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Abstract

The aim of this study is to numerically model the fracture sysiemercussive drilling. Due to the
complex behavior of rock materials, a continuum approach is employed relying upastieitplmodel
with yield surface locus as a quadratic function of the mean pressilwe mincipal stress space coupled
with an anisotropic damage model. In particular, Bohus granite rock is investigated anchtdr&@alm
parameters are defined based on previous experiments. This includes diffesesudlsts direct tension
and compression, three point bending and quasi-oedometric tests to investigate tla ipedi@vior at
both tension and confined compression stress states. The equation of motion izelisusihg aFE
approach and the explicit time integration method is employed. EOI (Edge-On Impact) tests aregerform
and the results are used to validate the numerical model. The percusig phdblem is then modeled
in 3D and the bit-rock interaction is considered using contact mechanics. Theefraeititanism in the
rock and the bit penetration- resisting force response are realistically captured by the nomoeletal
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1 Introduction

Rock drilling has been extensively used in the mining industry for many decadesnd understanding
of bit-rock interaction and rock fragmentation mechanisms is essential mizgptihe drilling process.
The percussive drilling method is commonly used in the tunneling and miningessisThe main idaa
thata piston hits the drill rod at a velocity of about 10 m/s. This creates a compressiss wave with an
amplitude of about 200 MPa, which propagates along the drill rod. The stress wave is therrdchimd
the rock through the tool buttons. Each tool includes around ten buttons made of hatastaellitate
the indentation process. Unlike the situation of quasi-static indentation, réss staves and rapid
indentation make percussive drilling a transient dynamic problem with highdtrain rates in the rock

[1].

Basic defects in rocks are voids, pores and microcracks as well as other retdtedsf [2]. Such
microstructures produce heterogeneity in the strength and stiffness of the materialell known that
rock fractures via initiation, growth and coalescence of microcracks,htrgetith sliding between
individual grains and the microcrack surfaces. Associated with thes®stopic mechanisms, rock
specimens exhibit non-linear stress-strain responses [2]. Granite, whioh isaterial studied in this
work, has many pre-existing cracks, (e.g. [3] and [4]), but the porosity ysloxgr(about 0.2%). Most
rocks show a transition from brittle to ductile behavior by increasing the ednpiressure [2]. However,
silicate rocks with low porosity are brittle at room temperature over theewhoge of normal laboratory
confining pressures up to 0.5-1.0 GPa. Some workers have reported that granite exhibitsabtiire
behavior even at confining pressures up to 3-4 GPa [5].

Many studies have been performed during the past years to numerically sirogkatdrilling and the
fragmentation process in brittle materials. Liu [6] developed a rockamhdnteraction code (R#f) and
studied the fragmentation processaiquasi-static situation. Wang et al. [7] used an in-house numerical
tool to simulate the rock fragmentation process induced by indentation. Both Liu and Wangestrict

their analyseso 2D plain strain conditions and do not account for inelastic strains. Fudier8aksala
[8,9] studied the impact indentation of rocks usimgsotropic damage concept for tensile loading and
viscoplasticity consistency model for compression loading. This work is pexfoamder 2D plane strain
conditions. More recently, the model was extended to deal with 3D simulationsCHi@hg et al. [11]
modeled the impact of totd the rock and rock fragmentation in drilling process using a 3D FE approach.
A linear Mohr envelop together with a tension cut off plane is employed as aocrifer maximum
strength of rock. The material behavior is considered linear elastic beforengedléi final failure.
Additionally, Thuro et al. [12] used Particle Flow Code (P#@o investigate the crack pattern in drilling
and its correlation with existing foliationBFC® code is based on discontinuum mechanics approach and
is built for 2D simulations.

Forquin and Hild [13] studied dynamic fragmentation in brittle materials in gener&b dupact loading
by using a probabilistic approach to describe the material behavior. The constitutittereqoasists of
the plasticity model introduced by Krieg [14], Swenson and Taylor [15¢danpressive loadings and
coupled with the anisotropic damage model developed by Denoual and Hild [16], Forquin ariBHild [
in tension (here and in the sequel referred to as the KST-DFH ntidisl shown how a brittle and
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random behavior under quasi-static tensile loading becomes deterministic and strésgeaadent when
increasing the loading rate. This type of model was able to describe theftagjon of two grades of
limestone subjected to EOI tests [17] and the enhancement of strengthilanel pattern ofa
microconcrete [18] and a standard concrete ji8palling tests and EOI experiments.

In this investigation, the KST-DFH model is selected as the constitubdelrhased on the findings in a
previous study by Saadati et al [20]. This model is a good alternativedasl# with both dynamic
fragmentation due to tensile stress waves and also plasticity-like deformation in canpigssis very
similar to the situation at percussive drilling as the impact of the piston indtress waves into the rock
and initiate tensile cracks, while high compressive stresses prevail beneath theriadentead to
crushing of the rock. The KST-DFH model parameters for Bohus granite areddbised on previously
reported experimental results [20]. Edge-On Impact (EOR,tiest impact of an aluminum projectile onto
a rock slab [21], are performed. The tests are numerically modeled zedabalts are compared to the
experimental datto validate the constitutive model. After that, the numerical tool is tsstnulate the
percussive drilling problem and the results are compared with real drilling data.

2 Constitutive specification

2.1 KST model

The KST model has been developed to simulate the compressive behavior of gelsnaaimyiating for
the effect of hydrostatic and deviatoric parts of the stress tensor [14,15]. Ividwerie part, the locus of
the yield surface is a quadratic function of the mean pressure in the principal stress space.

Coq =18+ AP+ &P (1)

whereoeq is the equivalent (von Mises) streBshe hydrostatic stresa,, a; anda, are material dependent
coefficients.

Furthermore, the model includes a piece-wise linear equation of state linkinglumetric straing,, to
the hydrostatic stress. At the first stage of hydrostatic loading, the rhdiehaves elastically. By
increasing the pressure, collapse of pores occurs in the case of porous rockds wiudbled by an
irreversible volumetric strain. During the porosity breakage, the bulk modGludecreases noticeably.
When all pores are closed, the material exhibits aenidgfulk modulus which corresponds to the
compacted material [22]. However, granite exhibits constant bulk modulus in the whalstaydrstress
range as it includegvery small amount of porosity [20].

2.2 The DFH fragmentation model

The DFH fragmentation model is explained in detail in Refs. [13] and [16]. Isetipeel a brief summary
of the model including both single and multiple fragmentation regimes is presented.

2.2.1 Single fragmentation

Under low loading rate conditions, the fracture process is generally the censeai the initiation and
growth of a single crack. When the stress increases, the weakest defect is first activated. An tawtable ¢
is initiated and propagates very quickly leading to fracture of the whole structure.
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Defects with different sizes and orientations are randomly distributed within theahateticonsequently

the failure stress is randomo model this tensile behavior, a probabilistic approach may be employed.
Using a Poisson point-process framework, the weakest link theory and Weibull model,lube fai
probability Pr is given by [23,24]

R =1-expF-Zy 4, 0 )] e
whereZ is the effective volume [25], aridis the initiation density defined by
O
A(or) =12 [éj )

wherem is the Weibull modulusS;'/ 4, is the Weibull scale parameter, amdthe maximum principal
stress in the whole domain. The effective voluig, is expressed as

Z=2ZH_ (4)

whereZ is the size of the whole volume, aHgthe stress heterogeneity factor [26] written as

Hm:%j

Q

[@J dZ wherns >0 (5)

OF

whereag, is the local maximum principal stress, a(m} Macauley’s brackets. The stress heterogeneity

factor characterizes the effect of the load pattern on the cumulative failure fitpbhast, the average
failure stress,, and the corresponding standard deviatigrare written as

ow=%% zm)‘l’"‘r(u %) ©

and

Ouy = S (g ZH )V Jr(u %} —r2(1+ ij 7)

m

wherel"is the Euler function of the second kind

r(1+ x):ojzexpeu)uxdu (8)

To characterize specific materials, 3-point bend tests are performed and tibittistrof the failure
stresgsis obtained. One classical way to obtain the Weibull modoius then to look at the slope of
linear interpolation in the diagram of In[-In@)] versus Ingg) or the modified Weibull plot [20]. The

scale paramete8;' / A4, canthen be extracted from Egs. (6) and (8), or the intercept in the Weibull plot.



2.2.2 Multiple fragmentation

Under high strain-rate conditions, several cracks are initiated and propagatéhéadnitial defects
leading to multiple fragmentation. The initial defects are assumed to be randomly distributedvatedacti
for a random level of stress. When a crack is initiated, it propagatesest high velocity (a portion of
the stress wave velocity) and relaxes the ssansts vicinity. This prevents activation of new defects in
an obscured zone centered on this crack. At the same time the stress is inanetigngon-obscured
zone and new critical defects are activated leading to new crack openings [13,16].

Therefore, dynamic fragmentation corresponds to a competition between, on the one handicakw cr
defects that progressively initiate cracks with the increase of the stnedsahd, on the other hand,
obscuration of areas of potential critical defects by cracks created beforeagimeritation process end
when the whole domain is obscured by the propagating cracks.

The interaction law between cracks already initiated and the critical defébts material is given by the
concept of probability of non-obscuration [16]. If the initiation density is aimemts function, the
probability of non-obscuration of poiM at timeT in a domaim is described by [13]

Po(M,T)= exp{— ] A gyt ©)
‘ ot
(x,t)e[ horizon of ( M, T)]

where the horizon is defined by

horizonof (M T)={ x}e[ Z( T X= 8 kC F ' Q). (10)

In Eq. (10),Z, is the obscured zon&,a constant parametek £ 0.38 when the crack length becomes
significantly larger than the initial sizef, the 1D wave speed,the current time antlthe crack initiation
time, S a shape parameter (equal td3twhen the obscuration volume is similar to a sphere in 3Dhand
the medium dimensiomE 3 in 3D).

The single fragmentation process occatsjuasi-static conditions and the probability of obscuration
P,= 1-P,,= P: corresponds to the failure probability, Eq.(2), expressed by Wailmdidel. Therefore
the initiation density for dynamic fragmentation (see Eq. (9)) is ickntd that used in the analysis of
guasi-static cases as described in Eq.

).

In the case of multiple fragmentatidhe interaction between the horizon and the boundary of the domain
Q is small and if a uniform stress field is assumed, the obscuration probihitityitiple fragmentation is
written as [16]

Td

A
R(T)=1- Re(T)=1- eXF{—I d_tt b ©]% (T- 9dt (11)
0



The non-obscuration probability provides an indication for the fraction ddtitt cracks that correspond
to the critical defects activated in the non-obscured volumes. The incrementcoddha@ensitylc acs IS
associated with the obscuration probability and the increment of initiation density

8ﬂ“c acks aﬁt
“oracks _p L 12
dt " dt 12)

Eq. (12) expresses the fact that cracks will initiate only if a defdsts in a non-obscured zone of the
volume. The probability of obscuration is defined for each principal directowl the evolution dP,; is
expressed in a differential form in order to be employealFi& code using Eql()

ST[ . £)=3!S(kg)%[ai()] whendditi>o and; >0

1-P dt (13)

whereg; is the local principal stress component.

The KST-DFH model is also combined with a cohesive model in order to describe the cohesive strength in
the obscured zone and the softening behavior of geomaterials in dynamic tension [R&]cdmesie
model, an extra term is added to the macroscopic Sress

% =(1-R)o; + (P 0y ()= (1~ D)o 14)

whereo..y, is the residual strength in the obscuration zone

Ny

&

Ocoh = Gg ex _[_dJ (15)
%o

whereap, o2, £2, ng are material-dependent parameters, Bndhe damage variable defined for each

principal direction. The cohas term can be seen as an extra contribution related to the fracture energy of
the material. It enforces the final failure of an element to occur whedighipated energy due to the
damage process reaches the fracture energy of the material.

In the principal stress frame, the compliance tensor is defined by

o _
) -V -V
& 1 ! 1 2
&|l==| v -v || 2, (16)
E 1-D,
&3 1 23
-V -V
i 1-D, |

whereey, &, &3 are the principal strain€ Young’s modulus and v Poisson’s ratio of the undamaged
material. At the inception of damage growth, the principal damage frame coincitieth&viprincipal
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stress tensor frame and the eigen directions may change at each timnetistbp first damage variable
D; reaches a threshold value of 0.2. Then the directid & locked and the other directiobBs, andD;
follow the eigen directions with the constraint to be perpendiculdd;toWhen the second damage
variable reaches the threshold value, the whole directions are locked.

3 The material model parameters

The KST-DFH model parameters for Bohus granite, see Table legends
Table 1, are obtained based on previous experimental work [20]. In Table legends

Table 1, the mechanical propertids gndv) are determined from direct tensile and compression tests
while the DFH model parameterseaobtained mainly from flexural experiments. The KST model is
calibrated based on quasi-oedometric test results, see Figure legends

Fig. 1, and in particulathe experimental datat high levels of hydrostatic pressure for which thera is
considerable amount of inelastic strains (as the specimen mainly deforms elaatittadlynitial stage of
loading). Presently, the equation of state linking the volumetric strdimethydrostatic stress is taken to
be piece-wise linear and determined by the poigts P specified in Table legends

Table 1.

It deserves to mention that in the model, rate dependency is negligible in casgeofragmentation and
the strength of the materislthen considered to be probabiliséd. higher stress rates (i.e. when multiple
fragmentation occurs) the mechanical behavior is deterministic and the lstrergases with increasing
loading rates. At low stress-rates, Weibull law plays also a regularizationTiode smaller the FE
elements the higher the mean failure stress based on Weibull size effectnkan¢héhe rate dependency
at high stress rates works as a regularization in the model and decreases mudndep#lore details
concerning this behavior are found in Ref. [13].

The parameters of the cohesiaw are here determined based on preliminary results from spall tests. All
the material parameters used hereafter are summarized in Table legends

Table 1.
4 Edge-on impact experiments and computations

4.1 Experiments

In order to validate the numerical model and also to investigate the fractienen @diter impact, Edge-on
Impact (EOI) tests [21] with a special sarcophagus configuration [16] dicrrped (see Fig. 2). In the
experimental set-up, two cylindrical steel confinements of size 52 mm irhlangt60 mm in diameter
are used close to the impact point on both faces of the rock specimen. phisohielcrease the level of
confining pressure and accordingly the strength of the rock material in order t@ resmpressive
damage beneath the projectile. A more complete description of the EQI test can be founit].Ref. [



In the present experiments, a granite slab of sizex2DP0 x 15 mn? is impacted by an aluminum alloy
projectile (21 mm in diameter and 40 mm in length) at a speed of 150 m/se3wwate performed with
similar results and the crack pattern after impact is indicated in Fig. 3.

There are different types of damaged zones in the target with respect to crack densigngatibor(see
Fig. 3). In the first region (marked (1) in Fig. 3(b)) in front of the projectile tisemesmall zone

consisting ofavery large number of cracks in random directidri®e material in this region can be
considered as crushed due to high compressive estitgsseath the projectile. The second region (marked
(2) in Fig. 3(b)) includeafew hoop cracks mostly located close to the confinement. The reason behind
the formation of these cracks is not totally clear. However, they presumably form becaase of
reflections. The third region (marked (3) in Fig. 3(b)) includes long macroscopitaeatiks, which

initiate because of the circumferential motion of the material. The cracks in the sadahddregion

are marked in Fig. 3(b) for the sake of clarity. It is likely thase are mode | cracks initiated by high
tensile stresses. In the remaining part of the specimen, outside the above regions, dineza@maous
number of cracks, of size up adew millimeters, in different directions. Most of these cracks are formed
along the grain boundaries and some of them are only visible anderoscope. It should be noted that

in the region close to the free boundaries, the amount of macroscopic cracks locallgsdoes®
reflections of the compressive wave (spallation).

By observing the surface of the specimen under a microscope, a large number of skmttarrhe
observed (see Fig. 4). The black color in the micrographs indicates this pgiere themaerial is
missing, i.e. the cracks. A small part of one of the long macrocnadkig.i 3(b) is visible in Fig. 4(b), the
bold curved line crossing the whole image, together with small cracks drientéfferent directions
Note that the amount of damage is decreasing with the distance from the impact point.

In order to evaluate the crack density from the experiment, a line is traced herossrographs (Fig.)4

and the average distance between the crakks,obtained by dividing the line length by the number of
crossed cracks. The crack density is then roughly evaluatediifs \(dich in this case is about 1x510°

and 10 cracks/m in Fig. 4 (b) and (c) respectively. It should be emphasized that these numbers fare roug
estimates.

A representative micrograph of the intact specimen is also shown in Fig. 5. A tgpicse of the granite

material studied herein is the large number of pre-existing cracks, both atithdgundaries and also
across the grains [3], [4]. When compared to Fig. 4, the amount of damage is npiicer@alsing after

impact.

4.2  Numerical modeling

The equation of motion is discretized using the FE method and the explicit time integration method is
employed. The numerical simulation is carried through utilizing in full the KST-Biakerial model

described above and implemented as a VUMAT subroutine in the Abaqus explicit softw28¢ [[i3e

strain increments are given as input whereas final stress tensor and state variablegides @aoutput
variables of the routine. In the subroutine, the integration scheme is mainly composed of two steps. In the
first one, a microscopic stress tensor is calculated considering the KST constitutivenlawrak level of
pressure is calculated from the volumetric strain increment considering a piece-wiseelatenship

between the volumetric strain and the hydrostatic pressure. The microscopic deviatorierstoegs t
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calculated considering the isotropic pressure dependent yield stress criterion defindd Jnlkthe
second step, the three eigen values of microscopic stress tensor are computed. In case of positive
microscopic eigen stress a damage variable is calculated according to Epaii@ the macroscopic
stress is derived (see EfY}. Finally, the macroscopic stress tensor is written in the initial basis.

The numerical simulation of the EOI testperformed in 3DThe quarter-symmetry model consists of 8-
node linear elements (hexahedra) with reduced integration. The element edge size isi) thenrack
specimen (see Fig. 6). Surface to surface contact is used in the numeridati@mand all of the KST-
DFH model variableare evaluated and extracted during the analysis.

The damage variabl®,, field is shown in Fig. 7. When the damage variable reaches unity, it indicates
that the element is totally damaged, the physical interpretation being tHat@imgultiple cracks normal

to the maximum principal stress direction are open. SimilaDtothe second and third damage
components grow during the analysis by increasing the load.

Near the impact point, the material behaves plastically due to high levels of confinisgr@réasus the
hydrostatic compressive stresses in this region prevent the fragmentation process. Mtrackdidue to

hoop tensile stresses induced by the particle motion in the radial direction are alsinshigwii. The
compressive stress wave is reflected from the specimen boundaries as a relaxation waveearsbea
cracks close to the rear face. Some cracks are also formed due to Rayleigh wave propagation along the
free surface of the impact side. It should be emphasized that in the model, crack initiaticowahdsgr

solely due to positive principal tensile stresses including the possible contribution from ressaisst
Fracturing due to high compressive stresses (for example in the compacted zone close to the region of
impact) is indicated in the model by high values on the accumulated plastic strain.

The crack density, due to the maximum principal stress, predicted by el imocompared to the
experimental results. The crack density from the numerical simulationstralled in Fig. 8. The results
are in logarithmic scale. The crack densitythe same region as in Fig. 4 (b) and (c) is abolt ad
10'%° cracKm® respectively with is higher than the experimental results. This difference will be
explained in more detail below.

The number of radial cracks in the numerical results is very large whileatteen®t that many long radial
macrocracks visible in the experimental results. This is most likely due to tlemgeesf large so called
structural cracks in the specimen introduced during fabrication of thegg@imen [20]. This feature can
indeed be of significant importance for EOI testing of granite as thec#itibn of samples requires
substantial processing of the material.

To investigate the effect of the structural cracks, the specimastigripacted at 20 m/s, in a numerical
simulation, in order to produce an initial damage. The specimen is subsequentliedrn@ad50 m/s
(similarly as in the experiment). As can be seen in Fig. 9, the damage pattern changes considerably and the
number of the radial cracks decreases. The initial cracks prevent some oksvtoréorm. This effect

leads to more realistic results when compared to the experimental obsenftmesfect of theeinitial

cracks, however, will be further investigated in future studies by introdubiege cracks in a more
appropriate way. This analysis is only preliminary and leads to a ajivaitagreement between
experiments and simulations.



Furthermore, the crack density decreases when initial cracking is present andsaumh closer to the
experimental results (see Fig.)1Bccordingly, the results shown in Figs. 9 and 10 give some confidence
in the present numerical approach and an analysis of percussive dsithieg performed below.

A mesh study for the model is reported by Forquin and Hild before [13]. The boundary between single and
multiple fragmentations is affected by the FE size. The smaller the eleinenthe smaller the region for
which multiple fragmentation occurs in the numerical results, because fomteesgass rate level, it is

more likely for a smaller element to reach failure due to a single crack.

5 Modeling of percussive drilling

The same numerical tools as above are used to model the percussive dolilegnprAgain, the KST-
DFH material model is utilizedia a VUMAT subroutine in the Abaqus explicit software [13,28].
typical drill bit has about ten buttons made of hard steel. To simplify tidemn, only one hemispherical
button from the bit is considered. Initial damage is not considered in detabsisoften in a practical
situation there is no preparation of the rock before drilling. Consequentlysassid previously in the
context of the EOI test and in detail in Ref. [20], the formation of largetatal cracks should be of less
importance. Some simulations relevant to repeated impact are performed. The sicedsnpulse has a
level of 200 MPa with duration of & 10* s and with a rising and descending time of 50 A
hemispherical indenter (5 mm in radius) is chosen. The steel drill fodhigh length and 6 mm in radius

In a real tool the drill rod cross sectional area is a bit latger the sum the cross sectional areas of all
buttons. Accordingly, the drill rod radius is taken a bit larger than the buttadeén t take into account
the geometric impedance difference between them. Both the drill rod and thie dgtassumed to be
elastically deformable with elastic moduli equal to 200 GPa and 800 Gpectieely. A block of rock
with a size of 200x 200x 100 mmn? is exposedo impact. The finite element mesh used in the simulation
is shown in Fig. 11. 8-node linear elements with reduced integration are usedimutations. Infinite
elements are used at the rock boundaries to eliminate the wave reflection.

Selected simulation results for the damage variable, induced by the maximumpensipal stress, are
shown in Fig. 12. Firstly, it is compared to cracking under quasi-static condifiohgical fracture
pattern in a rock material due to quasi-static indentation has been determined bwll[a8]dt includes
different types of cracks and also a high compressive part under the indenter calledtbd zone, see
Fig. 13.

Although being dynamically loaded, similar types of cracks are captured limutnerical results (Fig.
12). In the region ahead of the indenter, a crushed zone develops. The hydrosstie prethis region
reaches more than 2 GPa according to the numerical results. It should be emphasittesl it
hydrostatic stresses will lead to high values on the effective plastin ahd the damage formed in the
crushed zone is a consequence of tensile stresses due to a gradual increasentdicharea. Radial
cracks, or radial and median cracks combined, are formed during loading and propagatere\auring
the unloading phase, see Fig. 12(b). Side cracks, which are mainly formed dutinipddng stage and
are considered as the most efficient way of removing rock material, are alsedapigr 14 shows the
damage state in a view cut of the rock block 5 mm beneath the indenter at thetleadoafding and
unloading stages. The side cracks are marked. These cracks interact with greddrdyn neighboring
buttons and a significant part of the material is removed when they coalesége chmthxt, it should also
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be mentioned that all the three damage variables, in the KST-DFH material madelduring the
simulations.

The penetration resistance is obtained from the indentation bit fy)cesfsus indentation penetratidn (
response. The force-penetratid®y-) curve of the drill bit is shown in Fig. 15. By accounting for the
symmetric boundary conditismnd the number of buttons per drill bit, the penetration stiffiessalue

is 340 kN/mm. The values of penetration per impact and also the penetration skffriddgained from
the numerical simulations are in good agreement with real drilling results [10].

If the KST model is considered without any damage in the same drillingatiotulas above, the
penetration rate decreases considerably with a penetration stiffness of about 548 KN/mm, seettgy. 15. T
means that in the absence of damage as a dissipation mechanism, the rock behak@sgas material

and becomes more resistant to the tool indentation.

Mesh size effect on the fracture pattern and the penetration stiffness of tieeexiptained percussive
drilling problem have been investigatdtlis concluded that the very small details of the crack pattern
may be considered as mesh dependent in a sense that the crankedikely follow the mesh patterns.
However, the size of the damaged zone and the general features of the nesfmoise are mainly mesh-
independent.

As discussed above, initial damage is not explicitly considered in the predierg dnalyses based on
the fact that structural cracking is expected to be very limited prior to first intpsiotuld be emphasized
that a controlled introduction of such cracks can be of major importance fromreyarfficiency point of
view and, accordingly, this feature will be investigated in detail in éustmdies. However, as mentioned
above, some simulations relevant to repeated impact were performed. In short, it Wasaritieghat the
cracks formed at first impact continued to grow to a very limited extlile a large zone of crushed
material was formed below the indenter leading to a less effeciliiegdprocedure. Based on this result
a controlled introduction of structural cracks, in order improve drillingieffiy, becomes an even more
desirable feature.

6 Conclusions

Percussive drilling in granite has been investigated experimentally and nuipersiag finite element
simulations. The KST-DFH material model was used to describe the material utivedyitand the
material parameters are calibrated for Bohus granite by a set adysigvperformed experiments [20]
The numerical simulations were performed using a VUMAT subroutine in the commercdiahrsof
Abaqus [13,28].

Edge-On Impact (EOI) tests were performed to validate the numerical modétadtuee pattern and the
crack density from the numerical analysis were in qualitative agreeméntheiexperimental results. It
was found that effects due to large initial (structural) cracks bamustrefully accounted for. These cracks
can prevent subsequent initiations and considerably decrease the number of large cracks.

A 3D numerical simulation was then performed to model the percussive drilbbiepr. It was shown
that the fracture pattern at drilling resembles that found under quasi-statitatrateof rock materials. In
particular, side cracks, which are the most preferable type for removing ahatesie mainly formed
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during the unloading stage. The force-penetration curve and the corresponding valu@eaemetiation
stiffness K, were in a good agreement with real drilling data. The possibiligtafducing initial cracks
in the material, in order to improve the drilling efficiency, was briefly investigateddiscussed.
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Table legends

Table 1 Parameters used in the KST-DFH material model. Details regarding the paraneci@und in
Section 2 above.
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Mechanical parameters

E (GPa) 52

v 0.15
p (kg/nT) 2630
DFH model parameters

Weibull parameters

m 23

o, (MPa) 18.7
Zest (MNT) 195
Obscuration volume parameter

S 3.74
k 0.38
C (m/s) 4400
KST model parameters
Parameters for hydrostatic

behavior

K (GPa) 317
Y 0;-0.028
PO(MPa) 0; 860
Parameters for deviatoric

behavior

a, (MP&) 23,500
a;(MPa) 465
a 1.51
Cohesive model parameter

op 1.5
7Z(MPa) 11

£ 0.004
Ny 1

Tablel
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Figurelegends
Fig. 1. Quasi-oedometric test results together with the KST model (aftér [20]

Fig. 2. Schematic of the EOI test with the sarcophagus configuration.

Fig. 3. Granite specimen after impact by an aluminum projectile (a), damage pattern is marked to be
observable (b). Specific regions (1), (2) and (3), are also shown.

Fig. 4. Granit specimen after impact by the aluminum projectile (a), micrograph of the specamen a
distance of 25 mm (b), and 50 mm (c) from the impact point. The dashed yellow boxes will be used to
compare the model predictions with the experimentally evaluated crack density.

Fig. 5. Micrograph of the intact specimen.

Fig. 6. FE mesh used in the simulations of the EOI test. Quarter-symmetry model with 775000 8-node
linear elemets.

Fig. 7. FE simulation results of the EOI test. Damage var@bR0O us (a), and 4@s (b) after impact
(velocity: 150 m/s).

Fig. 8. FE simulation results of the EOI test. Crack density’(1émarithmic scale) due to the maximum
principal stress 2Qs (a), and 4@s (b) after impact (velocity 150 m/s).

Fig. 9. FE simulation results of the EOI test. Damage var@pbt the end of the first impact at 20 m/s
(a), and 4Qus (b) after the second impact at 150 m/s.

Fig. 10. FE simulation results of the EOI test. Crack density*(1égarithmic scale) due to the maximum
principal stress at end of first impact at 20 m/s (a), angs4®) after the second impact at 150 m/s.

Fig. 11. FE mesh used in the simulations of percussive drilling. Due to symmetries only a quagter of th
problem is modeled with 400000 8-node elements.

Fig. 12. FE simulation results of percussive drilling. Damage variab#t the end of loading (a) and at
the end of unloading (b) phases.

Fig. 13 Cracking pattern in rocks at quasi-static indentation [29].

Fig. 14. FE simulation results of percussive drilling. Side crack formation in a view cut 5 mmhbibeeat
indenter at the end of loading (a) at the end of unloading (b).

Fig. 15. FE simulation results of percussive drilling. Force-penetrajgh)(curve of the drill bit based
on the KST-DFH and KST material models.
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