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ARTICLE INFO ABSTRACT

Keywords: Many rocks contain planar heterogeneities, in the form of open fractures, veins and/or stylolites, but scarce data
Tensile strength exist on how strength and fracture pattern formation is affected by the presence of a singular planar heteroge-
Heterogeneity neity in an otherwise uniform matrix. The mechanics of stylolite-bearing and/or fractured limestone is of interest
g\tr;soolgzpy to several engineering applications, from quarries to subsurface gas or geothermal reservoirs. We have performed
Limestone Brazilian Disc tests on pre-fractured Indiana limestone samples and Treuchtlinger Marmor discs which contain
Fracture cohesive stylolites, investigating Brazilian test Strength and the resulting fracture pattern. All experiments were

filmed, and where possible analyzed with particle image velocimetry. When viewed in 2D, the planar discon-
tinuity was set at different rotation angles compared to the principal loading direction, where perpendicular to
the loading direction is defined as 0°. The results show that all samples are weaker than their intact counterparts.
For the pre-fractured Indiana limestone, there is 10-75% angle-dependent weakening. However, in the samples
with a stylolite, strength is weakened by 35-75%, independent of direction. Several new cracks appeared when
fracturing a stylolite-sample, where the orientation is heavily influenced by the stylolite orientation. The fracture
pattern and associated stress drops are more complex for high angles. In these samples always more than one
fracture formed, whereas in pre-fractured samples usually only one new fracture formed. This suggests a po-
tential for more permeability increase when hydrofracturing a stylolite-rich interval. Comparison with Finite
Element Models indicates that this difference in fracture pattern is caused by the strength contrast between the
anastomosing stylolite zone and the matrix material, leading to stress concentrations effects. This causes (micro-)
fracture nucleation to occur locally, promotes fracture coalescence and fracture growth at lower overall sample-
load conditions compared to intact samples.

1. Introduction

In many formations, outcrop and boreholes several singular planes of
weakness or heterogeneities are present, in the form of pre-existing
fractures, sealed veins and/or stylolites. In rock mechanical testing,
samples with such obvious heterogeneities, i.e. including a vein or pre-
existing fracture, are usually discarded, since they are not considered to
be representative for the bulk strength. However, not all rocks are per-
fect, and many formations will contain several of such planes, with a
variable spacing of millimeters to several meters apart. The presence of
such a singular plane of weakness is a specific class of anisotropy, which
to date has scarcely been investigated, even though it is of interest to
several engineering applications. For example, the (tensile) failure
behavior of imperfect limestone is of interest to the natural stone in-
dustry and in quarries (c.f., Lépez-Buendia et al." and in subsurface
geo-engineering operations, fractures are key. All these projects are
either about keeping the fluid where it is (CO2 or Hy storage), or about
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how to get the fluid out. The presence of faults and fractures can strongly
affect the flow behavior and thereby production (for example, Knipe
et al. for hydrocarbon reservoirs; or Wang et al.® for geothermal frac-
tured reservoirs). At larger depths, hydrofracturing is a common method
to improve connectivity of reservoirs, for which tensile strength is a key
parameter. The ability to predict fracture generation pressure, fracture
orientation and the weakest direction, also for imperfect rocks, would
therefore allow for an improved quantification of the effectivity of hy-
draulic fracture, with uses to various forms of geo-energy. Three broad
categories of singular planes of weakness exist: open fractures, stylolites
and veins.

Despite the frequent occurrence of fractures, veins and stylolites, to
date, when testing imperfect samples for their mechanical anisotropy,
samples are usually retrieved from laminated anisotropic rocks, i.e. with
a set of semi-parallel planes of weakness (i.e. bedding, foliation, etc.).
The effect of such anisotropy on tensile strength and the resulting
fracture patterns has been under investigation in different studies for
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decades (e.g. Refs. 4-15). All these studies investigate laminated rocks, i.
e. the effect of bedding or foliation in sandstones, shales or metamorphic
rocks. The results show that in general the samples with the bedding
parallel to the maximum principal stress (high angles) exhibit the lowest
strength, and that samples exhibit maximum strength when the bedding
is parallel to the minimum principal stress (low angles). The curve of
strength as a function of angle shows a gradual transition between these
two endmembers, often with a high and steady “shoulder” at high an-
gles, see Fig. 1. Modeling studies have shown failure at high angles is
related to tensile failure along the weakness planes; at intermediate
angles there is shear failure along the weakness planes, and at low angles
it is tensile failure of the intact rock.'’ Absolute strength, but also the
location of the shoulder depends on rock type, and presumably on the
strength or cohesion of the interface (which in terms of bedding is most
likely connected to the deposition and/or burial history”>'%).

Carbonate formations are frequent hydrocarbon'® or geothermal
reservoir rocks (e.g. Refs. 17,18), for which flow, or the lack thereof, can
have important implications for the suitability of a reservoir. Limestone
reservoirs are recently in the spotlight for geothermal energy, in
particular in the United Kingdom,'® Netherlands?>?' and Germany,'®
and many of these reservoirs are karstified and full of stylolites.”’
Therefore, the formation and flow properties of stylolites have been of
particular interest to the carbonate-community in the past decade (e.g.,
see reviews by Toussaint et al.”? and Bruna et al. ** ). They are consid-
ered “anti-mode I cracks”, and form through dissolution. In 2D, stylolites
are visible as undulating, darker lines, with “teeth” of various amplitude.
There are three types: i) bedding-parallel stylolites, which develop
during burial; ii) tectonic stylolites, which develop during slip; and iii)
slickolites, which exhibit a plane oblique to the displacement direction
(Ref. 23 and references therein). For the first two types, teeth develop
parallel to the maximum principal stress.

Different stylolite types exist, with different flow properties, which
are a consequence of their formation history and lithology. Since they
are the results of dissolution, it logically follows that they have been
fluid conduits at some point.”> However, since their formation can
include the collection of insoluble material such as clay or organic
matter (c.f.>»?°) they have the potential to be a directional-dependent
barrier to flow as well. Often there is a (mm-scale) low-porosity zone
in the surrounding of the stylolite, though microscale observation show
that the porosity in the micrometer vicinity of a stylolite can actually be

strength of an
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strength of anisotropic sample
is angle-dependent

shear failure

along weak planes
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Fig. 1. Schematic of how Brazilian test Strength (BtS) in a layered, anisotropic
sample depends on testing angle (after.'' There is a high and steady BtS at low
angles which forms a shoulder, followed by a gradual transition to low BtS at
high angles.

0’ angle of the anisotropy
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higher than that of the matrix.”® Experimental observations confirm that
stylolites are indeed not universal barriers to flow.””

Stylolites have been inferred to be planes of weakness, but overall,
their mechanical properties are not well characterized. Most mechanical
research has focused on their properties as a building material, since
stylolite-bearing rocks are regularly used as decorative building mate-
rial, as slabs or kitchen counters.»?® In this practical context they are
clearly seen as planes of weakness. First tests have shown that in a
compressive configuration their strength is anisotropic, with a minimum
in strength for oblique angles,*® which in a more systematic study has
been interpreted as an effect of the inferred high porosity zone>'.>! Baud
et al. did not record any mechanical anisotropy for thin and closed
stylolites, and they inferred stylolites only become a plane of weakness
when they have a certain thickness with an associated thickness of the
high porosity band. However, to date, few tensile strength data is
available. To our knowledge, the only tensile tests performed on this
kind of single plane of weakness are by Lopez-Buendia et al." They have
performed tests with the stylolite plane parallel to 61, and compared the
strength of open stylolite to that of a partially closed and of a cemented
stylolite. They have shown that cemented stylolites are stronger than
partially open stylolites, which are stronger than fully open stylolites,
but they do not provide a measure of the anisotropy of strength, even
though the studies on laminated rocks indicate clearly structural
anisotropy and mechanical anisotropy are linked.”'*** Moreover,
given the high variability in flow properties of stylolites, it seems
plausible that the mechanical properties can also differ depending on
their exact formation history.

In the following, we will compare the anisotropy of tensile strength,
and the resulting fracture patterns, between limestone samples which
contain a central singular heterogeneity. Keeping the heterogeneity in
the center of the sample is the simplest geometry possible, and the
easiest to reproduce. Of the three broad categories of open fractures,
stylolites and veins, we decided to focus on a comparison between open
fractures and stylolites. Modeling studies show that the strength of veins
can be relatively well modeled, since the three controlling factors are the
strength of i) the matrix, ii) the vein material and iii) the interface be-
tween vein and matrix.>>>> A stylolite has a complex microstructure and
can therefore not be separated in such straightforward zones. The
strength of an open fracture will then be determined by the strength of
the interface, since there will be matrix strength on both sides and no
vein material, i.e. there is no cohesion between both sides. In the
following, we investigate how failure proceeds and where new cracks
open as a function of angle in the case of a pre-existing open fracture (no
cohesion) versus the case of a stylolite, i.e. an interface with unknown
but significant cohesion.

2. Method
2.1. Description starting material

2.1.1. Indiana limestone

The Indiana limestone is a calcite-cemented grainstone according to
the Dunham classification.>* All intact samples had a porosity between
17.8 and 20.0% as measured on oven-dry samples with
helium-pycnometry. The grains are variable in size between 20 pm up to
several mm, with variable shapes, see Fig. 2. These samples are fractured
and then the resulting fracture is placed at the desired angle inside the
BtS assembly.

2.1.2. Treuchtlinger marmor

The Treuchtlinger Marmor is a mud-supported wackestone.>* The
samples with approximately bedding-parallel stylolites ranged in
porosity from 10.6 to 13.4%, with two apparent outliers with a porosity
of 15.9 and 17.1%. The homogenous samples without stylolites had a
porosity between 6.7 and 20.1%. All porosities are measured on
oven-dry samples with helium-pycnometry. We selected samples such
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Fig. 2. Plane polarized light images of the Indiana limestone ysed a) Overview and b) detail.

that they contained a central stylolite, where the (roughly planar) sty-
lolite would run diametrically across the sample as much as possible in
the available sample batch. This is also why we included the two higher
porosity samples. We investigated selected stylolite samples with
microtomography (Fig. 3; before failure), by eye (Fig. 4a and b), electron
(Fig. 4c—e) and optical microscopy (Fig. 4f). In the microtomography
scans, only the porosity is visible, i.e. there are no visible amounts of
high density minerals on this voxel resolution of 15 pm. For the 4 CT
scans made, in all samples the porosity alongside the sample was
crosscutting the entire sample, i.e. there is an open fracture with the
same orientation and rough location as the stylolite (see Fig. 3). On a
separate sample, we imaged the surface expression of the stylolite using
scanning electron microscopy, showing that at the location of the sty-
lolite there is a dip on the surface of several 100 pm depth and width
(Fig. 4c—e). Also on this microscale, the stylolite itself has an organically
anastomosing geometry. There are undulating strands of micrometer
width which retain integrity even when not fully supported by surface
grain material (Fig. 3d and e). Optical microscopy under transmitted
light, of a separate sample not used for mechanical testing, shows that
the stylolite forms a pervasive anastomosing network where all strands
vary in width and connectivity (Fig. 4f). Moreover, the stylolite crosscuts
and/or connects several carbonate veins with euhedral crystals. Both in
plane polarized light and under cross polarized light it appears as
light-to dark brown. Throughout the sample there are several irregular,
elongated dark brown patches present up to mm length and microns
wide. There is no evidence of clay minerals, hence we interpret that the
stylolite is an organic- or bitumen-rich zone. Note that several of the
wider (up to 400 pm wide) strands of the network are associated with an
open crack (aperture on the micrometer-scale; Fig. 4f). This open crack
is not continuous: there are several mineral/material bridges. This im-
plies that the crack was already present in-situ in the quarry.

2.2. Procedure

We have performed indirect uniaxial tensile strength tests,
commonly referred to as Brazilian Disc tests, on limestone samples using
a loading frame with a 50 kN load cell with measurement uncertainty 2
N, equipped with two Linear Vertical Differential Transducers (LVDT)
with a 2 mm resolution and a measurement uncertainty of 2 ym. In our
setup (Fig. 5), samples are 30 mm in diameter, and about 15 mm in
thickness. We used Indiana limestone samples (IL), which we fractured
in a standard Brazilian Disc Indirect Tensile Strength test, leading to a
standard tensile fracture, and we used Treuchtlinger Marmor samples
(TM) (location described in Ref. 35 which contained a central stylolite.
For the IL samples, before testing the samples were wrapped with a thin
layer of tape to keep both halves together. The tape does not stretch, but
only plastically deforms, and reference tests with and without tape on
Indiana limestone did not show a significant change in tensile strength.
The sample containing a tensile fracture or a stylolite was placed inside
the loading frame with variable rotation angle (see Table 1). The

rotation angle was defined to be 0° when the fracture or stylolite normal
was parallel to the loading direction, and 90° when the fracture or sty-
lolite normal was perpendicular to the loading direction (Fig. 5). Once
placed, the samples were fractured again whilst filming one of the sur-
faces. The chosen displacement rate of 1 pm/s always led to failure
within a few minutes, following the ASTM guidelines. The film series
were, where possible, analyzed with Particle Image Velocimetry (PIV).

As indicated, the IL samples were used twice: immediately after the
first failure (i.e. no sliding allowed) the samples were unloaded, and
subsequently rotated to be “fractured” again. This second series was
filmed using an iPhone XS. Note that due to lens distortion near the
sample (the round disc is not round in the video), these data were not
analyzed with PIV. To enable more accurate determination of particle
movement, the second series, with TM samples, was filmed with a
Digital Single Lens Reflex camera (50 frames/second) with fixed aper-
ture, fixed lighting and exposure settings, to enable tracing of surface
motion with PIV.

Note that using the Brazilian Disc test is an indirect measure of
tensile strength, which is based on the assumption a homogeneous
sample is broken. However, in this case, it is used on a sample with a
discontinuity. Therefore, following previous workers,”>'**%%7 we will
label the highest peak in the mechanical results not as tensile strength
but as Brazilian test Strength or BtS. For reference purposes, we also
fractured 18 intact homogeneous IL samples, to obtain the tensile
strength, and 6 intact samples of intact homogeneous TM using the same
apparatus and the standard Brazilian Disc Indirect Tensile Strength
procedure.*®

2.3. Particle image velocimetry (PIV)

Particle Image Velocimetry is an image analysis technique which
compares displacement of the different features present on images
which differ in acquisition time. In this study we use the Matlab-based
software tool “PIVlab”.>° It calculates the velocity distribution within
frame-pairs and can be used to derive and display the strain rate as a
function of location in the sample. Extension is positive, and compres-
sion is negative. We calibrated each image using the known diameter of
the samples before fracture (29.5 mm), and calculated the first invariant
of the strain rate as ¢ =%+ % , where u is the horizontal velocity

(x-direction, 0°) and v is the vertical velocity (y-direction, 90°).%" In the
PIVlab procedure, we selected only the limestone disc as region of in-
terest. We used the correlation algorithm ‘Fast Fourier Transform win-
dow deformation’, and the data was analyzed in three passes. The passes
used were 64, 48 and 24 pixels (1 pixel is between 150 and 200 pm,
depending on the experiment), which is related to the average aperture
and length of the fractures. The displacement information of the first
pass is used to offset the interrogation areas in the second pass and so
on.* The tool uses 50% overlap between sub-windows. When present,
singular outliers are discarded manually.
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filtered data

00

TM2-41; $=17.2%,

5
TM2-29; $=11.8%

Fig. 3. Microtomography of selected stylolite samples before testing. Left the raw data, and on the right the filtered data (non-local means filter), which highlights
the greyscale contrast between porosity (dark), the larger fossils (bright) and the matrix. Superimposed in green dotted lines the porosity associated with the edge of
the stylolite. The view is approximately 30 mm wide, with a voxel size of 15 pm. In all samples, there is a semi-continuous, anastomosing band of porosity with a
similar orientation as the stylolite, indicating the stylolite is associated with the porosity. The aperture of this open space parallel to the stylolite is variable, and at

most 2-3x the voxel size.

2.4. Finite element models

To further illustrate the stress field inside a simulated stylolite
sample, the Brazil Disc tests with stylolite have been simulated using the
finite element software “COMSOL Multiphysics®”. We used a 2D plane
strain approach, with the “structural mechanics” COMSOL module.*’
The numerical code calculates the 2D stress field as a result of a point
load assuming linear elasticity. This implies that the model only repre-
sents the elastic part of the load-time graph from the physical tests. Any
events of sudden loss of load carrying capacity are likely the effect of
fracturing inside the sample and are not captured by this numerical

model. Note that modeling the behavior of fractured samples (including
the IL samples) would require a fracture mechanics approach, that
would allow for inclusion of crack nucleation and coalescence (e.g.,
Refs. 41,42), which is beyond the scope of this work. The model results
are only used to illustrate the potential effects of stress concentrations
due to the presence of an initially cohesive heterogeneity, such as sty-
lolites (or veins), not for open, cohesionless fractures. The results are
therefore only used for qualitative interpretation, and any (semi-)
quantitative results cannot be 1:1 compared to laboratory results.
Simulated circular cross-sections (30 mm diameter) were subjected
to a (stepwise increasing) point load in the direction of the fixed point,
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Fig. 4. Stylolite in Treuchtlinger Marmor a) inside the Brazilian Disc assembly and b) inside a Scanning Electron Microscopy (SEM; unpolished, uncoated); b) SEM
micrograph, far away from the stylolite and c¢; d) SEM micrograph of the stylolite itself, which consists out of plastic anastomosing strings, which are more resistant to
weather than the carbonate rock surface as is shown in e); f) stitched cross-polarized optical micrograph of one of the main strands of a stylolite in a Treuchtlinger
Marmor sample. The porosity band is traced in white; note how it is associated with the edge of the main stylolite and is discontinuous.

diametrically across the sample while other boundaries were free. The
geometry of the stylolite is a sine wave with an amplitude of 3 mm, a
period of 15 mm (i.e. 2 waves along the sample diameter) and a thick-
ness of 2 mm. The regular sine wave does not necessarily follow the
more chaotic nature of the anastomosing stylolite geometry, but is suf-
ficient for our illustrative purpose as well as being reproducible. The
simulated sample consists of a host rock with realistic values for lime-
stone: Young’s modulus E = 10 GPa and Poisson’s ratio: v = 0.25. The
Young’s modulus of the stylolite band is varied (E = {100, 20, 10, 5, 1}

GPa), and the Poisson’s ratio is kept the same as the host rock. These
finite element models were used to gauge the effect of differing relative
strength, as well as simulating how the resulting stress field varies as a
function of rotation of the sinusoidal “stylolite”.
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Fig. 5. Photo of sample in Brazilian disc assembly and press, including sketches of the orientations. Samples are 30 mm in diameter.

Table 1
Summary of the experiments on fractured samples and stylolite samples (see
Table Al for details on sample numbers, porosity and BtS for each individual
sample).

Rock type Initial fracture Angle Number of experiments
1L Tensile 20° 1
1L Tensile 30° 2
IL Tensile 35° 1
1L Tensile 37.5° 1
1L Tensile 40° 1
1L Tensile 45° 2
1L Tensile 50° 2
1L Tensile 60° 2
1L Tensile 90° 1
™ Stylolite 0° 2
™ Stylolite 200 1
™ Stylolite 30° 2
™ Stylolite 45° 2
™ Stylolite 60° 2
™ Stylolite 90° 2
3. Results

3.1. Mechanical data

The stress-displacement curves for all tests are given in Appendix
Fig. A1, and the Brazilian test Strength as a function of angle in Fig. 6.
The maximum peak stress of a stress-displacement plot is the Brazilian

90°
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test Strength or BtS, which in a homogeneous sample would be equiv-
alent to tensile strength. As can be seen in Fig. 6a, all pre-fractured IL
samples are 10-75% weaker than intact samples. The resulting BtS and
the amount of weakening are orientation dependent. Overall, the sam-
ples with steeper angles are weaker, i.e. when the fracture is oriented
parallel to the maximum principal stress. For the stylolite TM samples
the samples are all 30-85% weaker than an intact, homogeneous sample
without stylolite. These samples are more isotropic in strength, without
a clear dependence of strength on direction.

3.2. Image data

For all IL samples, we collect three snapshots of the camera data in
Fig. 7. For each experiment, the left image is the starting situation, the
middle image is the situation during loading but before failure, and the
right image shows the final geometry. For samples with an initially steep
angle of 65-70°, no new cracks are initiated. During loading, the original
crack remains visible and does not fully close. Once reactivated, defor-
mation occurs by frictional sliding along the original fracture plane. We
will refer to these steep-angle samples as type I. The other endmember
are samples where the initial crack is close

to horizontal, which we will refer to as type IV. In these samples, the
original fracture becomes difficult to distinguish during loading, i.e. the
original fracture closes. The new fracture initiates in the orientation that
would be expected for intact homogeneous material, i.e. the fracture
initiates at the center of the sample and runs diametrically across in the

12 1 Intact
strength

BtS (MPa)
o s}
L ]

0+ t |
0 45 90
b) Treuchtlinger Marmor Angle (%)

Fig. 6. The maximum strength of each sample as a function of the initial angle; a) for the initially fractured Indiana limestone samples and b) for the Treuchtlinger
Marmor samples with the initial stylolite. On the left side of the diagrams (at 5°) is the initial sample strength and the standard deviation, which for Indiana limestone
is the average of 20 samples, and for Treuchtlinger Marmor the average of 6 samples. Measurement error is below symbol size.
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65°
IL4; $p=19%,

70°
IL13; $=18.9%,
(ST

1L20; $=18.6%,

S

type Ill type |
45-30° 30-0°

Fig. 7. Indiana limestone, with for each sample left the starting situation with the fracture, in the middle the sample under load, taken before new sliding/fracture is
initiated, and on the right the end sample. The green arrows are used to indicate the orientation of the initial crack. The grey box below the main figure contains a
summary of the different types of final geometry. For colors, see the digital version of the paper. (For interpretation of the references to color in this figure legend, the
reader is referred to the Web version of this article.)
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direction of loading. In terms of fracture deflection and coalescence, in
this case there is no to very little influence from the initial crack on the
orientation of the new crack. Between these two endmember options,
the orientation of the initial crack has a decreasing effect on the orien-
tation of the final crack, similar to what would be seen for multi-layer
anisotropic samples (Fig. 1). In all cases, the newly formed fracture
follows part of the path of the initial crack. We have divided this tran-
sition zone in a type II and type III category, with a (somewhat arbitrary)

International Journal of Rock Mechanics and Mining Sciences 170 (2023) 105448

boundary around 45°. In type II samples the newly formed central crack
follows the majority of the old diagonal crack, and in type III samples,
the newly formed central crack is only slightly deviated by several
millimeters.

We can divide the TM samples in two endmembers dependent on
their final geometry fracture pattern as well (Fig. 8). Endmember type I
are those samples where the initial stylolite is oriented at 90-60°. In
these cases, a dense fracture network forms, which surrounds and

90°
TM2-36; $=11.4%,

90°
TM2-41; $=

55°
TM4-22; $=13.3%

2 0
TM2-32 $=13.2%

L399

50°
TM2-30; $=12.9%

TM3-23; $=13.4%

50
TM3-20 $=15.9%

TM2 -29; ¢=11.8%

()

TM2 -33; $=10.6%

type IV
type | type Il type Il type IV
90-60° 60-45° 45-10°° 5-0°

Fig. 8. Final, initial and final geometry including the trace for all Treuchtlinger Marmor samples. Green lines are the original stylolites, red lines the newly formed
fractures. For most samples, fracturing occurred during multiple events and the intermediate stages are shown in Fig. 9. The grey box below the main figure contains
a summary of the different types of final geometry. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of

this article.)
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follows the stylolite. The other endmember, type IV, is for those samples
where the initial stylolite is oriented at low angles (5-0°). In these cases,
the main new fracture has the “standard” Brazilian disc fracture orien-
tation where the stylolite exerts little influence on the final crack
orientation. Type II and type III samples are those in which the final
crack follows partly the stylolite orientation, with a gradual transition
between mostly the original stylolite orientation to mainly “standard”
Brazilian disc orientation. The orientation at which type III transitions to
type IV is closer to horizontal than for the IL samples. The final fracture
density is a function of orientation, where there are more fractures when
the stylolite is oriented at 90°. In all 11 tested stylolite samples there is
more than one fracture at the end of the experiment. All samples contain
a new central vertical fracture, and in 10 of the 11 cases the stylolite
itself visibly opened as well.

For the TM samples, the camera images were of sufficient quality to
correlate the movie to the stress-displacement curve, and to analyze the
surface deformation with Particle Image Velocimetry. The resulting
videos are TM228, TM236, TM241, TM313, TM323, TM422, which are
provided as additional material. Note that for the other two stylolite
experiments failure occurred within 1 camera frame, hence no video
correlation is given. An example of representative PIV analysis for each
type, correlated with the stress-displacement curves, are shown in Fig. 9.
The expected stress-displacement curve for Brazilian Disc tests is one
where the peak stress is reached first, followed by the maximum stress
drop. For these experiments however, the stress-displacement curves at
high angles show several stress drops as displacement increases. The
camera images also show that the sample remains intact after the first
stress drop, and in type I samples both the supported stress and stress
drop can increase with increasing displacement (see Appendix Fig. A2).
In other words, these samples exhibit atypical patterns for Brazilian Disc
tests.

For the TM2-36, a 90°/Type I sample, we split the stress-
displacement curve in four events (Fig. 9a). In the first and second
event, the maximum extensional strain rate occurs in the top bounded by
the stylolite zone, and in the middle it occurs symmetrical around the
stylolite zone. After the first and second event the top half of the sample
shows fractures, as shown by the cartoons in the top left of the stress
displacement curve. In the third event, where the stress-displacement
curve shows mainly increasing stress with displacement, we see that
the top part of the fracture closes, and the fracture extends to the bottom
follow the stylolite zone. During the fourth event new fractures initiate

throughout the sample, and the extensional zone is partially bounded
by the stylolite zone. Due to width of the stylolite zone and the diffuse
edges, it is not possible to judge if the fracture gets deflected internally
or externally by the stylolite zone.

For TM2-28, a 45°/type Il sample, we split the stress-displacement
curve in four events (Fig. 9b). In the first event, maximum extensional
strain rate occurs throughout the entire sample, and the extensional
zone follows partly the boundaries of the stylolite. A fracture initiates in
the bottom half of the sample. In the second event, there are small
extensional displacement zones outside the stylolite-zones, which
mainly leads to opening of the fracture from event 1. During the third
event there is both compression and extension throughout the sample,
and a new small fracture initiates in the bottom of the sample. During
the fourth event, there is a small extensional part around the stylolite in
the center, and in the movie a new central fracture appears, though the
PIV routine does not have sufficient resolution to pick it up.

For TM3-13, a 40°/type III sample, we split the stress-displacement
curve in three events (Fig. 9¢). During the first event, the main stress
drop, a fracture zone opens and extensional strain rate is present in a
zone which is partially bounded by the stylolite in the central and bot-
tom part of the sample. The top left stylolite also opens, but with much
lower displacement rates. During the second event the main fractures
are active, but with lower strain rates. The strain rates during the third
event are one order of magnitude lower, and the fractures are mainly
reactivated, showing mainly extension — despite the stress increase with
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displacement.

For TM2-29, a 5°/type IV sample, we split the stress-displacement
curve in two events (Fig. 9d). The first event is the major event, with
a large stress-drop (as one would expect for standard Brazilian Disc
tests), with extensional strain rates in a narrow band, which is slightly
deflected passing the stylolite-zone. During the second step, there is
some extension and along both fractures, indicating reactivation.

Overall, in all cases the strain rate is highest symmetrically around
the fracture zones during the time they are active. Once the cracks have
opened, they can be reactivated, and on occasion slightly close (Fig. 9a).
Looking at the magnitudes, the strain rates are higher for the stylolites
with an orientation closer to horizontal. The highest strain rate (exten-
sion and compression) occurs asymmetrically in the disc, and the
orientation of the high strain rate area is affected by the location and
orientation of the stylolite. There is no unanimous correlation between
the size of the stress drop and the magnitude of the strain rate, though
there is an overall pattern of higher strain rates for higher stress drops.

3.3. Finite element model

All models are run for sinusoid stylolite-bearing samples, i.e. for
initially cohesive samples, with either an initial contrast in stiffness
between the sinusoid and the matrix, or with a change in orientation.
The models where initial contrasts in Young’s Moduli were set showed
stress concentration effects around the contact between host rock and
stylolite, especially at the limbs of the sinusoid stylolite zone. This in-
dicates that local tensile stress is higher, which should lead to local crack
nucleation when strength is exceeded. Both with a softer (Fig. 10a and b)
and a stiffer (Fig. 10d and e) modeled stylolite compared to the matrix
the stress concentrations occur, but they switch limb. This illustrates the
main qualitative result, which is that a model run without strength
contrast (i.e., Young’s modulus ratio of 1; Fig. 10c) shows no local stress
concentrations, and in all other cases stress concentrations develop. The
spatial extent of the variations is controlled by the magnitude of the
strength contrast. Rotating the modeled stylolite zone shows similar
stress concentrations, where the orientation mildly affects the magni-
tude and location of the affected area (Fig. 11). Compared to the model
without strength contrast, the zone of high stress is more irregular,
where irregularity increases with increasing strength contrast (Fig. 10).
Irregularity is highest for type II/III orientations, which qualitatively is
similar to the results of the PIV analysis (Fig. 9) — though the PIV tracks
displacement, and not stress. It should be noted here that these nu-
merical models can only provide qualitative information, as they are
based on linear elasticity, i.e. the process of micromechanical failure is
not incorporated. Therefore, the absolute values are of limited impor-
tance, which is why they are not on the scale.

4. Discussion

Fractures are key in all subsurface engineering projects, since such
projects are about keeping fluid where it is (CO, Hy storage) or about
ensuring there is sufficient flow so the fluid can be extracted (hydro-
carbons, geothermal energy). A better understanding of how pre-
existing fractures, veins or stylolites influence formation of new frac-
tures is therefore vital for accurate flow predictions in subsurface en-
gineering projects. We have tested the tensile strength of two different,
highly simplified, planar heterogeneities in an otherwise uniform ma-
trix, to determine the effect on mechanical properties and the develop-
ment of a fracture network. We used two different sample types, with
pre-fractured Indiana limestone (interface with zero cohesion), and
samples which contained a stylolite (significant cohesion). These highly
simplified experiments with a single planar heterogeneity in an other-
wise homogeneous matrix are thus a first step to better understanding
what happens when a fracture hits a heterogeneity: will it stop,
continue, change direction, or bifurcate? In the following, we will first
discuss the relative strength of the stylolite compared to the matrix and
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on the right) is indicative for local stress in the horizontal direction, where light colors indicate high tensile stress, and dark colors indicate low tensile stress (color
scale is the same for all subplots). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

what our results mean for the general effect of a the presence of a planar
heterogeneity on the strength and expected fracture pattern in an
otherwise intact and uniform rock. We go on to discuss the engineering
implications of these results for hydraulic fracture of reservoirs.

4.1. Mechanical nature of the stylolite

Note that, unlike in some previous experimental studies on stylo-
lites,””>! we have simply cored the samples as they were, without spe-
cial care to them retaining in-situ properties. As a consequence, the
cohesion of the laboratory sample could be lower than that of the natural
sample in-situ, due to damage during sample preparation. However,
since the samples remained intact and retained considerable strength,
and therefore the mechanical results obtained here are considered
useable for the purpose of this study. Note that, even if there would be
sample damage due to handling, we would expect some of porosity
present in the band to be present in-situ, since there are several places
where there is material bridging the gap.

All tested samples with a stylolite were significantly weaker than the
samples without a stylolite, regardless of differences in initial porosity
(Fig. 6). The nature of the stylolite sample has been investigated with
optical microscopy, scanning electron microscopy of the surface, and
with micro-tomography. Our tomography data (Fig. 3) indicates that
there is a traceable low density zone with the same orientation and
tortuosity as the stylolite visible on the sample surface, interpreted to be
the same high porosity zone more frequently found surrounding stylo-
lites.”*?”>*3 The high porosity zone is also visible in the thin sections, as
a discontinuous crack which follows the edge of the low-porosity sty-
lolite zone. The outcrop contains open stylolites and the sample cohe-
sion after coring and the microscopic images indicate that also in-situ
this will be a partially open, partially closed crack. In brittle failure in
compression, it is shown that the presence of porosity usually leads to
weakening.>"***° Likewise, also in Brazilian disc tests the pore space is
the weakest path, and therefore porosity contributes to lower strength. **
However, in these samples, the SEM images also show the presence of
the undulating strands, where color and morphology suggest organic
material and/or iron oxides, where the microstructure implies some
cohesion. In general, stylolites concentrate insoluble material, including
hydrocarbons.”” To summarize, from a mechanical perspective, the
stylolite zone consists of an element leading to unknown cohesion (the
undulating strands), and an element leading to low cohesion (the open
crack with up to tens of micrometer aperture), highlighting the me-
chanical complexity of these features, even on this centimeter-scale.

In uniaxial tension, discrete element modeling (DEM) of veins inside
a matrix has shown that the total weakening and strengthening, as well
as the direction of the fracture, depends on the relative strength of the
matrix, interface and vein/filler material itself, and also on the direction
of the stresses compared to the orientation of the features.’> These DEM
results furthermore indicate that the strength ratio between host rock
and vein leads to deflection of the opening crack in most orientations,
and that the relative strength contrast leads to either internal deflection
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(vein weaker than rock) or external deflection (vein stronger than rock).
The main difference between the models from Virgo et al. ** and the
current experiments is that in the DEM, the fracture initiated at a notch,
whereas in the current set of experiments the stress field is such that the
fracture nucleates internally. Though we can clearly see deflection in
both the fracture pattern (Fig. 9) in type II and III samples and in the
FEM models (Figs. 10 and 11), the width of the stylolite zone is too
narrow to indicate with certainty if this is internal or external deflection,
and therefore it is not possible to use this as a criterion for relative
strength.

The FEM models (Figs. 10 and 11) show that whether the central
undulating zone is weaker or stronger than the host rock, the presence of
a strength contrast will lead to stress concentrations, and therefore
weakening compared to mechanically homogeneous samples. The
question is if such weakening would also occur under the presence of a
straight fracture, which is partially cemented.'Lépez-Buendia et al.
looked at different treated and untreated fractured samples under the
90° orientation. They showed that fractured samples are always weaker
than intact rock, with in order of decreasing strength: intact rock >
cemented stylolite with Fe-ox and clays > cemented stylolite > calcitic
vein > partially open stylolite with clays and Fe-ox > open stylolite.’
Even when applying different resins, samples usually did not recover
their full strength. Weakening is in accordance with previously obtained
on carbonate samples with a stylolite: in the few studies concerning the
mechanical behavior of stylolite-bearing rocks, both in compression®%>!
and in tension' stylolite samples were shown to be weaker than
stylolite-free samples.

4.2. Mechanical consequences of the presence of a singular planar
heterogeneity

The pattern of relative strength as a function of angle in the fractured
samples is similar to that reported for layered rocks (e.g. Refs. 4-15),
whereas the stylolite-bearing samples show a more isotropic strength.
This concurs with a difference in fracture patterns for the end member
sample types (type I and IV), see Fig. 12. The mechanics are also
different for TM samples than for the fractured Indiana samples. In type
I, Indiana limestone exhibits sliding on the existing plane for vertical
orientations, whereas Treuchtlinger Marmor shows a complicated frac-
ture network with a vertical orientation, i.e. it is a difference in how
much the deformation localizes. For the horizontal orientation, type IV,
the Indiana limestone samples exhibited only one new fracture, and the
Treuchtlinger Marmor samples exhibited multiple fractures. The hori-
zontal direction for type IV in the stylolite-bearing samples in Fig. 8 is
caused by the initial orientation of the stylolite sample, where the sty-
lolite is opened. We interpret this additional complexity in the new
structures to be caused by local stress heterogeneities/concentrations
along the pre-existing heterogeneities. Note that the veined samples of
Mighani et al. ' also showed easy opening of the veins in the 7 samples
tested, even though their samples didn’t always have the veins in the
optimal orientation for reactivation.
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Fig. 12. Schematic summary of the results obtained in this study, and impli-
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ment is in the direction of fracture growth, and in/out of the paper (Note: the
definitions of fracture angles are in Fig. 2).
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It stands to reason that at depth, fractures will have some measure of
cohesion, due to fault healing and sealing processes (among many
others, see Refs. 46,47). The presence of cohesion across the interface, i.
e. the stylolite, significantly changes both anisotropy and fracture
pattern (Fig. 12b). Strength is now more or less isotropic, which could be
a function of the heterogeneity of the stylolite itself. Each stylolite is
composed out of wavy strands of unknown strength and potentially
weak porosity, where the CT and pycnometer data indicate that not all
porosity is equally distributed throughout the samples. It would be ex-
pected that also the strong elements, the insoluble material, is present in
varying density throughout the stylolite, and therefore the central part
will actually have a different total strength or average strength
throughout the samples. Literature shows that veins easily activate at
15° with respect to the loading direction,'® whereas stylolites activate
also when parallel to the loading direction. A stylolite is thus not the
same mechanical feature as a vein. However, also when a vein is present,
strength is significantly reduced.'® This confirms our more generic
conclusion that the presence of a heterogeneous interface with strength
differing from that of the matrix will lead to weakening.

Specifically for stylolites this implies that the presence of a stylolite,
as a zone with a different strength, will always weaken a sample,
regardless of the properties of the stylolite itself — as long as those
properties are different from the host rock. Interestingly, for the thin
stylolites tested by Baud et al. °'; there was no angle-dependent strength,
whereas the mm-thickness stylolites in these samples lead to obvious
angle-dependent changes in strength. Following our results, another
potential explanation for the results from Baud et al. *! may be that the
thin stylolites were too similar in material properties to the host material
to constitute a sufficient contrast in mechanical properties, and as a
result stress concentration effects were limited.

4.3. Implications for permeability enhancement during hydraulic
fracturing

Carbonate reservoirs are often karstified’® with stylolite seams.
Apart from many hydrocarbon fields that are located in carbonates,®
there are also geothermal reservoirs in Germany (the Munich basin for
example, see Ref. 18 and France (the Paris basin for example, see
Ref. 17. Moreover, in several countries, including the Netherlands®” and
the United Kingdom,'® carbonate systems are of interest for fracture
plays*’ in geothermal energy. In geothermal plays flow rates are critical
to achieving economic success,”® which is why often fractured and
faulted reservoirs are considered.”' The criticality of achieving sufficient
flow rate means that, in particular for deep reservoirs, permeability
enhancement is an option to make reservoirs profitable. A well-known
method is hydraulic fracture, which involves the opening of mode I
cracks. Representative tensile strength for carbonate rocks is thus a
critical parameter.

Even though these experiments have been performed at room tem-
perature, our results have implications for permeability enhancement
scenarios, which are schematically summarized in Fig. 12. In all cases,
the direction of new fracture growth is indicated, though permeability
enhancement is mainly in and out of the paper, i.e. parallel to the central
axes of the fractures. Considering the effects of orientation on the tensile
failure for samples with low to no cohesion (i.e. the IL samples; Fig. 12a),
the resulting fracture pattern is similar as found for high and low angles,
i.e. the same two end-member categories as'' (type I and type IV
respectively). Type I failure in IL samples is caused by frictional sliding,
with limited additional permeability enhancement. Type II and type III
failure in IL samples show partial shear and partial tensile failure, with
the new fracture (and thus additional permeability) parallel to the main
stress direction. Type IV IL samples, i.e. low angles, exhibit renewed
tensile failure and full closure of the existing fracture. This means that,
when new fractures are formed in fractured samples, the direction of
new fracture growth is the only direction of permeability enhancement.
The original fracture will actually be partially or even fully closed, so

13

International Journal of Rock Mechanics and Mining Sciences 170 (2023) 105448

some existing permeability pathways are cut off (Fig. 12a). However, for
the stylolite samples, new fractures always open, i.e. permeability is
always enhanced regardless of orientation (Fig. 12b). For type I stylo-
lites, an intense new fracture network comes into existence, leading to
more significant permeability enhanced than for the no-cohesion sam-
ples. In line with the FEM models, we interpret this due to the occur-
rence of more local and well-distributed stress concentrations along the
anastomosing plane. The overall pattern in which direction permeability
is enhanced is very similar as for no-cohesion samples, but the stylolite
itself is expected to remain an active flow path under all circumstances,
due to the local stress concentrations, implying a stronger permeability
enhancement when hydrofracturing a formation which contains
stylolites.

The presence of boreholes themselves lead to an alteration of the
local stress field in the subsurface, with compressive and tensile stresses
near the borehole, the location of which depends on the orientation of
the maximum and minimum horizontal stress (e.g. Ref. 52). The stylo-
lites tested here are bedding-parallel, which is a first indication these
may be sedimentary stylolites (c.f. Ebner et al.”®). Depending on the
relative orientation of the stylolites — and, in the case of sedimentary
stylolites, of the bedding — compared to the orientation of the local stress
field, the direction and amount of relatively permeability enhancement
will differ (schematically shown in Fig. 13). In an extensional environ-
ment where o7 is vertical the equivalent of type I failure will occur for
vertical bedding, type II/III failure will occur for tilted bedding, and type
IV will occur failure for horizontal bedding (Fig. 13a). Our results imply
there will be some fractures following the stylolite orientations
(Fig. 13a, top row), but the majority of the fractures will occur in di-
rections in and out of the paper (Fig. 13a; second row). Type I failure is
expected to lead to the most intense fracture network, indicated by
thicker and longer fracture lines, and type IV to the least intense fracture
network. For a compressive environment with o3 vertical, fractures will
mainly remain in the horizontal plane as expected for bottom-hole
hydrofractures, with minor fracture deviations along the stylolite ori-
entations. These qualitative implications where fracturing of
stylolite-bearing targets would be easier could be confirmed by forma-
tion integrity tests or leak off tests, which is outside the scope of this
paper. When calculating the fracture initiation pressures it has been
shown for anisotropic rocks that when the tensile strength displays a
strong anisotropy in layered rocks, this cannot be ignored.'>>*°° Our
results imply that a similar conclusion may be drawn for formations with
significant stylolite horizons and/or other planar heterogeneities. The
significant reduction in tensile strength when heterogeneities are pre-
sent may explain why observed fracture initiation pressures in extended
leak off tests are frequently lower than what would be expected from the
tensile strength from mechanical testing from borehole material.
Evidently, for practical reasons, any mechanical testing done on core
material will be biased towards the competent material, whereas in re-
ality the formation strength is determined by its weakest component.

5. Conclusions

This work shows that the direction of planar heterogeneities, such as
stylolites and pre-existing open fractures, can control the direction of the
permeable pathways when hydrofracturing a limestone reservoir,
barring any effects of the local stress field. The results also indicate that
more open fractures will be created when hydrofracturing a stylolite-
rich zone in a carbonate formation than when hydrofracturing a zone
with open fractures or a homogeneous zone. As long as the material is
initially cohesive, finite element shows that the key cause for the for-
mation of several fractures is the presence of undulating heterogeneities
with a stiffness contrast. Specifically, we have found the following:

1) Sample strength is always decreased by the presence of a heteroge-
neity. For a cohesion-less heterogeneity this is clearly anisotropic,
with a minimum value when the heterogeneity is parallel to the
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maximum principal stress, 6; (steep angles). For a cohesive hetero-
geneity, the strength decrease is more isotropic.

Depending on the type of heterogeneity, the fracture pattern and
resulting permeability enhancement can be divided four categories.
The categories are defined depending on the initial orientation of the
heterogeneity with respect to the principal stresses, with two clear
endmembers, and a more diffusive subdivision in between.

2

—

o For a cohesion-less heterogeneity (fracture):

Steep angles lead to frictional sliding along the interface; and only a
small, hypothesized permeability increase.

Intermediate angles lead to a combination of tensile failure of the
matrix and sliding along the interface. The steeper the angle, the
more the new fracture follows the path of the existing fracture. The
existing fracture is partially closed.

Shallow angles lead to complete closure of the old fracture and new
tensile failure.

Permeability enhancement is mainly controlled by the direction of
new fracture growth.

o For a cohesive heterogeneity of unknown cohesion (such as a
stylolite):

Steep angles lead to intensive failure of the heterogeneous zone,
attributed to the presence of stress concentrators, with the potential
for a large permeability increase.

Intermediate angles lead to partial failure along the heterogeneous
zone, and the formation of new fractures in the matrix, potentially
instigated by mode II failure to accommodate motion.

Appendix A. Supplementary data
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- Shallow angles lead to the formation of a new fracture plus opening
within the heterogeneous zone.
-The stylolite itself is expected to remain an active flow path under
all circumstances, implying a stronger and multi-directional perme-
ability enhancement when hydrofracturing a formation which con-
tains stylolites.
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Appendix
Table Al

All experiments with either open fracture (Indiana limestone) or stylolite (Treuchtlinger Marmor).

Sample name porosity (%) Angle (°) BtS (MPa)
Indiana limestone

IL3 18.7 0 2.3
IL15 19 30 2.9
IL20 18.6 30 2.8
IL15 19.3 40 1.6
L7 19.6 40 2.9
IL12 19.3 45 1.5
1IL14 17.8 45 3.1
IL6 19 50 2.0
IL16 19.2 50 0.9
IL11 18.4 55 2.8
L4 19 65 2.5
IL9 18.8 65 0.4
IL13 18.9 70 0.7
Treuchtlinger Marmor

TM2-41 17.2 90 3.9
TM2-36 11.4 90 7.6
TM4-22 13.3 70 4.5
TM2-30 13.1 60 6.2
TM2-28 12.9 45 6.3
TM3-13 12.9 60 5.4
TM3-23 13.4 45 3.0
TM2-32 13.2 30 6.5
TM3-20 15.9 30 3.3
TM2-29 11.8 5 7.0
TM2-33 10.6 5 7.5
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