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Cracking anisotropy exemplified by Krosno sandstones
of Mucharz (Beskid Maly Mountains)
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The paper includes a cracking process analysis of Krosno sandstones from the Gérka-Mucharz
quarry (Beskid Maly Mts.) based on fracture toughness tests by the chevron bend method. The analysed
rock material features the internal structure: a laminar location of mineral components and directional
location of non-isometric grains. These features impact the anisotropy of various geomechanical pro-
perties of these rocks such as fracture toughness or compressive strength, and are the reason for a va-
ried crack development as well. The test results and cracking process characteristic regard three ortho-
gonal measuring directions as adopted in relation to the rock material structure and texture features
described in this paper. As concluded from the interpretation of load and strain increments recorded
during the test, the cracking process is at its quietest when in the same direction as the layer direction,
whereas, the most rapid failure character is observed in the direction perpendicular to the layer direc-
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INTRODUCTION

Inside rock masses, under external forces and once the critical
stress values were exceeded, durable failures become visible.
According to Griffith’s theory (1921), the roles of damage grains
for the latter ones are played by primal structural defects which
are concentration zones for stresses growing with the load, and
in this way the crack development is launched.

The rock cracking process depends, among other conditions,
on the value of external forces acting on this rock. Irwin (1957)
proposed a cracking process description which shows a relation
between the increasing load and the material changes. The initial
stage consists in increasing the load, with a part thereof trans-
forming into strain, and the other part into potential energy ac-
cumulated within the rock mass. At the moment of reaching the
critical value, the collected energy unloads and is used to create
a crack, and at that moment the crack propagation is unstable.
This moment can also be identified based on a rapid propaga-
tion of a single crack which develops under tension, for example,
while testing the fracture toughness factor, K , by bending a cy-
lindrical sample with an initiating indent.

In the year 1988, the International Society of Rock Mechanics
published an instruction (ISRM, 1988) which recommended to
apply the chevron bend method for fracture toughness tests.
The method uses cylindrical samples with an initiating notch,
which should generate a relatively long period of stable slot de-
velopment, and facilitates control of the entire failure process.

Besides, ISRM puts emphasis on the variability of the cracking
resistance depending on the slot development; that is why ISRM
recommends making consideration for the natural anisotropy of
rock materials while testing by this method.

This paper describes a directional cracking differentiation
exemplified by Krosno sandstones of Mucharz. Samples were
tested under tension by the chevron bend method. The involved
rocks feature different geomechanical parameter values depend-
ing on test direction, for example, triaxial compression strength
(Eukaszewski, 2004), fracture toughness (Dziedzic, 2003a), or
ultrasonic wave propagation velocity (Dziedzic, 2005).

METHODOLOGICAL ASSUMPTIONS

The three-point bending tests for cylindrical rock samples with
an initiating notch with a constant load increment facilitate as-
sessing the crack development process against the increasing
load value. The said crack resistance tests were made with a con-
stant load increment of 15 kN/min. The following parameters
were measured: width change of the initial crack, ACMOD (with
a gauge) and the increasing load value, E

The cracking assessment consisted in the analysis of initial
crack width increments (ACMOD ) for constant load incre-
ments (10 N), which allowed to distinguish three crack develop-
ment stages (Dziedzic, 2003b):

- stage I - ACMOD  increments are no bigger than 1% of
the critical crack width (CMOD ),
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— stage II - slot width increment increasing gradually from
1% up to 2% of CMOD ,

— stage III - ACMOD increasing rapidly, and significantly
bigger than 2% of CMOD .

Tests were made on Krosno sandstones from the Goérka-
Mucharz quarry (Beskid Maly Mts.). These rocks are ranked
among the most frequently spotted ones within the Carpathian
flysch. The thickness of Krosno Beds reaches approx. 3000 m in
the Central Carpathian Depression (Jucha, Kotlarczyk, 1959)
and is estimated at 700 m within areas next to the Beskid Maly
Mits. (Ksigzkiewicz, 1951). These are the youngest layers of the
Carpathian flysch, their origin time is estimated at the Oligocene.

In these rocks, two special features are visible on a macro-
scopic scale: the laminar layout of mineral components compli-
ant with the material layers, and directions of non-isometric
grains. The laminar structure is emphasised by dark-coloured
iron compounds, and the rock texture can be described as di-
rectional and containing various micas and dark minerals. The
bonding material consists of silt and carbonates with small
quartz grains; the material sorting ratio is good. The mineral
composition classifies these rocks as medium-grained lithic
wacke or arcose wacke according to Pettijohn et al. (1972).

The special rock material feature, which means the laminar
and directional component layout, was the basis for determining
three cracking directions located at a right angle to one another:

— parallel to the lamination (H plane),

- perpendicular to the lamination and parallel to the longer
grain axis (Vr plane),

- perpendicular to the lamination and perpendicular to the
longer grain axis (Vp plane).

CRACKING PROCESS ANALYSIS

Stage

In the early stage of initiating crack development, when the
forced fracture direction is perpendicular to the longer axis
of mineral grains (Vp plane), a tensile stress zone is created at

longer edges (Fig. 1). Grains are being strained, and a significant
energy is being accumulated at the crack forehead as a result
of a bigger range of elastic strain. In our test, these strains are
dependent on the grain edge length, which results in variable
strain routes and, when the crack starting point is located on the
relatively longer grain edge, the strain is bigger and at the same
time the load increment is smaller.

In the plane perpendicular to the lamination and parallel to
the grain axis (Vr plane), stresses also concentrate on grain edges,
and the elasticity parameters are higher; this fact is evidenced by
Young’s modulus values determined both in the test and in an in-
direct way (Dziedzic, 2002). Besides, this fact is indicated by val-
ues of the dynamic elasticity modulus obtained for this direction
by means of non-destructive ultrasonic tests (Dziedzic, 2005).
Therefore, the pre-existing elasticity is higher in the plane paral-
lel to the grain axis (Vr plane), but elastic grain strains are main-
tained for a shorter time. That is so because the stress zone at the
initiating crack tip shifts towards the side edges of mineral grains
as if, so to say, “seeking” locations more susceptible to strain,
which are contact surfaces between grains, as well as spaces filled
with the silica-carbonate bonding material (Fig. 1).

In the plane parallel to the lamination (H plane), with a rela-
tively loose grain layout, stresses concentrate on those weaker
areas from the very beginning. The bonding material is strain-
ing, but its strains are significantly smaller and less elastic (due
to a lower value of Young’s modulus). The strains were of a simi-
lar size, approx. 0.015 mm (Dziedzic, 2002), which evidences the
existence of a strain limit resulting from the properties of the
silica-carbonate bonding material.

Stage II

The above-presented alterations related to the early stage of
the initiating slot development are the conditions for initiat-
ing the cracking process in stage II. In case of cracking in the
plane parallel to the lamination (H plane), the crack increment
is at its biggest, which results from a significant development
of cracks.
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In case both planes are perpendicular to the lamination (Vp
and Vr planes), an equalisation of crack width increments is ob-
served; nevertheless, the share of these increments in the critical
value (CMOD ) is smaller in the plane perpendicular to the grain
axis (Vp plane). At the same time, also in this plane a reduction
of load increment is observed, which indicates that processes of
straining the mineral skeleton and cumulating potential energy
are continued. Nevertheless, the delivered energy is consumed in
the Vr plane successively in cracking processes (Fig. 2).

A similar process is carried out for cracks developing in the H
plane, but the stable propagation indicates its presence more signif-
icantly. Distinctively bigger crack width increments as well as relat-
ing bigger load increments indicate that, firstly, it is just there where
the most extensive changes occur, and secondly, a permanent load
increase is successively used for the generation thereof. Based on
that fact, it should be reckoned that these alterations are related to
the rock mass continuity loss (which means creation of a crack),
and not to the strain of silica-carbonate bonding material (Fig. 2).

Stage III
Before the critical state is reached, the crack widens rapidly,
which is related to its unstable propagation. The widest open-

ing, but also the most varied at the same time, was observed
for the plane located in parallel to the lamination (H plane).
In planes located at right angle, a bigger crack opening for
the Vp plane is clearly marked; at the same time, the unsta-
ble cracking process has a bigger participation in this plane,
which evidences that the previously accumulated energy is
consumed.

In case the crack develops along the lamination, crack prop-
agation is neither rapid nor uncontrolled because no potential
energy has been accumulated. In order to make such propaga-
tion possible, an additional energy portion must be delivered
by means of a permanent load growth, and along the increase,
the slot crack width increment also increases. This means that,
in the same plane as the lamination, the stable cracking process
is being continued also when ACMOD  is bigger than 2% of
CMOD,.

On the other hand, crack development in directions perpen-
dicular to the lamination is not dependent on the load incre-
ment only, but also on the amount of energy collected before.
Higher crack opening values as observed in the plane perpen-
dicular to the grain axis (Vp plane) indicate that the unstable
cracking is more rapid in this case (Fig. 3).
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CONCLUSIONS

Application of strain curves and the chevron bend test method
for the evaluation of crack development facilitated describing
this process in the aspect of its variability in relation to the inter-
nal structure of Krosno sandstones. The varied fracture tough-
ness and compressive strength as observed in earlier tests is — to
a significant extent — a result of a different crack propagation
character within this anisotropic rock material. The failure is
reached the easiest and - relatively — the quietest way when the
crack development direction is the same as that of lamination.
In such a situation, the energy delivered to the rock material
is continuously used for a stable slot development. An uncon-
trolled and rapid cracking process had not been observed even
before the critical state was reached. Whereas, in directions at a
right angle to the lamination and in the early stage of the rock
deforming process, part of the delivered energy is accumulated
within the rock as potential energy. In particular, this observa-
tion regards the direction perpendicular to the longer grain axis,
where a rapid and uncontrolled crack development is reached
in the unstable cracking process stage. The fracture toughness is
highest in this direction, and yet, the failure is of the most explo-
sive character.
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KROSNO SVITOS SMILTAINIO AIZEJIMO PROCESO
ANIZOTROPIJOS TYRIMAI

Santrauka

Straipsnyje pateikiama Krosno smiltainio (MaZieji Beskidai, Mucharz)
aizéjimo proceso analizé. Bandiniy tyrimai atlikti pagal ,chevron
bend“ metodika. Tirtas smiltainis pasizymi specifine vieline sandara:
mineraliniai izotropiniai gradeliai yra i$sidéste laminariai, o anizo-
tropiniai — kryptingai. Sie sandaros ypatumai lemia geomechaniniy
savybiy anizotropija — atsparuma jtrakiams, stiprumg gniuzdant,
plysiy plétojimasi skirtingomis kryptimis. Tyrimy rezultatai bei aizé-
jimo procesas analizuojami pagal tris ortogonalines matavimo kryp-
tis, pasirinktas pagal uolienos struktarinius ir tekstarinius ypatu-
mus. Apkrovos ir deformacijy didéjimo laike tyrimo duomenimis,
sluoksniuotumo kryptj atitinkantis aizéjimo procesas yra léciausias.
Aizéjimo procesas, statmenas sluoksniuotumui ir gradeliy ilgyjy asiy
kryp¢iai, yra staigus. Nevienodas aizéjimo procesas gniuzdant nule-
mia skirtingus ply$ius. I$skiriami intergranuliariniai ir intragranulia-
riniai ply$iai.

Artur Dziedzic

ANIZOTROPIA PROCESU PEKANIA NA PRZYKLADZIE
PIASKOWCOW KROSNIENSKICH Z MUCHARZA
(BESKID MALY)

Streszczenie

W artykule przedstawiono analize¢ procesu pekania piaskowcow kros-
nienskich z Mucharza (Beskid Maty), oparta na badaniach odpornosci
na pekanie metoda tréjpunktowego zginania walcowej probki z nacie-
ciem inicjalnym (ang. chevron bend). Analizowany materiat skalny cha-
rakteryzuje si¢ specyficzng dla osadow fliszowych budowa wewnetrzna:
laminarnym ulozeniem sktadnikéw mineralnych oraz kierunkowoscig
nieizometrycznych ziaren. Cechy te wptywaja na anizotropie réznych
wlasciwosci geomechanicznych tych skal, takich jak odporno$¢ na pe-
kanie czy tez wytrzymalos¢ na $ciskanie, i s3 rowniez przyczyna zroz-
nicowanego rozwoju szczelin. Przedstawione w artykule wyniki badan
oraz charakterystyka procesu pekania dotyczg trzech ortogonalnych
kierunkéw pomiarowych, przyjetych w nawigzaniu do wymienionych
cech strukturalno-teksturalnych materialu skalnego. Analize pekania
przeprowadzono w nawigzaniu do schematu Irwina, uwzgledniajac
réwniez istotne w przebiegu deformacji materiatéw skalnych progi mi-
kro- i makropekania, co pozwolito wydzieli¢ trzy fazy rozwoju szczeliny.
Okreslono je na podstawie przyrostow szerokosci naciecia inicjalnego,
odniesionych do krytycznego rozwarcia szczeliny na granicy wytrzy-
malosci w 10 kN interwalach wzrastajacego obcigzenia. Jak wynika z
interpretacji przyrostéw obcigzen i odksztalcen rejestrowanych w trak-
cie badania, przebieg pekania ukierunkowanego zgodnie z utawiceniem
jest najbardziej spokojny, natomiast gwaltowny charakter zniszczenia
obserwowany jest w kierunku prostopadlym do utawicenia i jednoczes-
nie prostopadlym do dtuzszych osi ziaren mineralnych.

Aptyp [I3uensur

AHMN3OTPOIINA ITPOLECCA PACTPECKMBAHMA
MECYAHVKOB KPOCHOBCKOVI CBUTBI

Peswme

AHammMsupyeTcA mpoliecc pacTpecKMBaHNA IeCIAHNKOB KPOCHOBCKOI
cButhl (Mansie Becknppl, Myxaps). O6pasijsl 13ydeHbl 10 MEeTOLMKe
»chevron bend® JlaHHble mecyaHMKM XapaKTepMU3YIOTCA crermdu-
4eCKMM BHYTPEHHMM CTPOEHMEM: MUHEPA/IbHbIE 30TPOIIHbIE 3ePHA
PacIoNoXXeHbl TAMMHAPHO, @ AHM30TPOIHbIe — HampasieHHO. Oco-
OEHHOCTU CTPOEHMA ONpENe/ANT aHN30TPONNI0 TeOMeXaHNYeCKIX
CBOICTB (CONPOTMBIIEHNE K PACTPECKVMBAHNIO, IPOYHOCTD Ha CKATHE,
PasBUTHUE TPEIINH [0 PA3HBIM Halpas/ieHu:AM). [lonydeHHbIe pesyib-
TaThl ¥ IPOLECC PACTPECKMBAHMA OLEHMBA/IICL 1O TPEM OPTOro-
HaJIbHBIM HAIPaB/IEHVAM, MIPUHATBIM JIA CTPYKTYPHO-TEKCTYPHBIX
ocobenHocTelt mopoy. Ilo JaHHBIM IIPMPOCTA BO BPEMEHM HArpysKu 1
nedopManmii pacTpecKuBaHye 110 HAIIPaBIeHUIO CTIOUCTOCTH IPOMC-
XOJIUT MeJIeHHO. PacTpecKyBaHie, epIeHANKY/IAPHOE CIOMCTOCTH 1
HaINpaBJIeHNIO JUINHHBIX OCell 3epeH, IPOVICXOUT He3aMeJTUTe/TbHO.
PasHoe mpoTekaHue Ipolecca PacTPeCKMBAHUA ONpeieAeT pasHoe
CTPOEHME TPEWVH MOC/Ie CKaTuA. BbiieneHbl MHTEprpanHyIApHble 1
VIHTPArpaHy/IApHbIE TPEIIHBI.



