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Hccaenoanne npouecca paspyuieHuss o0pa3uos Tuna “0pasmibcKoro aucka”

H3 CKAJLHOM mopoJbl ¢ TpeMsl nNapalie/;ibHbIMU TPEeIUHAMUA MPU OAHOOCHOM
CKaTuHn

X. Xaspu™', K. Illaxpuap®, M. ®. Map:xu®, II. Moapedsanx’

* Makynprer TOpHOTO Jiena, OTeNeHne HAYYHBIX HCClieqoBaHui, McnaMckuii yHuBepcurer Asa,
Terepan, Mpan

o dakynpTeT TOPHOTO Aeia W MeTauTyprum, TexHojaorndeckuii yHuBepcuteT uM. Ammupa Kabupa,
Terepan, Upan

? ®akymbTeT TOPHOro Aefa W MeTawTyprud, OTAeleHHe MAIlIMHOCTPOSHHs, YHuBepcutet r. Mesn
e o
Wpan

Boinonnenvt ucnvimanus ha oonoocnoe cocamue o6pazyos muna “6pazunvckoco oucka’” uz cKanb-
HOU NOpoobL ¢ mpemst NpedsapumenbHo GblPAUECHHLIMU NAPALICTbHIMU MPEeUUHAMU 8 CPeOHell
yacmu. Obpaszysl Uz MooenbHo20 Mamepuana (0emon Ha OCHO8e NYYYOIAHOB020 NOPMIAHOYEMEHmd,
MENKO20 necKka u 600bl) U320MOGIIU 6 1AOOPAmMopuU MeXanukl 20pHblX nopoo. Hszmepenus kpumu-
4ecKol HAcPY3KU 8 MAKUX OUCKAX NOKA3AIU, YMO OHA HEe3HAYUMENbHO 3a8UCUN OM OpUeHmayuu
mpewun u ux ezaumosnuanus. Ilpoyecc paspyuwienus oopasyos uzyuanu npu pasHvlx yeaiax HaKiond
mpex napauieibHblX Mpewju OMHOCUMENbHO OCU CHCUMAOUjell Haspy3Ku no 0ObIYHOU cXeme UCHbl-
Mmanutl 6pasUIbCKUX OUCKOS. DKCNEPUMEHMANLHO YCIMAHOGIEHO, YUMo HA NEPEOM dMAne HA2py3Ku
Hayunaemcs Ougyprayus mpewjun u ux pacnpocmpaHeHue 8 HANPAGIeHUl JUHUL COHCUMAIOWell
naepysku. Ilpogedeno uuciennoe mooenuposanue npoyecca paspyuleHus o0pasyos ¢ Nnomoubio
KOCBEHHO020 MEmMOoO0a 2PAHUYHBIX DNEMEHIMO8 BbICUIe20 NOPAOKA, U3BECIHO20 KAK “Memoo paspuléd
nepemewjenuti”. [lannvie 4uCIeHHbIX pacyemos no UHUYUUPOBAHUIO U CTUSHUIO MPEuuH CPAGHUBANU
¢ IKCnepuMeHmanbHulMu pesyibmamamu. Tlonyuena mecnas Koppensyus YUCIeHHbIX Pe3yIbmanos ¢
IKCNEPUMEHMANLHLMU.

Knroueesvie cnoesa: HUCXOOHBIC TPECHIWMHBI, NUCKOBBIC O6p33HI>I, MaTt€puaibl U3 CKaJIbHBIX
mopoAa, CIUSIHUC TPCHINH, SKCIICPUMEHTAJIbHBIC pa6OTBI, YHUCJIICHHOC MOJCINPOBAHUC.

Introduction. The presence of pre-existing cracks may reduce the fracture toughness
of brittle materials [1]. The mechanical behavior of brittle materials may be affected by the
micromechanical behavior of cracks. Nevertheless, the extension of cracks depends on the
properties of cracks such as size, location, orientation, and loading condition. The initiation
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and propagation of cracks play a vital role in predicting the cyclic fracture process of rock
specimens [2].

In the crack propagation process of brittle materials, such as precracked rock
specimens, usually two types of cracks are observed originating from tips of pre-existing
cracks (i.e., wing cracks and secondary cracks). Wing cracks are usually produced due to
tension, while secondary cracks may initiate due to shear. Therefore, initiation of wing
cracks in rocks is favored relative to secondary cracks because of the lower toughness of
these materials in tension than in shear [3]. The pre-existing cracks in rocks are normally
under compressive loading rather than under tension, shear or mixed mode loading [4]. It is
mainly expected that the crack initiation will follow in the direction (approximately)
parallel to the maximum compressive load [5].

Many experimental works have been devoted to study of the crack initiation,
propagation path, and eventual coalescence of the pre-existing cracks in specimens made of
various substances, including natural rocks or rock-like materials under compressive
loading [6-24]. Brazilian disk test is one of the most suitable tests in evaluating the static
and dynamic fracture toughness of rocks and rock-like specimens containing central
pre-existing crack or cracks. These tests may also be used to study the crack initiation,
propagation path and cracks coalescence of brittle substances such as rocks under
compressive line loadings [25-33]. This testing procedures used extensively to measure the
tensile strength, fracture toughness and mixed mode breakage process in the uncracked and
precracked disk specimens of various brittle substances under compressive line loading
[34-43]. It should be noted that in Brazilian disk specimens, the crack initiation and
fracture process in specimens often happen very soon under compressive line loading due
to the low tensile strength of rocks and rock-like materials. For example, Al-Shayea [43]
experimentally studied the crack propagation paths in the central straight through crack in
Brazilian disk (CSCBD) specimens of brittle limestone with different crack inclination angles
under mixed mode I/II loading and investigated the influence of confining pressure and
temperature on the crack initiation and propagation of the rock specimens. The
experimental results were compared with theoretical predictions of crack initiation angles.
Ghazvinian et al. [33] have performed analytical, experimental, and numerical studies for a
better understanding of crack propagation process in the CSCBD specimens under
compressive line loading. The existing experimental and numerical analyses also confirmed
the effect of crack inclination angle and crack length on fracturing processes of brittle
materials under various loading conditions.

Various numerical methods have been developed for simulation of crack propagation
in brittle substances, e.g., finite element method (FEM), boundary element method (BEM),
discrete element method (DEM), etc. Three important fracture initiation criteria were
proposed to study the crack propagation mechanism of brittle materials, i.e., (I) the
maximum tangential stress (o,-criterion) [44], (ii) the maximum energy release rate
(G-criterion) [45], and (iii) the minimum energy density criterion (S-criterion) [46]. Some
modified form of the above criteria, e.g., F-criterion which is a modified form of energy
release rate criterion proposed by Shen and Stephansson [47] may also be used to study the
breakage behavior of brittle substances [48—50]. Several computer codes were used to
model the breakage mechanism of brittle materials such as rocks, for example, FROCK
code [17], Rock Failure Process Analysis (RFPA®®) code [51], 2D Particle Flow Code
(PEC?) [23, 33, 52].

However, in most of the published investigations usually specimens with a single
center crack have been studied. In the present study, the Brazilian disks of rock-like
materials containing three parallel cracks in the central part of the specimen are analyzed
both experimentally and numerically. The precracked disk specimens [prepared from
portland pozzolana cement (PPC), fine sands, and water] are tested under compressive line
loading. The stress and displacement fields, the crack propagation and crack coalescence
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through the specimens and in the bridge area (the area between the three cracks in the
specimens containing three cracks) of precracked rock-like disk specimens have been
studied both experimentally and numerically. Some of the experimental works are simulated
numerically by a modified higher-order displacement discontinuity method, while crack
propagation and crack coalescence in the bridge area are studied based on Mode I and
Mode 1I stress intensity factors (SIFs). The experimental data are compared with the
numerical results, which are in good agreement with each other and illustrate the accuracy
and validity of the present work.

1. Specimen Preparation and Testing. Initiation, propagation and coalescence of the
pre-existing cracks in rock-like specimens have been experimentally investigated by many
researchers [15—17]. One of the most difficult tasks in experimental investigations is the
preparation of specimens containing cracks. The rock-like disk specimens are specially
prepared from a mixture of PCC, fine sands, and water. The diameter and thickness of the
precracked rock-like disk specimens prepared for experimental tests are 100 and 30 mm,
respectively (Fig. 1).

Table 1 gives the mechanical properties of the prepared rock-like specimens tested in
the rock mechanics laboratory before inserting the cracks.

T 1 1
. eSome Mechanical Properties of the Uncracked Rock-Like Disk Specimens
Characteristic Parameter Value
Compressive strength 0., MPa 28
Tensile strength o,, MPa 3.81
Young modulus E, GPa 15
Poisson’s ratio v 0.21

Fig. 1. A typical rock-like disk specimen.

Note that the tensile strength (o,) for uncracked rock-like disk specimens is

o = 2F
" 7BR’

where F is the applied compressive load in kN, B is thickness of the disk specimen, and
R is radius of the disk specimen.

Various Brazilian disk tests were conducted on rock-like disk specimens containing
three parallel cracks. These cracks are created by inserting three thin metal shims with 10 mm
width and 1 mm thickness into the specimens during their casting in a mold.

The disk specimens with three cracks are prepared in such a manner that the cracks
are parallel to each other and oriented at different angles to the load line, i.e., at the angles
¢ =0, 15, 30, 45, 70, and 90° (in a counterclockwise direction) as schematically shown in
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F
Crack 1
. 2b =10 mm
AN _,’_/-"'\> Crack 2 R
D =100 mm \ [0} — Y =20 mm
S
Crack 3

Fig. 2 Geometry of three parallel cracks in a rock-like disk specimen under compression.

Fig. 2. The compressive line loading F was diametrically applied, and the loading rate of
0.5 MPa/s was maintained during the tests.

Figure 2 demonstrates a schematic view of the geometry of three parallel cracks (i.e.,
crack 1, crack 2, and crack 3, respectively) with equal lengths 26 =10 mm and the crack
length-to-diameter ratio /D= 0.1.

In this study, six specimens were prepared. Three parallel cracks are located at the
centerline of each specimen with the spacing of 20 mm (S = 20 mm). Spacing is taken as
the vertical distance between the centers of two cracks expressed in mm.

2. Experimental Procedures and Results. The specially prepared (rock-like)
specimens are tested experimentally, and the results are used to analyze the breaking loads
and the crack propagation process of the precracked disk specimens.

2.1. Breaking Stress Analysis of the Precracked Disk Specimens. 1t is obvious that
the precracked rock-like disk specimens have a lower strength as compared to uncracked
specimens.
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Fig. 3. Normalized breaking stress versus ¢ =0, 15, 30, 45, 70, and 90°.

The breaking stress analysis of the precracked disk specimens containing three
parallel cracks with different orientations is of paramount importance to study the behavior
of brittle materials. The stresses causing new crack initiation and the crack coalescence
were also observed. Figure 3 describes the normalized breaking stress variation for six
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cases: ¢ =0, 15, 30, 45, 70, and 90°. The final breaking stress of the precracked disk
specimens is normalized by the average breaking stress of the uncracked specimens. The
average breaking stress of uncracked specimens is about 3.81 MPa. The normalized
breaking stress for the six cases ¢ =0, 15, 30, 45, 70, and 90° is usually less than one
because the pre-existing crack may reduce the final strength of specimen (Fig. 3). As
shown in Fig. 3, normalized breaking stress in ¢ =10 to 70° and ¢ = 90° is larger than
that at different stages of crack propagation process with other inclination angles.

Thus, fracture toughness mode is more critical than tensile breakage mode in the
precracked disk specimens. It should be noted that in ¢ = 30°, pure shear mode loading
was obtained and then the value of breakage load increased.

2.2. Crack Propagation of Precracked Disk Specimens. Crack coalescence
phenomenon may occur when the three pre-existing cracks combine due to propagation of
wings and/or secondary cracks (originating from the tips of pre-existing cracks) in brittle
substances under various compressive loadings. As shown in Fig. 4, crack coalescence in
the bridge area may also occur during the crack propagation process.

¢ =70° ¢ =90° @ =90°
e f g

Fig. 4. Experimental results illustrating the coalescence path of rock-like disk specimens containing
three pre-existing cracks.

In the current experimental study, wing cracks are instantaneously initiated
quasi-statically (Fig. 4). The development and coalescence of wing cracks in the bridge
area (i.e., the area in-between the three pre-existing cracks) may be the main cause of
fracture paths in rock-like disk specimens.

The bridge areas may be considered as the areas starting from the tips of pre-existing
cracks for the cases shown in Fig. 4a—d (p= 0, 15, 30, and 45°). It should be noted that for
the case shown in Fig. 4e—g (¢ = 70 and 90°) the cracks may not be initiated at the tips of
pre-existing cracks. For ¢=90°, the specimen might fail due to two possible crack
propagation processes starting from the right/left tips of pre-existing cracks in a tensile
splitting mode.

Figure 4a—g shows the observed wing cracks propagating toward each other and
causing crack coalescence in the bridge areas.
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Figure 4a—g illustrates six cases of coalescence paths due to the propagation of the
wing cracks in the bridge areas that are experimentally observed.

3. Numerical Simulation of the Precracked Specimens by Indirect Boundary
Element Method.

3.1. Numerical Method. A displacement-based version of the indirect boundary
element method known as displacement discontinuity method (DDM), which was
originally proposed by Crouch [53] for the solution of elastostatic problems in solid
mechanics, is used in this study [54-58].

A higher accuracy of the displacement discontinuities along the boundary is obtained
by using quadratic displacement discontinuity (DD) elements. A quadratic DD element is
subdivided into three equal subelements, such that each subelement contains a central node
for which the nodal DD is evaluated numerically [48, 49].

Yy
Each DD element is divided D! Dl ])33
into three equal subelements 1 3 ,g
1 , 1 | |
| T 1 T ¥ 1 |
| 2a 2c; 2es
[~ |
2c

Fig. 5. Quadratic collocations for the higher order displacement discontinuity variation.

Figure 5 shows the displacement distribution at the quadratic collocation point ‘n,
which can be calculated as

D;(6)=24,@&)D}, j=x,y, m=123, )

where D} , D?, and D; are the quadratic nodal displacement discontinuities in x and y

directions. Considering a quadratic element of length, 2c¢, with equal subelements (¢; =
= ¢, = c3) and a quadratic shape function, A4,,(§) for —c=<{ <c, the following shape
functions of the quadratic collocation point ‘m’ can be defined [48],

A ()=C(E—2c)/8ct, Ay (§)=—(C>—4ct) 4ct, A3(5)=C(C+2c)/ 8. (2

The stresses and displacements for a straight crack in an infinite specimen along the
x-axis, in terms of single harmonic functions f(x, y) and g(x, y), are given by crouch and
star field [45] as
Oyy=2p[_yf>xyy ]+2p[gayy_yg’yyy ]: (3)
axy = 2p[2f>yy+yf7yyy ]+2p[_ygsxyy ]9

and the displacements are

Uy = [2(1_V)f>y_yf’xx ]+[_(1_ Zv)gax_ygmy 1,
u, =[(A=)f =y [y 1F[20=v)g,, = ¥&, )y |,
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where p is shear modulus and f, g ., f,, g ,, etc. are the partial derivatives of the
single harmonic functions f(x, y) and g(x, y) with respect to x and y. These potential
functions (for the quadratic variation of DD along the element) can be written as

3
-1
=—— > D"Q (Iy, 1,1
.f(xs y) 47{(1_1))’"2:1 X m( 0> 41> Z)s
3 (%)
(x )=_712D’”Q Uy, Iy, 1)
g,y 4n(1—v)m=1 yaem\Los £1-> 42 )

The common function Q,,, can be defined as
Q,, (g, Iy, 1)= [ 4,@©In[(x=5)+ 12 dE,  m=1103. ©)
The integrals /,, /;,and I, in Eq. (6) can be obtained as
c
Iy(x, »)= [In[(=0)*+ 21" dt =
-C
=y —¥2)— (x—c)In(l) )+ (x+c)Inl; )= 2, (7a)
c
L = [ein[x=0)y*)"2d =
—C

=xp(Y; —Y5)+05(y* —x”+c?)In(ly /Ty )—cx, (7b)

L )= [ [0+ 71"t = %(sz — )@y =)+

—C

1 1 2c c?
+§ (3)cy2 -+ ) In(T )—g (3)cy2 —-x=c3 ) In(T', )—? (xz - y2 +? , (7¢)
where v, ¥,, I'|,and I'; can be derived as
1| = arctan (y) , Y, =arctan (y) ,  I'i=[kx— 0)2 + yz]l/2 ,
x—c x+c ®)

[, =[(x+c)* + "%

In order to eliminate the singularity of the displacements, provide stress calculation
near the crack ends, and increase the accuracy of order-higher displacement discontinuity
method around the original crack tip, a special treatment of the crack at the tip is necessary
[48, 49]. In previous works, usually, one or two elements for the specific crack tip
was/were used, but in the present study three special crack tip elements at the crack ends
are used in the general higher-order displacement discontinuity method. As shown in Fig.
6, the DD variation for three nodes can be formulated using a special crack tip element
containing three nodes (or having three special crack tip subelements) [48],
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Fig. 6. A special crack tip element with three equal subelements.

D; (&)= D Ap, (DI (c),  j=xp m=123 ©)

Considering a crack tip element with the three equal subelements (c; = ¢, = ¢3), the
shape functions A7 (8), A7,(8), and Ap5(C) can be obtained as equations:

15@1/2 C3/2 CS/Z —SCI/Z 3@3/2 CS/Z
An©)=""~5 "3 520 A= 2t 32 52 °
8C1 Cl 8C1 4\/501 2\/§C1 4\/36'1
) (g)_ 3cl/2 ~ C3/2 N §5/2 (10)
3 8\6011/2 2\6013/2 8\6015/2 '
The common function Q’T”(I} , I% , I% ) is defined as
c
QUM = [ Ap,On[x=0)?+ 12 L, m=12,3 (1
—C
The integrals /7, I7,and I; can be expressed as
c
Ip (. p)= [P m[(x=8) + 712 dg,
—C
c
I (x, )= [ n[(x—)* +*)2de, (12)

-C

[; (x, )= j@S/z In [(X—C)Z +y2]”2d§.

—C

The Mode I and Mode II stress intensity factors K| and K|; can be estimated based
on the linear elastic fracture mechanics (LEFM) theory as the opening and sliding
displacements [48]:

1/2 o 1/2
) D, (), KH=4(£V)(C) D, (e). (13)

K =-F (2”

“a0-nl e
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3.2. Numerical Simulation of the Experimental Works. A modified higher-order
displacement discontinuity method based on the versatile boundary element method [48] is
used for the numerical simulation of the proposed experimental works (i.e., to study the
crack coalescence in the bridge area and crack propagation process of brittle substances
under compressive line loading). Six different specimens (Fig. 4a—g) are numerically
simulated by the proposed numerical method, and the results are plotted in Fig. 7a—g. The
LEFM approach based on the concept of SIFs proposed by Irwin [59] is implemented in the
boundary element code and the maximum tangential stress criterion given by Erdogan and
Sih [44] are used in a stepwise procedure to estimate the propagation path of wing cracks.
An iterative method explained by Marji [60] has been used to investigate the crack
propagation directions and paths after each crack extension step, Ab= 0.1b, successively.
The propagation path of each crack has been estimated by this iterative method, and finally
the coalescence of the cracks has been observed (after propagation of wing cracks). As it
follows from the results shown in Fig. 7, the numerically simulated propagation paths are in
good agreement with the corresponding experimentally observed paths (Fig. 4). It should
be noted that the numerical results are based on the crack propagation process originating
from the cracks tips but as shown in Fig. 4, while some experimental specimens do not
include any wing cracks starting from the tips of horizontal cracks.

0=0 o =15° ¢ =30° @ =45°

¢ =70° o =90° @ =90°
e f g

Fig. 7. Numerical simulation of crack coalescence path for disk specimens containing three parallel
cracks with equal crack lengths 2b =10 mm.

Table 2 compares the numerical and experimental results considering the crack
initiation and coalescence stresses. The wing crack initiation stresses for various specimens
vary from 1.12-2.32 MPa for the numerical approach and from 0.92-1.86 MPa for the
experimental one. The crack coalescence stress varies from 2.25-2.76 MPa for the
numerical analysis and from 2.16-2.61 MPa for the experimental one.

4. Discussion. The crack propagation process in rock specimens has been studied by
several researchers using the CSCBD problem as shown in Fig. 8 [32].

Recently Ghazvinianet et al. [33] have experimentally and numerically investigated
the crack propagation paths for different crack inclination angles, =0, 15, 30, 45, and
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Table 2
Comparison of Wing Crack Initiation and Crack Coalescence Stresses
(Using the Proposed Numerical Method and the Experimental Data)

Crack geometry Wing crack initiation stress (MPa) | Cracks coalescence stress (MPa)
Numerical Experiment Numerical Experiment

p=0 Crack 1 2.13 1.74
Crack 2 2.24 - 2.7 2.52
Crack 3 2 1.68

¢ =15° | Crack 1 1.91 1.54
Crack 2 2 - 2.43 2.28
Crack 3 1.83 1.68

¢ =30° | Crack 1 1.95 1.77
Crack 2 1.97 - 2.52 2.31
Crack 3 1.93 1.67

¢ =45° | Crack 1 1.13 0.92
Crack 2 1.25 - 2.53 2.44
Crack 3 1.12 0.95

¢ =70° | Crack 1 1.47 1.14
Crack 2 1.54 - 2.62 2.42
Crack 3 1.43 1.28

¢ =90° | Crack 1 2.29 1.86
Crack 2 2.32 - 2.76 2.61
Crack 3 2.28 1.79

F

i
5
2

Fig. 8. Schematic view of rock-like CSCBD specimen.

60° for CSCBD rock-like specimens. They have used PFC*® code (a discrete element
approach based on the finite difference method) to conduct a number of numerical
simulations to reproduce their experimental works on CSCBD specimens. Table 3 shows
the mechanical properties of rock-like specimens.

Figures 9 and 10 illustrate the experimental data of Ghazvinian et al. [33] and PFC2D
simulations of the crack propagation paths in (CSCBD) specimens with different crack
inclination angles =0, 15, 30, 45, and 60°, respectively.
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Table 3
Mechanical Properties of Rock-Like Specimens [33]

Characteristic Parameter Value
Crack length 2b, mm 30
Compressive strength 0., MPa 6.6
Tensile strength o,;, MPa 1
Density Y, kg/m3 1200

p=15° B =30°

ﬁ=45° ﬁ=60°

i,

Fig. 9. The crack propagation path in CSCBD specimens with different crack inclination angles
B =0, 15, 30, 45, and 60° [33].

B =45° B =60°

Fig. 10. PEC? simulation of the propagating paths in (CSCBD) specimens with different crack
inclination angles 8 =0, 15, 30, 45, and 60° [33].
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B=0 p=15° B =30°

B =45° B =60°

Fig. 11. Boundary element simulation of the crack propagation process in CSCBD specimens.

The crack propagation process in rock-like CSCBD specimens has also been
numerically studied by using the higher-order boundary element method proposed in this
study. The numerical results obtained by the boundary element simulation of CSCBD
specimens are shown in Fig. 11. The numerically simulated crack propagation paths shown
in Fig. 11 are in good agreement with the experimental results given by Ghazvinian et al
[33] in Fig. 9. Comparative analysis of the results plotted in Figs. 10 and 11 and the
experimental data in Fig. 9 clearly demonstrates the accuracy, validity and superiority of the
boundary element method results, as compared to those obtained by PFC*® code (Fig. 10).
The boundary element code is much faster and user-friendly, because the boundary element
method essentially reduces one dimension of the problem and alternatively reduces the
mesh size sharply and makes the discretization of the problem simpler and quicker [33].

Conclusions. The crack propagation mechanism of brittle substances has been studied
by comprehensive experimental and numerical works in the recent years. This is a
complicated process, which requires further efforts to investigate the crack propagation,
crack coalescenc in the bridge area, and final fracture paths of the rocks and rock-like
materials under compressive line loading. In this study, a detailed analysis of the fracturing
process of the precracked rock-like disk specimens was accomplished both by experimental
tests and numerical simulation. Effects of fracturing on the breaking load of the precracked
rock-like materials are discussed. It is shown that the crack propagation mechanism in the
brittle substances due to the crack coalescence phenomenon in the bridge area occurs
mainly by propagation of wing cracks emanating from the pre-existing crack tips. The
secondary cracks may also be produced after propagation of the wing cracks in the
specimens under compressive line loading, but it is experimentally shown that the wing
cracks are mainly responsible for the crack coalescence and the final cracks propagating
paths. The tested specimens are also numerically simulated by the indirect boundary
element method, and the corresponding numerical results show a good fit with the
experimental results. The experimental and numerical models properly illustrate initiation
of the wing cracks, as well as crack propagation paths produced by the coalescence
phenomenon of the three parallel pre-existing cracks in the bridge area.
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Pe3zwome

[TpoBeneHo BUIPOOyBaHHs Ha OJHOBICHUN CTUCK 3pa3KiB THITY “Opa3mibCbKOro JIUcKa’ 3i
CKaJBHOI TIOPOAM, IO MAIOTh TPH MOMEPEAHHO BUPOIIEHI MapaiebHi TPIIUHA B CepenHiit
YyacTHHI. 3pa3Kd 3 MOJENBHOrO Marepiaixy (OeTOH Ha OCHOBI ITyIOJAHOBOTO MOPTIAH/-
LIEMEHTY, APIOHOTO MICKY Ta BOJM) BUTOTOBIISUIA B Ja00paTOpii MEXaHIKU TipChKUX MOPIJI.
BuMmiproBaHHSI KpUTHYHOTO HABAaHTAXKCHHS B TAKHX JUCKaX MaKas3ajo, M0 BOHO HECYTTEBO
3aJIeKHUTH BiJl OpieHTalil TPIUMH 1 X B3aeMoBILIMBY. [Ipouec pyliHyBaHHS 3pa3KiB BHBYA-
JIU 32 Pi3HUX KYTiB HaXWIy TPHOX MapalelbHAX TPIMIWH BiTHOCHO OCi CTHCKAIOUOTO HAaBaH-
Ta)KEHHS 32 3BUYAHHOI0 CXEMOIO BHIIPOOYBaHb Opa3miIbCHKHUX ANCKIB. ExcriepuMeHTanbHO
YCTaHOBIICHO, 110 Ha TIEPIIOMY eTall HAaBaHTaKCHHsS MOYMHAETHCS OiypKallist TPILMH Ta
iX pO3MOBCIOPKEHHS B HANPSAMKY JiHII CTHCKar0ouoro HaBaHTakeHHS. [IpoBeneHo umcioBe
MO/ICIIIOBAHHS IPOIleCY PyWHYBaHHS 3pa3KiB 3a JIONMOMOTOI0 HENPSIMOTO METO/IY I'paHW4-
HUX €JICMEHTIB BUIIOTO TMOPSJIKY, IO BIIOMHUHA SIK “METOJ pO3puBY mepemiiieHs”. Jlaui
YHCIIOBUX PO3PaxXyHKIB MO IHII[IIOBAHHIO 1 3JIUTTIO TPIIIUH TOPIBHIOBATH 3 EKCIIEPHMEH-
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