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Abstract

Sudden and violent fracturing of brittle materials, such as rocks and concretes, still remain one of the
leading causes of fatalities in mining, civil and geotechnical industries today. The primary aim of this
study is to investigate the mixed modes, mode I (tensile) and mode Il (shearing) fracturing mechanisms of
rock and prepared concrete specimens using Crack Chevron Notched Brazillian Disc (CCNBD) specimen
geometries. Static diametrical compression tests showed that the notched cracks at the centre of the
specimens opened (Mode 1) up to 30° crack inclination angle (), whereas crack closure started for
B > 33°, and closure became more pronounced at even higher  of 45° and 70°. A series of numerical
analyses were then performed by using a Finite Element Method (FEM) software FRANC2D to simulate
the stress distributions and fracturing behaviour of the samples at different 3, and to obtain the Mode I
and Mode 1l fracture toughness values K. and K. respectively. According to the numerical results, it was
unlikely to obtain pure Modes | and Il using both the CCNBD specimens under diametral compressive
loading. Furthermore, the numerical simulations also suggested that K,. was more effective on crack
initiation than K,; whereas, at the onset of crack propagation, the opposite was the case.

Keywords: Fracture toughness, Mode | and Mode Il fracturing, FRANC2D, Fracturing of rock and
concrete

Kirilgan Malzemelerin Cekme ve Makaslama Kirilmalar1 Uzerinde Deneysel ve
Sayisal Calismalar

Oz

Kayalar ve beton gibi kirillgan malzemelerin ani ve siddetli kirilmalar1 hala madencilik ve insaat
endiistrilerinde Oliimciil olaylarin sebepleridir. Bu ¢alismanin temel amaci ortak kirilma modu olan
model-1I, mod 1 (¢ekme kirilmalar1) ve mod II (makaslama) kirilmalarindan olusan yenilmelerin,
hazirlanmis CCNBD ismi verilen kaya ve beton numuneler ile incelenmesidir.  Statik ¢apsal basma
gerilmesi altinda test edilen numunelerde, catlak egim agist 3, 30° olana kadar ¢entik catlaginda Mod 1
kirilmaya neden olan agilmalar goriilmistiir. Bunun yaninda [ agisi 33°°den biiyiik oldugunda ise ¢entik
catlaginda kapanma gézlenmistir ve bu kapanma [3 agis1 45° ve 70° oldugunda oldukga fazla ve belirgin
olmugtur. Sonlu elemanlar yontemi ile isleyen FRANC2D programi kullanarak sayisal modellemeler
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yapilmistir ve gerilme dagilimi analizi, ¢atlaklanma modellemeleri yapilarak Mod I ve II tikizlik degerleri
olan K. and K. degerleri bulunmustur. Sayisal analiz sonuglarina gore, ¢apsal basma gerilmesi altinda
test edilen CCNBD numunelerde salt Mod 1 veya salt Mod II kirilmalarin miimkiin olmadig:
bulunmustur. Ayrica sayisal analiz sonuglari, ¢atlaklanmanin baglamasinda mode I tikizlik degeri olan
Kic’nin Mod II tikizlik degeri K c’den daha baskin oldugu ve olusmus ¢atlagin ilerlemesinde ise tam tersi

oldugunu gostermistir.

Anahtar Kelimeler: Kirilma tikizligi, Mod I ve Mod II kirilma, FRANC2D, Kaya ve beton kirilmalari

1. INTRODUCTION

Rapid and violent failures of large-scale mining or
civil engineering rock structures can cause
significant safety hazards, material damage and
interruption to mining or building activities. The
fundamental questions in both mining and civil
engineering relate to predicting the failure load of
rock structures consisting of flaws and cracks, and
to revealing the combination of load and flaw
geometry that lead to failure. Rock fracture
mechanics is one approach to recognising pre-
failure rock mass behaviour, which may result in
predicting or preventing the potential for
geotechnical and geological failure [1]. Fracture
mechanics, sometimes called crack mechanics, is
concerned with the individual crack or cracks.
Moreover, existing failure criteria and theories,
such as the well-known Coulomb Criterion, often
deal directly with fracture processes; however,
they cannot be expected to deal with crack
propagation in terms of the length of the crack or
the direction of crack propagation. Fracture
mechanics or, more specifically, linear elastic
fracture mechanics (LEFM), has become well
developed over the past 50 years, as engineers
tried to understand the brittle failure of structures
made of high-strength metal alloys [2]. However,
fracture mechanics was only applied to the study
of rock fracturing in the 1980s [3]. Some past
research on rock and concrete fracture mechanics
has provided significant knowledge on tensile
fracturing (Mode | fracturing) [4, 5].

Cracks or discontinuities in brittle materials such
as rocks and concrete are not subjected to just one
type of loading. Some rock structures, such as
bridge abutments, dam and road foundations, and
tunnel walls, undergo both static and cyclic

174

loading caused by, for example, vehicle-induced
vibrations, drilling and blasting or traffic. This
type of loading often causes rock to fail at a lower
than expected stress. The design of such structures
requires understanding of, and research on, rock
mechanical parameters under various loading
conditions. LEFM is based on the stress intensity
factor (SIF), K, which quantifies the intensity of
the stress singularity at the crack tip. Fracture
mechanics states that a crack will propagate when
its stress intensity reaches a critical value, KC,
assuming that the crack tip is in a state of plane
strain. The stress intensity factor depends on the
fracture displacement modes and crack geometry.

A crack can deform in three basic modes: Mode I,
Mode Il and Mode Ill. The classification of
fracturing is based on the crack surface
displacement or the crack tip loading [3, 7]. Mode
I, which is also called the opening (tensile) mode,
is so called because the crack tip is subjected to a
normal stress and the crack faces separate
symmetrically with respect to the crack front, so
that the displacements of the crack surfaces are
perpendicular to the crack plane (Figure 1). The
crack carries no shear traction and no shear
displacement is visible. Mode 11 is the edge sliding
(or in-plane shearing) mode, where the crack tip is
subjected to an in-plane shear stress and the crack
faces slide relative to each other so that the
displacements of the crack surfaces are in the crack
plane and are perpendicular to the crack front
(Figure 1). Mode Il is the tearing mode, as the
crack tip is subjected to an out-of-plane shear
stress. The crack faces move relative to each other
so that the displacements of the crack surfaces are
in the crack plane but are parallel to the crack front
(Figure 1) [8, 9].
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Figure 1.Fracturing modes of brittle materials [10]

Stress Intensity Factor (SIF) and maximum SIF,
Kc, the widely accepted LEFM model today which
describes the stress field in the area at the crack tip
can be obtained in Equation 1 [11].

Kce=c\ra (1)

Where, Kc, critical SIF as a measure of material
resistance to fracture which is also known as the
fracture toughness, ¢ is applied stress and a is
length of the crack.

Mixed mode I-Il fracture problems under
compressive loading are shown to be more
complicated than, and also quite different from,
those under tension. In general, it is accepted that
tensile cracks grow initially at an angle with
respect to the direction of the compressive stress,
and then rapidly grow in the direction of the
compressive stress [12, 13, 14]. The fracture
stresses for Mode I, Mode Il and mixed Mode 111
compressive loading can be found similarly to
those for tension loading by using the three
fracture criteria used in fracture mechanics [15]. In
contrast, some researchers have provided a closed-
form solution for the stress distribution in cracked
and uncracked disc specimens under diametral
compression [4, 5, 16]. Shetty et al. [5] first used a
CSNBD specimen to calculate both Mode | and
Mode Il fracture toughnesses of ceramics.
Atkinson [4], Awaji and Sato [16] developed
dimensionless Mode | stress intensity factor (NI)
and dimensionless Mode Il stress intensity factor
(NIT) solutions depending on the dimensionless
notch length o (a/R) and the notch inclination
angle (B) with respect to the loading direction.

C.U. Miih. Mim. Fak. Dergisi, 32(2), Haziran 2017

Nazife ERARSLAN

Generalised Maximum Tangential Stress (GMTS)
criterion is usedin general to describe and calculate
the tangential stress in front of the crack tip under
mixed Mode I-1l loading [18]. The GMTS
criterion has been specifically modified for the
SCB geometry samples to model its crack
propagation under mixed-Mode I-Il loading as
given in Equations 2 and 3 [18].

Kie= =g Yi (o5, %) )
PVma N
Kpe = Tntayu (a,%,E) 3)

Where, Klc, Kllc dimensional Mode | and Mode Il
SIFs respectively, P is compressive applied
loading, a is length of the crack, t is thickness of
the specimen, R is radius of the specimen, Y1 and
YIl are Mode | and Mode Il geometry factors
respectively.

2. TESTING METHODOLOGY AND
EXPERIMENTAL RESULTS

2.1. Geometry of the Specimens

The geometry of a CCNBD specimen is illustrated
in Figure 2. The thickness of the notches, t, was
1.5 mm and the thickness of the specimens, B, was
25 mm. The inner chevron notched crack length,
2ay, was 16-18 mm and the outer chevron notched
crack length, 2a;, was 36-37 mm. All geometrical
dimensions should be converted to dimensionless
parameters with respect to the specimen radius and
diameter. Specimen dimensions are given in the
suggested ISRM methods [20]. Other specimen
geometrical dimensions are possible; however, in
order to have a valid test, the two most important
dimensions, that is, the dimensionless final
notched crack length (ay) and the dimensionless
quantity (ag), must fall within the range outlined in
the suggested ISRM methods [20]. The
dimensionless initial crack length (ag = ay/R), the
dimensionless final notched crack length (a; = ayR)
and the dimensionless quantity (ag = B/R) are the
three basic dimensions for the CCNBD specimens
(Figure 2). All specimen geometries used in this
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study were in the valid ranges suggested by the
ISRM [20].

Disk specimens were diametrically loaded with
various angles (B) inclined according to diametral
compressive loading directions ranging from 0° to
70°. A load-controlled testing manner was adopted
and loading was continued till failure. Load,
diametral  displacement and Crack Mouth
Displacement (CMOD) were continually recorded
during the test using a computerised data logger.

loading plates

Figure 2. CCNBD specimen geometry with
recommended test fixture

The failure load for both rock and concrete
specimens were obtained from the fracture
toughness tests and the results are summarised in
Table 1.

Table 1. Failure load of
specimens [9]

rock and concrete

Material Crack Fail
Geometry ‘? eZIa inclination LOZ(IJ la:a)
/P angle, 8 (9
0 4.82
30 4.75
Concrete
45 4,94
70 4.18
CCNBD
0 5.498
30 5.483
Rock
45 5.969
70 6.217
176

In general, failure load increases with increasing f
for all rock and concrete specimens. The results
show that diametral compressive loading along the
crack plane in CCNBD specimens always creates
mixed-mode fracturing, without any clear Mode 11
fracturing, although the crack is subjected to
compressive-shear loading.

Table 2. Theoretical fracture toughness results [9]

Theoretical
Fracture
Crack
Material Inclination Toughness Results
Angle 8 (’) (Mpa\/ﬁ)
ch KIlc
0 03924 | NA
Concrete
30 03241 | 0.6250
45 0.3355 | 0.6470
70 0.2896 | 0.5880
. 0 08255 | N/A
Brisbane
Tuff Rock 30 0.8995 | 1.650
45 1.028 1.857
70 1.056 | 1.906

The tested rock and concrete specimens are shown
in Figure 3. The crack initiation angle was found
to be strongly dependent on the crack inclination
angle (p) in experimental studies. It was found that
cracks initiated at an angle of 70-100° relative to
the original crack plane when the inclined crack
was subjected to uniaxial compressive stress. From
the experimental results, cracks initiated at the tip
of the notch for all three kind of rock specimens
with values of g up to 30° only. However, one of
the most important observations from the
experimental findings was that the location of
crack initiation moved to the centre of the notch
crack with increasing crack inclination angle after
30° (B = 30°). Also, it was found with 70° inclined
cracks in rock samples that single coplanar shear
cracks took place individually at one end of the tip
of the cracks.
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(b)

Figure 3. Tested CCNBD specimens (a) concrete
and (b) rock specimens [9]

3. NUMERICAL ANALYSES AND
RESULTS

A series of finite element simulations were
conducted to model notched crack initiation and
propagation under static diametral loading. The
stress distribution and crack propagation analysis
of the specimens were conducted using the finite
element program FRANC2D (FRacture ANalysis
Code). FRANC2D was originally developed at
Cornell University and was accepted as a step in
developing discrete fracture analysis programs
[19]. The numerical model was built on the
geometry of a Crack Straight Through Brazilian
Disc (CSTBD) specimen, for which the parameters
were diameter, D = 52 mm; thickness, B = 25 mm
and notched crack length = 18 mm. All of the
elements used in the finite element models have
elastic—isotropic material parameters that were
defined using the results obtained from the rock
characterisation tests. The diametral compressive
loads used in the numerical models were based on
the ultimate loads obtained experimentally for
various individual crack inclination angles. The
bottom of the specimen disc was fixed in both x
and y directions. The problem type was plain stress
and the crack propagation was conducted using the
‘automatic non-cohesive crack propagation’ option
of FRANC2D, since the cohesive crack model
implemented in FRANC2D is for Mode |
fracturing only. Hence, non-cohesive crack
propagation was used to more accurately simulate
the inclined crack propagation.
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The first numerical modelling series was done for
stress distribution analysis around a notch crack in
a CCNBD specimen. The loading situations for
various inclination angles were simulated properly
without any new crack initiation or propagation to
eliminate use of the mixed-mode fracture criterion
(Figure 4). In general, the region of tensile stress
distribution extends closer to the centre of the
chevron notch crack with increasing crack
inclination angles. The maximum tensile stress
was obtained along the crack plane at the tip of the
B = 0° inclined chevron notch.

In contrast, the maximum shear stress was found
just under the loading boundary where the high
compressive region occurred and the region of
shear stress moved from the side of the end of the
notch crack to the centre of the end of the notch
crack after 30° crack inclination angle. The
maximum tensile stresses were obtained at the tip
of the notch crack in normal direction to the crack
plane with B = 28°, f = 30° and B = 33° inclined
notch cracks.

Figure 4. Stress distribution around the notch
crack inclined at; (a) g = 0° (b) g = 30°
(c) p=45° and (d) p=70°
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In general, the results of the numerical stress
distribution analyses show that it is not possible to
obtain pure mode | and pure mode Il fracturing
modes with uniform diametral compressive
loading on to the CCNBD geometry. It was found
that both normal stress (tension) and shear stress
are effective with all inclination angles. Further,
normal stress (tension) values are higher than the
tensile strength of the material. Thus, it is hard to
determine which fracturing mode acts in crack
propagation first.

In addition to the contour plots for stress
distribution, the ‘line plot’ postprocess option of
FRANC2D is used to analyse stress distribution
around the notch crack in detail. We named the
position at the left-hand side of the notch crack the
‘upper face of crack’ and at the right-hand side the
‘lower face of crack’ according to the diametral
compressive loading and inclination of the notch
crack (Figure 5). The upper end of the line
represents the start point of the ‘position on line’
axis in the plots (Figure 5).

'.'I(')vv'e‘rface".'.'-‘-
lupper face X
-of crack % Ikcracl'(

FRANC2D for stress
analysis around notch crack

distribution

Stress distribution around the tip of a notch crack
best can be explained by plotting the normal stress,
shear stress, and stress in the x-axis separately
along the upper face, lower face and at the tip of
the notch crack. Figure 5 shows the normal stress
distribution around the upper face of a notch crack
inclined at various inclination angles (5). The
normal stress is tensile at the upper face of a notch
crack inclined up to g = 33°. In contrast, normal
stress is compressive at the upper face of a notch
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crack with inclination angles = 45° and g = 70°
(Figure 6). Figure 7 shows the normal stress
distribution around the lower face of a notch crack
with symmetrical results to those of the upper face.
These results show points where wing crack
initiations take place around the tip of the notch
crack. However, normal stress is always
compressive around both the lower and upper
faces of a notch crack with inclination angles g =
45° and g = 70° (Figure 5 and Figure 7).
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Figure 6. Normal stress (o,) distribution around
the upper face of a notch crack
(Tensile:+; Compressive: —)
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Figure 7. Normal stress (o,) distribution around
the lower face of a notch crack
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After the stress distribution analysis, crack
propagation analyses were done to investigate the
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crack displacements depending on the crack
inclination angles. FRANC2D was accepted as a
step in developing the discrete fracture analysis
programs. During performance of a discrete crack
analysis for crack growth, not only the geometry of
the crack is represented explicitly at each step, but
also the mesh must be modified at each step to
reflect the current crack configuration. The
automatic  re-meshing strategy adopted in
FRANC2D is to delete the elements in the vicinity
of the crack tip, move the crack tip, and then insert
a trial mesh to connect the new crack to the
existing mesh.

original
geometry
o S

deformed

geometry  Original

geometry —

deformed
geometry
X

original
deformed geometry

__geometry \

deformed

original geciuetry

geometry

(c) (d)

Figure 8. Simulated original and deformed notch
cracks with various inclination angles
(@) p=0°(b) p=30°(c) g =45°and (d)
p=70°

The crack propagation simulation results are
shown in Figure 8. It was found that crack
initiation angle was strongly dependent on the
notch crack inclination angle. Moreover, the
direction of crack propagation was found to be
parallel to the loading direction and is in good
agreement with experimental findings. Because the
high tensile stress zone was observed to extend
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along the centre of the notch crack instead of the
tip of the notch crack with increasing inclination
angle in the stress distribution analysis in the
previous section, crack initiation in crack
simulations starts from a region closer to the centre
of the notch crack when the f increases.

4. CONCLUSIONS

Static loading tests performed on diametrically
loaded CCNBD specimens showed that cracks
initiated only at the tip of the notched crack when
the inclination angle had a value of up to 30°.
However, when the inclination angle was greater
than 33°, the crack initiation point moved from the
tip to the centre of the notched crack as the
inclination angles increased. Moreover, it was
found that all notched cracks opened for crack
inclination angles () of up to 30°, whereas crack
closing was found to start above that angle. The
maximum crack closure was observed at a crack
inclination of 70 for all rock and concrete samples.
The amount of this closure is around 0.02 mm,
which is much less than the width of the notch (2
mm). This means that the notch crack surface
planes do not come in contact with each other
before failure. In contrast, the maximum crack
opening was observed at a crack inclination of 0°
for all samples. It is clear that a diametral
compressive loading along the crack plane in
CCNBD samples always creates mixed-mode
fracturing without any clear mode Il fracturing,
although the crack is subjected to the compressive-
shear loading. Another important observation
obtained from the load-CMOD graphs is the
presence of plastic deformation regions before the
peak load points. Because clear plastic
deformation took place before failure in all rock
and concrete samples, there is a possible Fracture
Process Zone (FPZ) in front of the crack tip.

In order to check the validity of the numerical
modelling, a comparison of numerical results and
experimental findings regarding crack initiation
and crack inclination () angles was made. A good
agreement was found between numerical and
experimental findings regarding crack extension
(0) and B. In general, the results of the numerical
stress distribution analyses show that it is not
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possible to obtain pure mode | and pure mode Il
fracturing modes with uniform diametral
compressive loading on to the CCNBD geometry.
It was found that both normal stress (tension) and
shear stress are effective with all inclination
angles. Further, normal stress (tension) values are
higher than the tensile strength of the material.
Thus, it is hard to determine which fracturing
mode acts in crack propagation first. The crack
initiation angle was found to increase with
increasing crack inclination angles with the
numerical results.
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