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NUMERICAL TESTS OF THE INFLUENCE OF THE ORIENTATION
OF STRATIFICATION ON THE PROCESS OF CUTTING OF ROCKS

SUMMARY

The paper presents results of the numerical simulation of the crack propagation occurring in the course of chip
element formation in case of cutting stratified rock material. As a result of the simulation, it was found that
a characteristic, rapid increase of the loosening force of the chip element occurs when stratification is directed in
relation to the cutting direction at an angle of ca. 160°.
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NUMERYCZNE BADANIA WPLYWU KIERUNKU UWARSTWIENIA
NA PRZEBIEG SKRAWANIA MATERIALU SKALNEGO

W pracy przedstawiono wyniki numerycznych symulacji propagacji szczeliny powstajqcej w trakcie formowania
elementu wiora w przypadku skrawania uwarstwionego materiatu skalnego. W wyniku symulacji stwierdzono, ze
wystepuje charakterystyczny, gwattowny przyrost sily odspajania elementu wiora, w przypadku gdy uwarstwienie
Jjest zorientowane wzgledem kierunku skrawania, pod kaqtem okoto 160°.

Stowa kluczowe: skrawanie skal, skaly uwarstwione, propagacja szczeliny, metoda elementow skonczonych

1. INTRODUCTION The results of those considerations are confirmed partial-

ly by experimental tests, e.g. (Thuro and Saun 1996), that

It has been demonstrated in theoretical analyses and proved
in experimental tests that strength parameters of stratified
rock materials depend to a large extent to the direction of
loading action in relation to the material stratification direc-
tion. For instance, it follows from a numerical analysis
(Pietruszczak et al. 2002) that the strength of stratified rock
material depends on the foliation direction in relation to
the active loading and it reaches the minimum value for an
angle of ca. 45°, as in Figure 1.
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Fig. 1. Variation of uniaxial compressive strength f,,
with sample orientation, o (Pietruszczak et al. 2002)

demonstrate that mechanical parameters of such rocks
depend to a significant extent on the foliation angle, which
is illustrated by Figure 2.

So distinct changes in strength parameters of stratified
rocks, depending on location of strata in relation to the
external loading action, are reflected, for instance, in the
volume of progress in drilling with drill bits (Fig. 3), as well
as in the mechanism of destruction of such rock under the
impact of the bit mentioned (Fig. 4).

When the direction of drilling is right-angled to the
orientation of foliation, rock material is compressed right-
-angled but sheared parallel to it (Fig. 4/a). Although cracks
will develop radial to compression, the cracks parallel to the
bottom of the borehole will be used for chipping. Usually in
this case the highest drilling velocities are obtained because
of the favourable schist orientation. Drilling is controlled by
the shear strength of the foliated rock material. The mini-
mum destruction work causes large sized chips and a maxi-
mum drilling performance. If the drilling axis is oriented
parallel to foliation, compression also is parallel but shear
stress is right-angled (Fig. 4/c). It should be clear, that less
cracks will develop for reasons of higher strength right-an-
gled to the weakness planes. Drilling is controlled by the
tensile strength parallel to the foliation producing small
sized fragments and minimum drilling performance. Gene-
rally, drilling is controlled by the dip angle of foliation
(Fig. 4/b), submitting medium sized fragments during the
crushing process. Drilling performance is — by geometrical
reason — mainly a cosine function of the dip angle. Anyway,
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Fig. 2. Correlation between unconfined compressive strength (a), tensile strength (b) and the orientation of foliation
for quartzphyllite with flat and smooth (continuous line) respectively uneven, undulating discontinuities (dashed line)
(Thuro and Saun 1996)
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Fig. 3. Correlation between drilling rate and the orientation
of foliation for a quartzphylite with flat and smooth (continuous
line) respectively uneven, undulating discontinuities (dashed
line) (Thuro and Saun 1996)

it is for sure, that in the parallel case, rock properties are the
highest and drilling rates are low. In addition blasting con-
ditions are often related with drilling. So if the tunnel axis is
parallel to the main foliation, drilling and blasting condi-
tions suppose to be very poor (Thuro and Saun 1996).

In case of mining with disks, destruction of a stratified
rock structure also demonstrates some analogy. When the
foliation is perpendicular to direction of machine advance,
rock failure occurs along foliation planes as shown in Fi-
gure 5a. This case generally represents the most favourable
boreability as the foliation planes assist crack initiation and
growth between adjacent cuts (Cigla M. et al. 2001).

One way to integrate the foliation effect in machine per-
formance modeling is measure the tensile strength of
the rock in different directions as shown in Figure 5b. The
loading direction of the sample can be selected based on the
machine advance with respect to foliation planes in order to
represent the crack propagation across or along the weak-
ness planes (Cigla M. et al. 2001).
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Fig. 4. Physical destruction process in foliated rock. Crushing
mechanism below the bit buttons depending on the dip angle
(Thuro and Saun 1996)

Consequently, the rank of the above problems in mining
technology is high (mining productivity, mining tool dura-
bility, etc.), hence it is necessary to better understand the
mechanics of cracking of the above materials under the im-
pact of cutting tools so that the mining processes can be
effected in an optimum way.
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Fig. 5. Cutting direction: a) parallel; b) perpendicular to foliation (Cigla M. et al. 2001)

2. THE PURPOSE OF NUMERICAL TESTS

In the analysis, attention was focused on a detailed exami-
nation of the impact of the load action direction in relation
to the rock material foliation on the destruction process,
including in particular the propagation mechanism of the
crack occurring as a result of the material structure destruc-
tion when a larger chip element in loosened in the process of
cutting of stratified rocks. This subject matter is an exten-
sion of the author’s previous studies on cracking of aniso-
tropic rocks (e.g. (Podgdérski 2002)) and pseudo-isotropic
ones (e.g. (Podgorski 1984, 2005; Podgorski et al. 2004,
2005)) under the impact of mining tools. The analyses are
carried out with the use of the PJ failure criterion as de-
scribed in detail in (Podgdrski 1984, 1985).

3. ASSUMPTIONS
FOR NUMERICAL SIMULATION

In order to increase the accuracy of simulation in relation to
the previously conducted studies (e.g. (Podgorski and
Jonak 2005; Podgorski et al. 2004, 2005)), the grid density
degree of the FEA model in the load impact zone was in-
creased. There was also an increase in the number of cases
of strata location in relation to the direction of the external
load impact and the number of FEA elements in simulated
privileged strata.

A mechanical cutting zone model was adopted for the
above assumptions as illustrated by Figure 6. The B angle
defining the location of privileged strata in relation to the
direction of loading the rock bar with force P was increased
by 5° in each step of the analysis, starting from 0° up to
180°. The impact of the edge attack on the rock is simulated
in this case by the impact of a stiff plate loaded with force P
to a ledge (as in Fig. 6). The edge attack angle was assumed
as 0°.

Basic dimensions of the model as well as the model
discretisation method with agreed complete elements are
illustrated by Figure 7. The assumed layer of the basic mate-
rial @ =12 mm, the thickness of the “weaker” material strata
b =4 mm.

The elements mesh was condensed in the crack propaga-
tion area. Two types of elements were applied in that area:
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Fig. 7. Model dimensions and the method of model
discretisation and fixing of boundary nodes

triangular elements with a linear shape function, and in the
second version, quadrilatelar elements with a bilinear shape
function. The remaining procedure elements were not
changed in relation to those previously analysed (e.g.
(Podgorski et al. 2004, 2005)).

The following material characteristics were adopted in
the presented stage of the study:
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— for the basic material: compressive strength in the unia-
xial state f,=20 MPa, and in the biaxial state
fee =22 MPa, fy.=25MPa as well as tensile strength
fi=2 MPa, Young modulus E = 210 MPa, Poisson ra-
tiov=0.2;

— for the “weaker” layer material — f,=5 MPa,
fee =5.5 MPa, f. = 6.25 MPa as well as tensile strength
/= 0.5 MPa, Young modulus E = 1-10* MPa, Poisson
ratio v = 0.22.

4. RESULTS OF NUMERICAL TESTS

The results obtained in the course of the simulation are pre-
sented in Figures 8. Here, deformed (scale 1000:1) element
grids are shown in the variant with quadrilateral elements
as well as diagrams of force-level translocation of the load
application point.

It follows from the analysis that nothing particular
happens till the  angle value of ca. 155° as compared with

a)

the previous simulation results. As the load grows, an open,
“extended” crack occurs beyond the bar. The situation
changes diametrically in the angle range of 160°+175°. In
the initial stadium, the crack opens as before, beyond the
bar, then changes the propagation direction and a sliding
crack appears on the layers border. Under the thrust of the
external load, the material begins to slide along the pene-
trating surface of the crack, and at the same time, it is
strongly clamped in that zone, which is indicated by the
manner of deformation of the complete elements grid. For
the 180° angle, the situation begins to stabilize once again.
The analysis proved that the disorders in the material defor-
mation process also effect the course of changes in the crit-
ical force, i.e. the force destroying the material structure in
individual stages of the crack development. It is clearly
illustrated by the diagrams of the relation of the force-level
translocation of the load application point as shown in Fi-
gures 8.
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Fig. 8. The course of changes in rock bar deformations under the edge attack thrust for foliation angle 3 as changing
in the range of 0°+180° (a~h)
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Fig. 9. Changes in the critical force in relation to the foliation angle
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Fig. 10. The impact of changes in the complete element type to the critical force value at different foliation angles

The diagram presented in Figure 9 illustrates changes in
the critical force interpreted as a local maximum in the dia-
grams, depending on the angle of layer slope B. An increase
in the material resistance is clearly visible in the vicinity of
the foliation angle B = 160°, as caused by the change in the
crack nature and the contribution of friction forces.

The analysed relationship is similar in the model for the
triangular elements variant as presented in Figure 10. An
effect of the shape and location of triangular elements on
the calculated critical force value is clearly visible here. The
values set for quadrangular elements, in case of which the

shape function enables a more precise determination of the
model tension and dislocation values, range in the area
limited by the values obtained with the use of the triangular
elements.

5. SUMMARY

A decrease in the numerical simulation of the increment
value of the rock material layer angle in relation to the load
impact direction allowed us to observe significant changes
in rock bar loosening force depending on the foliation angle
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value. It follows from Figure 10 that in the range of
150°+165°, the loosening force reaches its maximum. The
effect can be explained by clamping of the chip element and
the friction against the base, this friction being the most
intensive for the above values of the foliation angle.

Acknowledgment

This paper has been prepared within the framework of
a Polish Ministry of Science and Higher Education grant
No NN 524 368337.

References

Cigla M., Yagiz S., Ozdemir L. 2001, Application of Tunnel Boring Ma-
chines in Underground Mine Development. International Mining
Congress, Ankara, Turkey.

Pietruszczak S., Lydzba D., Shao J.F. 2002, Modeling of inherent aniso-
tropy in sedimentary rocks. International Journal of Solids and Struc-
tures, 39, pp. 637-648.

Podgorski J. 1984, Limit state condition and dissipation function for iso-
tropic materials. Archives of Mechanics, 36, pp. 323-342.

Podgorski J. 1985, General Failure Criterion for Isotropic Media. Journal
of Engineering Mechanics ASCE, 111, 2, pp. 188-201.

Podgorski J. 2002, Influence Exerted by Strength Criterion on the Direc-
tion of Crack Propagation in the Elastic- Brittle Material. Journal of
Mining Science, 38 (4), pp. 374-380.

Podgorski J. 2005, The influence of the layer direction in elastic-brittle
material on the progress of crack propagation. Minetech, vol. 26,
No. 2, pp. 50-54.

Podgorski J., Jonak J. 2005, Influence of strength heterogeneity factor
o crack shape in laminar rock- like materials. Symposium on: Multi-
scale modeling of damage and fracture processes in composite mate-
rials-Book of abstracts. [IUTAM — International Union of Theoretical
and Applied Mechanics, Kazimierz Dolny, Poland.

Podgorski J., Jonak J., Jaremek P. 2004, The strength asymmetry effect in
laminar rock-like materials on crack propagation. Mine Planning
and Equipment Selection 2004, Proceedings of the Thirteenth Inter-
national Symposium on Mine Planning and Equipment Selection,
Wroctaw, p. 129.

Podgorski J., Jonak J., Jaremek P., Dey N.C. 2005, The influence of the
boundary conditions of a model on the direction of crack propaga-
tion in laminar elastic- brittle material. Journal of Mines, Metals
& Fuels. Incorporating Indian Mining Journal (I ISSN 0022-275),
vol. 53, Nos. 5&6, pp. 88-91.

Thuro K., Saun G. 1996, Drillability in hard rock drill and blast tunneling.
Felsbau, 14, Nr. 2.





<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


