
evidence for their criterion. This thesis reports three series of experiments of coaxially-deformed
anisotropic plasticine multilayers, among other field and numerical studies:

(1) A series using a mixture of OCLU-PLAST plasticine, vaseline and paper flakes deformed at
the same strain rate, but systematically varying the layering/anisotropy orientation with respect to
the extension axis X from 0° to 40°. These experiments are discussed in Gomez-Rivas and Griera
(2009, 2012) and only include models with composite plus intrinsic anisotropy.

(2) A series using pure OCLU-PLAST plasticine deformed at three different strain rates. These
experiments are discussed in Gomez-Rivas and Griera (2011) and only include models with
composite anisotropy.

(3) A series using different plasticine mixtures (of the trademarks OCLU-PLAST and JOVI)
deformed them at the same strain rate. These experiments are discussed in Gomez-Rivas et al. (2015)
and include models with either composite or composite plus intrinsic anisotropy.

These series of experiments were used to analyse fracture/ shear band formation and evolution in
materials with different degrees and types of anisotropy deformed in dominant ductile conditions.
Zheng et al. (2014) only considered the data that fit their MEM theory (our series 1), and ignored
the two other series of experiments (2 and 3) where fracture formation angles do not fit the MEM
fracture criterion.

The first problem of using the MEM criterion to explain experimental data is that it assumes that
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all fractures nucleate at 55° from o1. However, the formation of shear fractures or shear bands in the
experiments is much more complex than this. As explained in Gomez-Rivas (2008), Gomez- Rivas
and Griera (2011, 2012) and Gomez-Rivas et al. (2015), shear fractures form by different
mechanisms in the experiments: (a) nucleation from structures such as pinch-and-swell or
boudinage (e.g., Schmalholz et al., 2008); (b) by collapse or propagation of one tension crack or
void; (c) by propagation, collapse and coalescence of two or more tension cracks and/or voids (e.g.,
Bons et al., 2008), (d) by direct nucleation from local heterogeneities without the influence of
pre-existing structures and (e) by linkage of pre-existing hybrid or shear fractures. All these
mechanisms lead to the development of two macroscopically visible conjugate sets of shear fractures
with progressive deformation.

Contrary to the theory by Zheng et al. (2011), initial shear fracture orientations with respect to the
resolved o1 are highly variable depending on the considered parameters (Figure 1, Tables 1, 2, 3). It
is true that the angle for our series (1) is on average ~55°. There is, however, a significant spread in
the data when individual fractures are considered, and the standard deviation of the mean is ~7°
(Table 1). The initial orientations of shear fracture formation angles obtained from the series of
experiments (2) and (3) clearly differ from the fixed 55° predicted by the MEM criterion (Figure 1;
Tables 2, 3). Average angles for the series (2) are close to 45°, while a wide range of orientations is
observed in the series of experiments (3) using different plasticine mixtures series (ranging between
~32° and ~55°, being <45° for most of the experiments).

The variability in initial angles of individual fractures is a consequence of the deformation
conditions, material properties, heterogeneity of the anisotropic medium (degree and type of
anisotropy) as well as the variable fracture formation mechanisms listed above, among other factors.
This strong variability also happens in natural rocks and has been observed in many rock
experiments as well. A variety of explanations for large angles with respect to maximum
compression has been proposed in the literature, including the presence of pre-existing planar
fabrics (Collettini et al., 2009; Fagereng et al., 2010), high fluid pressures and
dissolution-precipitation creep (Fagereng et al., 2010), degree of anisotropy (Misra et al., 2009),
large bulk deformation and fracture rotation towards the extension direction (Mancktelow, 2002;
Gomez-Rivas et al., 2007; Scholz, 2007) or reactivation of pre-existing structures (Mancktelow and
Pennacchioni, 2005; Pennacchioni and Mancktelow, 2007), among many other studies. Thus,
finding a single criterion that can account for nucleation angles of all shear fractures in ductile
anisotropic media is not straightforward.

2. Some problems and contradictions of applying the MEM criterion to experiments

We proposed in Gomez-Rivas and Griera (2012) that fracture nucleation angles depend on the angle
of internal friction, the dilatancy angle as well as the orientation and degree of anisotropy.
Additionally, we interpreted the large- fracture formation angles (>45° on average) in Gomez-Rivas
and Griera (2012) as a consequence of (a) the low propagation velocities of the existing fractures as
a consequence of ductile deformation at their tips, which favours their simultaneous rotation while
they slowly propagate, and (b) the influence of heterogeneities in the material that affect the
orientation of the developed brittle fractures and shear bands. It is important to note that the models
presented in Gomez- Rivas and Griera (2012) contained paper flakes statistically oriented parallel to
layers, thus creating a strong intrinsic anisotropy that clearly affects macroscopic fracture
orientations. On the contrary, shear fractures in the anisotropic experiments of Gomez-Rivas and
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Griera (2011), which did not contain paper flakes formed at an average angle of 45° from o1, as
predicted by Tresca or Von Mises criteria (e.g. Ramsay, 1980; Twiss and Moores, 1992; Pollard and
Fletcher, 2005; Fagereng, 2013). Additionally, the results of the experiments published in
Gomez-Rivas et al. (2015) demonstrate that the type of anisotropy also has a strong influence on
fracture orientations. Particularly, only models with a combined composite-intrinsic anisotropy (see
Griera et al., 2013) result in shear fractures or bands oriented on average at more than 45° from (1.
Therefore, shear-fracture angles are thus clearly material-dependent.

Contrarily to the generally accepted principles of rock mechanics as well as to our experimental
observations, the MEM criterion by Zheng et al. (2004, 2011, 2012) is supposed to be
material-independent. An angle of 55° between shear fractures and o1 is inferred as a universal
value for ductile fractures for both homogeneous and heterogeneous media, as well as for both
isotropic and anisotropic materials. Zheng et al. (2014) contradict themselves in their Figure 4 when
they show how the resolved stress field deviates from the imposed deformation axes (i.e. what they
call “deformation partition”). This graph shows that this deviation depends on the degree of
anisotropy, so it is a material-dependent parameter. They state that our models are a case of “100%
deformation partitioning”, which would mean for them that all deformation is accommodated by
slip along the discrete fracture network. In our experiments, however, most of the deformation is
distributed within the material, which deforms by dominant viscous flow and without loss of
cohesion. They also propose that the MEM criterion is scale-independent, but it has been
demonstrated that that the scale of anisotropy, and therefore its type, has a strong influence on the
resulting deformation structures (e.g. see Griera et al., 2011, 2013).

Zheng and co-authors state that zones in between shear bands (or lozenges) are nearly strain-free
areas. Their assumption that lozenges are strain-free areas and the use of the term “puzzles”
assumes that the material behaves rigidly and that fracture orientations do not change. This is
against the observations by many authors (e.g., Graham, 1980). Additionally, Zheng and co-authors
assert that the MEM criterion assumes that the fracture angles remain constant with increasing
deformation. Our three series of experiments illustrate how conjugate sets of shear fractures do
rotate with progressive deformation, as is the case in most analysed natural cases. Moreover,
conjugate sets of shear fractures are subjected to different amounts of normal and shear stress when
anisotropy is oblique to the deformation axes. This implies that fractures have different chances for
slip and propagation according to their orientation, thus determining their evolution. Slip along
fractures of one set can potentially be locked depending on their angle with regard to o (e.g.,
Scholz, 2007; Gomez-Rivas and Griera, 2011; Gomez-Rivas et al., 2015).

3. Conclusions

The data of the three series of experiments presented in Gomez-Rivas and Griera (2012), and
additional results disused in Gomez-Rivas and Griera (2011) and Gomez-Rivas et al. (2015), clearly
indicate that both average and individual fracture formation angles do not fit with the MEM
criterion of Zheng et al. (2004, 2011, 2012) and its associated implications. The similarity of
average angles in the models of Gomez-Rivas and Griera (2012) is a spurious coincidence.
Moreover, our three series of experiments demonstrate not only the angles at which fractures form,
but also the type of structures (pinch-and-swell, boudinage, layer- parallel slip, tension cracks, voids,
shear fractures/bands) as well as the statistical properties of fracture networks (density, connectivity
and displacement/length relationship) strongly depend on the mechanical properties of the material,
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the degree and type of anisotropy and the conditions at which the material is deformed (applied
strain rate and kinematic vorticity resulting from the orientation of the applied stress field). In
conclusion, our experimental results should not be used to support the MEM criterion, since they
clearly indicate that there is a strong material dependence on the angle at which shear
fractures/bands nucleate in materials that undergo dominant ductile deformation.
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Figure 1. Candlestick graph showing the shear fracture nucleation orientations (&) for all the experiments presented in the
PhD thesis of Gomez-Rivas (2008), Gomez-Rivas and Griera (2011, 2012) and Gomez-Rivas et al. (2015). o -angles are
measured with respect to the principal compressive stress. Graphs (a) to (e) present results of series 1, where the initial orien-
tation of anisotropy with respect to the extension axis (¢n) was varied; (f) to (h) present results of series 2, where the applied
strain rate was varied (¢ ); (i) to (I) present results of series 3, where different plasticine mixtures were deformed. Candle-
sticks represent minimum, maximum and average orientations for each deformation stage (at intervals of 10% shortening)
and each shear fracture set (black and grey represent sinistral and dextral sets, respectively). Values used to construct candle-
sticks are displayed in Tables 1, 2 and 3. Please note that for graphs (a) to (e) angles are calculated with respect to the re-
solved principal compression stress o1’, which has been taken as the obtuse bisector between average new fracture orienta-
tions at each stage. Dashed lines represent the orientation predicted by the MEM criterion (55°).
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Table 1. Statistics of the orientations (61) of new shear fractures observed from experiments of series (1) (Gomez-Rivas,
2008; Gomez-Rivas and Griera, 2012). ¢y is the initial orientation of anisotropy with respect to the extension axis. & dev ac-
counts for the standard deviation. Please note that new shear fracture angles are calculated with respect to the resolved prin-
cipal compression stress o1’, which has been taken as the obtuse bisector between average new fracture orientations at each
stage.

Sinistral set of fractures Dextral set of fractures
@ new fractures at
n éverage 5st.dev dnin dﬂax n 5averaga dr.dev dnin dnax
20% sh. 40 57.01 6.78 42.14 67.47 42 52.65 7.09 39.12 66.8
0 30% 31 58.11 7.11 45.67 74.59 27 51.3 8.52 35.43 65.71
40% 22 58.61 4.92 47.3 64.9 26 52.03 9.59 30.47 68.2
50% 23 53.47 5.84 44.09 64.23 27 56.06 6.14 40.36 64.23
20% 37 51.17 7.06 31.94 64.85 31 51.17 7.39 37.78 63.31
100 30% 24 54.83 5.59 44.61 63.12 22 54.83 6.28 41.38 65.01
40% 22 57.54 457 50.94 70.41 18 57.54 7.15 45.11 70.99
50% 23 57.91 6.2 45.33 69.95 25 57.91 5.76 46.23 66.61
20% 34 58.96 5.25 48.12 68.55 23 58.96 6.99 41.69 72.61
200 30% 16 60.74 4.98 49.77 68.13 10 60.74 4.56 55.43 69.46
40% 23 59.22 6.33 48.41 67.2 16 59.22 6.12 49.47 69.94
50% 20 60.67 6.04 48.69 73.21 16 60.67 5.2 51.34 71.59
20% 24 57.11 4.66 49.68 68.63 19 57.11 5.03 48.45 65.76
300 30% 17 56.97 53 49.94 67.18 8 56.97 6.91 42.62 64.6
40% 22 58.47 4.16 50.48 65.63 14 58.47 5.76 48.25 66.27
50% 23 56.72 5.18 46.88 66.26 18 56.72 7.39 43.06 66.29
20% 17 57 9.68 39.39 7211 14 57 6.39 39.8 63.89
40° 30% 14 58.2 4.49 48.89 65.03 9 58.2 5.73 47.66 65.68
40% 22 58.85 5.3 49.03 69.92 12 58.85 9.62 45.13 73.03
50% 21 60.25 11.58 27.26 75.78 19 60.25 13.24 37.24 78.54

Table 2. Statistics of the orientations (&) of new shear fractures obtained from experiments of series (2) (Gomez-Rivas,
2008; Gomez-Rivas and Griera, 2011). ¢ is the strain rate applied by the deformation apparatus. & gev accounts for the stand-
ard deviation.

Sinistral set of fractures Dextral set of fractures
£(sY)  new fractures at
n 5average Ostdev Omin Oinax n 5average Ostdev Omin Omax
20% sh. - - — - — - - — - —
%10 30% 2 45.34 231 43.71 46.98 - - - - -
40% 6 46.76 3.42 42.22 51.28 7 41.09 3.53 354 44.73
50% 4 48.69 211 46.29 51.35 7 44.53 5.44 35.18 52.01
20% - - - - - - - - - -
Ex10°5 30% 3 39.97 1.38 38.38 40.83 2 35.25 3.89 325 38
40% 4 38.44 3.1 34.7 42.14 8 43.31 2.98 39.61 49.48
50% 16 47.61 3.04 42.7 51.69 13 49.99 2.62 453 54.92
20% 8 41.74 5.44 34.2 47.55 5 40.78 3.28 38.05 4471
104 30% 15 41.62 3.55 34.1 46.53 15 414 4.05 35.75 50.75
40% 17 46.54 4.48 36.27 54.95 18 46.2 321 38.61 52.01
50% 24 42.84 6.18 30.95 53.33 28 47.28 6.25 29.89 58.57
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Table 3. Statistics of the orientations (&) of new shear fractures obtained from experiments of series (3)

new fractures of all sets and

composition new frac Sinistral set of fractures Dextral set of fractures all stages together
tures at
n 5average 5st.dev 5min dnax n éverage @r.dev dﬂin 5max n &-\varage é[.dev dnin dﬂax
20% sh. — - - - — - - - — -
30% 2 4534 231 4371 46.98 - - - — -
Oclu-Plast 26 4482 452 3518 52.01
40% 6 46.76 342 4222 51.28 7 41.09 353 3540 44.73
50% 4 4869 211 46.29 51.35 7 4453 544 3518 52.01
20% 39 4854 343 3537 54.49 37 49.69 346 41.00 55.15
Oclu-Plast 30% 26 51.16 4.17 40.65 56.88 35 51.74 457 40.88 61.97
flak 265 5141 573 3382 71.73
+rlakes 40% 26 4930 7.77 3382 6147 25 5264 470 4522 63.94
50% 43 53.00 6.85 4034 71.73 34 55.05 6.56 41.17 67.82
20% 1 21.30 - - — 3 3229 317 2878 34.95
30% 16 3212 719 1871 40.21 14 36.89 6.88 2593 46.87
Jovi 146 4144 833 1871 60.19
40% 24 37.69 6.58 2527 47.56 23 46.16 493 3482 55.38
50% 31 40.77 565 3196 56.27 34 49.16 531 38.73 60.19
20% 4 4376 335 39.85 47.94 6 50.16 3.47 4562 55.59
Jovi+ 30% 5 4380 3.86 4052 48.75 7 39.26 9.83 2933 5233
vaseline+ 35 4431 8.03 2881 61.02
flakes 40% 5 40.65 880 28.81 50.49 3 46.09 14.01 30.16 56.48
50% 2 4556 234 4391 47.22 3 49.46 10.18 41.80 61.02

St dev @ccounts for the standard deviation and comp. for composition of the material. OCLU-PLAST and JOVI are the two
plasticine manufacturers for each kind of plasticine. From Gomez-Rivas (2008) and Gomez-Rivas et al. (2015).



