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ABSTRACT: Fracture process of inherently anisotropic rockslisnder Brazilian test conditions are investigatéti the use of
two-dimensional Discrete Element Methods (DEM).tlle DEM model, the rock matrix is represented amssembly of rigid
particles bonded at their contacts and the presehicgrinsic anisotropy is explicitly modeled byposing individual smooth joint
contacts into the bonded-particle model. A seriearosotropic models with different angles betweesek layers and loading
direction are tested0°, 15, 30, 45, 6(f, 75, 9¢°). The anisotropic numerical model is firstly cadited to match the variation
of Brazilian tensile strength with anisotropy arsyté anisotropic rocks from published experimedth [1]. Good agreement can
be found between the failure patterns of numenicatlel and those observed in laboratory. After thta, fracture process of
anisotropic rock under diametrical compressiomigstigated in detail by exploring the occurrertdmelopment and coalescence
of micro cracks with different anisotropy anglesicMmechanical studies are also conducted by eXxagiihe modes, increment
and distribution of micro cracks at different stage order to gain insights on the failure mechasi®f anisotropic rocks under
indirect tensile test conditions with different smtropy angles.

1 INTRODUCTION anisotropy angles (betwe_eﬁ &nd 30) and followed by

a leveling off. They provided some explanationseblas
Among the many mechanical parameters, the tensilen the relative lengths of fractures observed altheg
strength of rock material is a key one becausesrack  weak planes and in the matrix. However, the
in nature much weaker in tension than in compressio micromechanics for these different trends are stif
Many rock mechanics applications like the propagati fully understood. In addition, the failure pattern$
of hydraulic fractures, rate of rock blasting, airdling anisotropic rocks are found more complex than thudse
of boreholes in sedimentary rocks are highly depahd isotropic rocks.
on the tensile strength of surrounding rocks [2,T3le
Brazilian tensile test [4] (diametrical compressioh
circular discs) has been widely adopted in laboyato
determine the tensile strength of rock materials.

Several numerical approaches have been proposed to
simulate the behaviors of anisotropic rocks under
Brazilian test conditions [9-11]. However, eachtloém

is adopted to represent just one specific rock.type

In laboratory, a series of experimental studiesehasen previous study can be found to look at the diffeeen
performed on different rocks with anisotropic prd@s  between different rocks. In this study, we attertpt

in order to understand the responses of them undegxplore how the weak layer properties affect the
indirect tensile stress [5-8]. In fact, there isaumsistent mechanical behaviors of anisotropic rocks exhigitin
trend for the variation of Brazilian tensile strém@BTS)  different trends with the use of Discrete Elemeetivbd

with the anisotropy angle due to the complex stresgDEM).

distribution between the weak layers and rock matri
Based on results from nine types of rocks, Verveostl.

[1] proposed four different trends for the BTS and
failure patterns of anisotropic rocks under thezBain
test conditions: trendl, the BTS stays constant the
entire anisotropy angles; trend 2, the BTS staystamt
between ®and 45, followed by a linear decrease; trend
3, the BTS systematically decrease over the entir
interval; trend 4: the BTS decreases from very low

This study presents a newly developed numerical
approach [12] which can represent the weak layers
normally encountered in anisotropic rocks at theraai
scale. The proposed numerical models are calibrtated
represent four typical anisotropic rocks which beldo
different trends. Based on the calibrated numerical
énodels, differences between failure mechanisms are
Studied in detail. Particular attention is paid ttee
microscopic fracture process and mechanisms.



2. NUMERICAL METHODOLOGIES

The construction of a DEM model for anisotropick s

bonded particle model and smooth joint contact rhddis the
anisotropy angle.

depicted in Fig. 1. In the proposed model, the rockNumerical samples with different anisotropy angles

matrix is represented by bonding a series of nilijgds at
their contacts (bonded-particle model). These disas
move independently with respect to each other. Whe
the stress acting on the bond exceeds the relatathth,
the bond will break and the stress will be redistréd
[13]. The smooth joint contact model is usually duse
represent the fractures normally encountered irk roc

(0=0°, 15, 3@, 45, 6, 75, and 906) are constructed.
Brazilian tests are conducted on these samples by
"moving the top and bottom platens with a constant
velocity which is slow enough to ensure static. Tdree
acting on the platens are measured and recordezl. Th
tensile strengthaf) of the numerical model is calculated
based on the following equation:

masses as particles can move along the smooth joint

instead of slip around each other [14]. To repretien
weak layers existing in anisotropic rocks, any fara
bonds dipping within a certain angle range will be
replaced by a smooth joint model. This angle raceye
be tuned to represent rocks with different degrée o
anisotropy.

Smooth joint
contact

Inherently anisotropic model
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where P is the maximum loadR is the radius of the
Brazilan disc, andlis the thickness (1 for the 2D model).
Since most anisotropic rocks fail in both tensiled a
shear modes [1, 6] does not always equals to the
actual tensile strength, Eqg. (1) will be mainly dider
comparison purpose.

(1)

3. CALIBRATION

Similar with the bonded particle model for isotropi
rocks, the micro parameters for this anisotropickro
model cannot be measured in the laboratory directly
Thus, a calibration procedure is necessary [15this
study, four typical rocks with different trends are
selected to model, namely, the Postaer Sandstosrel (t
1), the Boryeoung Shale (trend 2), the Leubsdorfer
Gneiss (trend 3), and the Mosel Slate (trend 4 Th
calibrated micro parameters for these rocks atedig
Table 1. Fig. 2 compares the variation of BTS from
simulated and experimental results versus anisptrop
angles for the four different rocks. The Young's
modulus obtained from uniaxial compression tests on
cylinder sample wheé=0° and 90 are listed in Table 2.

As can be noted from Fig. 2 and Table 2, the pregos
numerical approach can reproduce the mechanical
responses of anisotropic rocks with different tsend
Therefore, theses numerical models provide an a&vénu
investigate the difference lying in the micro-scale
mechanisms of different anisotropic rocks.
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Fig. 2. Variation of BTS versus anisotropy anglesf simulated and experimental results for anigitraocks with different

trends.

Table 1. Micro parameters calibrated for anisotwapiks with different trends.

Microparameters Postaer Sandstone Boryeong Shale ubsHerfer Gneiss  Mosel Slate
Particle E.(GPa) 22 33 66 110
E.(GPa) 22 33 66 110
Parallel bond . (MPa) 17+4 62+14 85+20 100423
7. (MPa) 17+4 62+14 85+20 100423
Angle rang 20 +30° 35 55
Normal stiffness, 55000 21000 80000 34000
k, (GPa/m)
Shear stiffness, 55000 21000 80000 34000
Smooth- k. (GPa/m)
joint Tensile strength, 17 5 10 7
g, (MPa)
Cohesion, 17 50 40 7
Cp
Friction angleg¢) O 0 30 0

Table 2. Young’'s modulus perpendicular and parétieleak planes, determined on cylindrical specsrignuniaxial loading test

Rock Experimental results [1] Numerical results
E_O0 (GPa) E_90 (GPa) E_0 (GPa) E_90 (GPa)

Postaer Sandstone - 27.9 27.8 28.5
Boryeong Shale 23.5 41.4 24.3 40.8
Leubsdorfer Gneiss 62.2 85.0 61.7 85.5
Mosel Slate 49.0 101.8 49.8 100.9

In these plots, cracks are divided into failurepafallel
4. FAILURE PROCESS AND FAILURE bond and failure of smooth joint. It can be noteahf

MECHANICSMS

In the DEM model, micro-cracks can be divided into
normal failure of parallel bond (crk_pb_n), sheaituire

of parallel bond (crk_pb_s), normal failure of srttbo
joint (crk_sj_n), and shear failure of smooth joint
(crk_sj_s) according to their failure mechanisng.Fi
presents the percentage of different cracks forfahe

anisotropic rocks with different anisotropy angles.

Fig. 3 that the dominant pattern of micro-cracks
transforms from failure of parallel bond to failucd
smooth joint from trend 1 to trend 4. Most micraaks
form as failure of parallel bond for Postaer Samast
with all directions. Failure of smooth joint stattstake
effect at high anisotropy angles for Boryeoung &hal
This trend becomes more significant for rock betotw
trend 3. As can be noted in Fig.3(c), 80% of créefokm

as failure of smooth joint whet exceeds 60 Finally,



for Mosel Slate, failure of smooth joint takes glanore  The percentage of different cracks agree well it

than 80% for the entire interval. results from [1, 16] where fractures are classifed
failure in the weak direction and other directiofifie
0> o o failure patterns and process of three simulatekisragth
S g0 7 different degree of anisotropy (Postaer sandstone,
£ Leubsdorfer Gneiss, and Mosel Slate) are investibat
g 60 - detail.
S 40 | 4.1 Failure of Postaer Sandstone
5 The anisotropy ratio &, .../ 0; ..,) of the Postaer
& 20 I Sandstone is 1.04, which is almost isotropic. As lba
(R = - s : : , noted in Table 1, the strength of smooth jointame
0 15 30 45 60 75 90 with that of parallel bond. Therefore, the existeraf
Anisotropy angle () weak layers does not affect the behaviors muchiwisi
(a) Trend 1, Postaer Sandstone also confirmed by Fig. 3(a).
100 - Distributions of micro-cracks for the simulated fes

Sandstone at 50% post-peak stage are illustrat&ijin

4. The fracture of simulated Postaer Sandstone with
different anisotropy angles generally develop altimg
loading diameter. These fractures develop as mesdlt
failure of parallel bonds which have been demotestra

in Fig. 3(a). In other words, the effect of weakeles is

not significant. These failure patterns providedewice

, . for the nearly constant variation of BTS. Similaildre

0 15 30 45 60 75 90 modes have been observed on laminated sandstdjes [1
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joint)
4.2 Failure process of Leubsdorfer Gneiss
Fig. 3 Percentage of micro-cracks for the four sated rocks ~ The anisotropy ratio of Leubsdorfer Gneiss equals t

at 50% post-peak stage (solid line: failure of pardond;  0.49, which belongs to medium anisotropy [17]. The
dash line: failure of smooth joint). tensile stress versus vertical displacement cufees



simulated Leubsdorfer Gneiss with three different
directions 0=0°, 45, and 90) are plotted in Fig. 5,
along with the increment of micro-cracks. The sres
displacement curves generally exhibit linear-etasti
increase before peak, then, followed by a brittlgpdat
post-peak stage. The increment of micro-cracksesari
with anisotropy angles. At low anisotropy ange@),
the effect of weak layers is minimum thus the falu
mainly forms as tensile failure of parallel bon#gith
the increase of anisotropy angle, more failurenobath
joint form before peak, but still considerable amioaf
tensile failure of parallel bond can be noted atpmak
stage (Fig. 5(b) and (c)).
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Fig. 5 Stress-vertical displacement curves andements of
micro-cracks for simulated Leubsdorfer Gneiss.
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Fig. 6 Failure patterns of simulated LeubsdorfereiGs at
different stages (red lines: failure of parallehtdpblack lines:
failure of smooth joint).

The fracture process of simulated Leubsdorfer Gnigis
illustrated in Fig. 6. Whend=0°, tensile failure of
parallel bonds first appears at peak stage. Twoomes
fractures can be observed near the top and bottom
platens. The fractures develop vertically and fina
major fracture along loading diameter form at puesdk
stage (Figure 6(a)). Whelh=45", tensile failure of
smooth joint first occur, as can be noted in Fig)6{he
existence of weak layers apparently disturbs the
direction of fractures. A curved major fracturenfa at
post-peak stage as a result of failure of parddteid,
which connect the rock matrix. Whés9(°, a series of
failures of smooth joints appear at peak stagerat e
center of disc but independently distributed. Afteak
stage, considerable number of tensile failuresanélfel
bonds occurs as can be noted in Fig.5 (c). Itasatising



of these failures in rock matrix splits the rockato two
parts along the loading direction.

4.3 Failure process of Mosel Sate

The anisotropy ratio of Mosel Slate is 0.24, which
belongs to heavy anisotropic rock. Different wittet
low and medium anisotropic rocks, the failure pescef
Mosel Slate presents a distinct mode.

Fig. 7 illustrates the tensile stress versus \adrtic
displacement along with the increment of micro ksac
for the simulated Mosel Slate whef=0°. The stress- (@)1 ®)
displacement curve is no longer linear elastic teefo
peak but rather fluctuant. Notable failure of snmoot
joints and parallel bonds can be observed evemmry e
stress stage~¢70% of peak).
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Fig. 7. Tensile stress versus vertical displacemant
increment of micro cracks for simulated Mosel Slée0°)

Fig. 8 illustrates the failure process of simulatddsel (e)5 f)

Slate when6=0°. Cracks first form near the top and rig g, Failure patterns of simulated Mosel Slateligferent
bottom boundaries when the load reaches about T0% Qtages. The stages are marked in Fig.020% red lines:
peak in term of shear failure along weak layerse Th failure of parallel bond; black lines: failure afsoth joint)
behavior of the numerical model deviates from linea
elastic as a result of these independent microksrac
After this stage, tensile failure of parallel bostdrts to 5. CONCLUSIONS

form cross weak layers near top platen (red limes i The behaviors of anisotropic rocks under Braziliast
Fig.8(b)). When the load reaches peak, significantconditions are investigated in this study. In the
increase of failure of smooth joints and parallehtds  numerical model, weak layers are explicitly représd
can be noted in Fig 8(d). Macro-fracture nearglaen by inserting smooth joint contacts into bonded ipkrt
can be noted. After this stage, the sample loses thmodel. The behaviors of anisotropic rocks with four
capacity of carrying load and split along the loadi trends are reproduced by this numerical model.
direction (Fig.8(f)). Both the stress-displacementve
and the failure process described above agreewitdil
the results from Vervoort et al. [8] on layeredt8la

The failure process and failure mechanisms of three
anisotropic rocks with different trends are exardiaed
compared with experimental findings. It is the giffnce
between the weak layers properties on particleescal
controls the macroscopic failure strength and failu
patterns. For low anisotropic rocks, the effectwafak
layers is minor and failure occurs mainly alongdiog
directions. For medium anisotropic rocks, the dffefc
weak layers becomes significant at intermediatditan
directions. Fractures turn out to be curved assalref



failure along weak layers. For heavy anisotropicksp  10.

the effect of weak layers becomes dominant evemwhe
loading applied perpendicular with weak layers.
Fractures form as a results of shear failure alvegk
layers even at low anisotropy angles.

Innovative insights are provided based on the mego
numerical model in terms of the failure patterns of

micro-cracks for rocks with different anisotropyioa as ~ 12-

a function of anisotropy angles. The micro paransete
control the failure mechanisms on particle-scalkictv
ultimately determines the final failure strengthdan
failure patterns with different anisotropy angles.

13.
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