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Stress Intensity Factors for Plates with Collinear
and Non-Aligned Straight Cracks
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WEFD is a situation in which the size and densityi@cks

Abstract—Multi-site damage (MSD) has been a challenge té the structure/component are such that the streatill no

aircraft, civil and power plant structures. In réf@ components are
subjected to cracking at many vulnerable locatismsh as the bolt
holes. However, we do not consider for the presesfcenultiple
cracks. Unlike components with a single crack, ¢h@smponents are
difficult to predict. When two cracks approach oaeother, their
stress fields influence each other and producererihg or shielding
effect depending on the position of the cracksthie present study,
numerical studies on fracture analysis have beedwtied by using
the developed code based on the modified virtuatkcrclosure
integral (MVCCI) technique and finite element arsidy (FEA)
software ABAQUS for computing SIF of plates with litiple cracks.
Various parametric studies have been carried aditla results have
been compared with literature where ever availabk& also with the
solution, obtained by using ABAQUS. By conductingtemsive
numerical studies expressions for SIF have beerairsdt for
collinear cracks and non-aligned cracks.

Keywords—Crack interaction, Fracture mechanics, Multiple sit
damage, stress intensity factor, collinear crac&s;aligned cracks.

|. INTRODUCTION

N real life, all components/structures are subjected
cracking at multiple locations. Single crack is slgran
idealization. The MSD phenomenon was taken as i@user
issue in April 1988, when a crown section of theelage
cracked at the rivet line in a Boeing 737 airplafi¢he Aloha
Airlines. After investigations National Transpoitat Safety
Board and Federal Aviation Administration of USAvealed
that the presence of small cracks at multiple rigettions in
an un-bonded lap joint caused the catastrophic tevns

longer meet its damage tolerance requirement anddco
catastrophically fail. The WFD has two sources rigme
multiple-site  damage (MSD), characterized by the
simultaneous presence of fatigue cracks in the sametural
element and multiple-element damage (MED), charaeg

by the simultaneous presence of fatigue cracksinmles
adjacent structural elements.

Basically there are two approaches in fracture raeics.
They are LEFM and EPFM. The parameters studiedoth b
these approaches differ.

The important fracture parameters studied are:

1. Stress intensity factor (SIF)

2. Strain energy release rate (SERR)

3. J-integral

4. Crack tip opening angle and crack tip opening dispinent
(CTOA/CTOD)

5. Plastic zone length (PZL)

The parameters studied under LEFM approach argvedia
simple as they do not account for the nonlineapeétion
and plasticity in the vicinity of the crack tipsEEM relates
SIF to remaining life. Among these SIF is the most
extensively studied parameter.

Il. METHODS FORCOMPUTATION OFSTRESSINTENSITY
FACTOR

A number of techniques have been suggested ovdashe
decade for computing the SIFs where analyticaltila are
not available. But many of them fail to address ¢hack tip

phenomenon, referred to as widespread fatigue damag,qiarity and hence fail to represent the redlabir of the

(WFD), raised concerns about the structural intggf aging
aircraft due to their long-term, high-frequencyvéegs. Later
this became a hot topic of research in USA.

Usually components develop cracks at the jointse(ri
holes, welds). But the usual way of handling thesdlems is
to locate the largest crack and by idealizing thsecto be a
single crack situation with self-similar crack gty which
generally leads to erroneous results. But in neadl

structure. There are basically two different groapsnethods
for estimation of these SIFs in places where aitallyt
solutions are not available. They are the fieldsgtiicement
and stress) extrapolation techniques (local apjoaicd those
based on energy (global approach). A coarse mesliffisient
for the latter genre of methods. They include #hetegral
technique, the elemental crack extension, the negf
derivative method by Parks [1] and the energy danraegral

components are always subjected to cracking at rakeveformulation given by Lorenzi [2] and Moran et al.[Fhese

places.The size and location of one crack influsrtbe other
cracks.
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require special post processing techniques and iguite
difficult to separate the SIF components in case ahixed
mode fracture problem. The former genre of methoelgyire
accurate field representations around the crack which
require a very fine mesh and special crack tip ele Some
of those methods are presented below.

A. Displacement ExtrapolationTtechnique
The displacement extrapolation method is based hen t

758



International Journal of Architectural, Civil and Construction Sciences
ISSN: 2415-1734
Vol:6, No:10, 2012

displacements evaluated around the crack tip which a
primary output of FEA program. Hence in order toad
accurate solutions we need accurate representattithe 1Ar

singularity in the displacement field. This candigained by
the usage of special crack tip elements given Byg¢ The

displacements obtained around the crack tip aextr used
in the analytical expressions for displacementdfiearound
the crack tips to get back the SIFs. The quartertmdements
used for this method are shown in Fig. 1.

Fig. 1 Crack tip element used for displacementagdiation method

The displacements are extracted at the nodes wineyeare
most accurate. Kanninen et al [7] has given expyesfr
asymptotic displacements normal to the crack pkmgiven
in (1).
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Chan et al [8] sugges that the results are mocerate
when extrapolation is done along the crak (+r). In such a
case the displacements are given by (2)
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From (2) and (3) the expression for SIF can beiobthas
given by (4)

_ E 21
K, = ATkt D1 (8v, — vg) €))

Gustavo et al [9] showed the influence of elemene,s
element shape and mesh configuration on numeralaks of

K, obtained by displacement extrapolation techniqne a
presented some guidelines to obtajrnv&lues as good as most
accurate energy based estimations within a few epérc
difference from the exact value

B. Virtual crack closure technique (VCCT)

The method was developed by Jerram [10]. He arrated
SIF by using the crack closure integral proposedrisin. In
this method the crack is physically extended, osetl, during
two complete FEA. In the first step, the structigenalysed
for the given load. Then a unit force is placedyweear to the
crack tip and the force required to close the crigghko its
previous configuration is evaluated. Then the wddne in
closing the crack is computed. The basic concepthef
method is that the energgE required to extend the crack
from a-> atAa is the same as the energy required to close the
crack between the same locations. This energy, hwisc
required to open/propagate the crack is the steaiargy
release according to Griffith. The disadvantagéhia method
is that, mode separation is not possible. If thelend energy
release rate was to be found then one more stegmalf/sis
should be conducted by causing mode Il crack prafiag
The basic concept of the method is that the enéEgyequired
to extend the crack from 2 a+Aa is the same as the energy
required to close the crack between the same ttatin the
first step the forces at the current crack tip evaluated. In
the second step crack is assumed to have progreggedand
the nodal displacements are evaluated at the saoatidn
where the forces are computed previously. Thenethergy
AE is given by (5)

1
AE = 3 (X1, AUy, + Z1, AW,,) (5)

X1, Zy are the shear and opening forces in X and Z
directions respectively.

AUy AW, are the differences in corresponding directions.

Subscript 1, 2 denote step number in which the tijyamas
arrived and L denotes the node to which the quantt
associated with.

C.Madified virtual crack closure technique (MVCCI)

Rybicki [11] proposed the virtual crack closureeique
(VCCT), which was an improved form of VCCT, calldte
MVCCI (modified virtual crack closure integral teghue) in
which only one analysis is needed. It is basedhensame
assumption like the VCCT. Additionally it is assuinihat a
crack extension ofAa will not change the forces at the crack
tip too much. Hence the displacements at the ndgeent to
the crack tip (free surface behind crack tip) amel forces are
calculated at crack tip in the same step. Fig.d&stthe forces
and displacements to be used for evaluation of SERR
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T
7 \Aa,)

The forces along Z can also be corrected the saaye The
corrected equations for the energy release ratgponents are
given by (11), (12)

Aa,

(10)

1 Aa\Y?

| GI = —Tal.zi. (Wl - Wl*)' <A_a2> (11)
Aay 12

G” = —Tal.Xi. (ul - ul*). (A_aZ> (12)

The correction can also be made to the displacenvenich
were computed for a lengthe;, to match the forceX,, Z at
the crack tip, which were computed for an elemengthAas,.
This method is pretty simple but has a limitation the
displacement variation can be only in the order tio¢
polynomial being used for the shape functions. &dimear
qguadrilateral element it can be approximated bypkntinear
interpolation. The corrected equations for the gypeelease

- —— ) rate components are given by (13), (14):
Fig. 2 Modified virtual crack closure technique fonoded element 1

Aa
, , o 1= g L W —we). - (13)
The change in energy in the system is given by (6) az a1
Lo : Gy =—— x Aay 14
AE =2 (X{AU, + Z;AW,) (6) On==gpg X (w — ur«)-Aa1 (14)
The method first described imposes an analytical

The formulation explained above holds good onlaffor
the element in front of the crack tip and behind af equal
length. If automatic mesh generators are used tater
complex models, the lengths will not be equal aedde, this
assumption will no longer be valid. Hence some exiions .
are required. Rybicki [11] gave these correctiopgafsuming
a 1Ar singularity of the stress field at the crack #psketch
of a crack tip modeled with two-dimensional finglements of

unequal length is ShOV.V“ in Fig. 2. . . _solved by both the MVCCI technique and ABAQUS. The
The forcesX;, Z obtained from the finite element analysis a}esults are then compareEhree example problems, namely

the crack tip (nodal poinj correspond to an element of Iength(i) Plate panel with centre crack
a,. But what we reguirejor the virtual crack closteehnique, (ii) Plate panel with collinear multiple cracks with
are the forcesX;, Z; corresponding to the relative different spacing
displacements at nodeand I* behind the crack tip, which (iii) Plate panel with non-aligned multiple cracks with
have been calculated for an element of lergth different horizontal and vertical spacing

The stress tip field at the crack tip can be expésas (7) All plate panels are subjected to a uniaxial stxsg7.78

relationship based on the {7/ singularity of the stress field at
the crack tip. However, the second method doegdakat into
account of the square root singularity.

NUMERICAL STUDIES

Several plate panels have been modeled with diffen@ck
configurations. The horizontal and vertical spachejween
the lead crack and the secondary crack have besedvand

o(r) = %_i - d_X - dx 7 MPa which corresponds to 35 kN load. The problemeeh
VrdA  b.dr been solved by the FEA code developed in MATLABeths
where b = element thickness on the MVCCI technique and also by using the FEAveare
o, = undisturbed far field stress

ABAQUS. The same mesh that has been used in ABAQUS
was imported and used in the developed code torertbat
that the meshing does not influence the differenamlution.

o(r) = stress in front of the crack.
dX = force over a small length dr
By integrating this small force dX we get the tdiaice X
as given in (8)
g dar p g dr
Xi =f iz ®
Similarly the actual forces found can be represkrig
same Eq 8, wher&a, > Aa as given by (9)

X; = 2.b.owAal/?

A. Finite e ement modeling

Finite element modeling of the panels has beenechaout by
employing the crack tip elements and regular queteral
elements. The crack was represented by using tivaf s@des
of identical coordinates at the upper face and idaee of the
crack respectively. The SIF obtained by using hgfes of
crack tip elements have been compared with theoBt&ined
by using regular four noded linear quadrilateraheénts. The

= Z.b.aw.Aa}/z

)

By comparing the forces we get the following redatgiven
by (10)

results are shown in Table. I. It is observed thatusage of
crack tip elements did not make any significanfedénce.
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Hence, normal elements have been used for the simahal
follows. But a finer mesh was used around the ctigic

TABLE |
SIFOBTAINED BY USING VARIOUS TYPESOF ELEMENTS
Crack | Stress intensity factor (MPanm) obtained by
width | Quarter point Collapsec Regular  4-
(mm) element quadrilatera noded linear
element element
15 246.5 246.5 246.2
20 285.9 286.0 283.9

To further show the efficiency of the¢present model in
computation of SIF, some standdrenchmark problems ha
been solved and compared with the existing liteeatlt is
also compared with the solutions obtained from cemnumal
software ABAQUS. Static analysis has been performec
compute SIF for different configurations to compare -
solutions obtained with the developed code in otdesalidate
it. The same mesh pattern has been used in bothCAE?
and MATLAB code. They are presented below in |
following sections.

B. Plate with a centre crack

The problem of a plateith a centre crac is solved. Special
crack tip elements have not been as the methodsisdban the
global strain energy change rather than a localpadmeter
A total of 6191 elements have been used for théreemack
problem.The details of the problem are given bel

o =50 MPa

D =250 mm
2W =150 mm
2a=12mm

SIF value obtained by using analytical expressist
219.070 MPa vmm

SIF value obtained by using MVCCI
217.715 MPa vmm

The present method found to be in good agreement w
the existing solution. So, further numerical sintiolas have
been performed on plate specimen with multiple lc
configurations.

method

C.Plate with two collinear cracks

A plate with two cracks of the same length whicke
paallel and collinear have been modeled as showfrigr 3,
in commercial code ABAQUS and the MATLAB code
employing the MVCCI method. The cracks have beetqd
at different horizontal spacing and sol

it

6 =50 MPa
D =250 mm
. 2W = 150 mm
-— — p 2a=12mm
AL _L_ AR |
O S
1 d

AR AR

[9)
Fig. 3Plate with two collinear crac

d= centre to centre spacing between cracks in hom
direction

For all the simulations the elements used are #uzilar
4-noded quadrilateral elements. Each node contains
degees of freedom, namely the translatior, and U. The
same elements have been used both in ABAQUS an
MATLAB code. The same type of mesh has been usedy
fine mesh has been used around the crack tips. iMesias
similar to the case of a plate h centre crack. About 3410
elements (for 2a/d = 0.2) to 7042 elements (fod 2a/0.6)
have been used. More number of elements has beghas
the crack spacing is reduced. The normalized S/cVna)
values obtained by using the present model are ated with
the values obtained by using ABAQUS and the sah
obtained by Erdogan [12]re presented in Tal. Il.

The results show that the present method is ine
agreement with those of the available literaturé ABAQUS
software. The variation of SIF is shownFig. 4 and Fig. 5
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Fig. 4Normalized SIF (KAL/Ko) vs 2a/d for crack tipL
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k/o\ra at Tip AR

TABLE I
CoMPARISONOF NORMALIZED SIFFORPLATE WITH TwO COLLINEAR CRACKS
2a/d ki/o\ra at Tip AL
Abaqus Present Erdogan [12]
method

0.2 1.01575 1.00450 1.00462
0.3 1.01760 1.01510 1.01016
0.4 1.02589 1.02278 1.01787
0.5 1.03602 1.03031 1.02795
0.6 1.05445 1.04533 1.04094

Abaqus Present Erdogan [12]
method

1.01852 1.0081° 1.00566

1.02266 1.0179: 1.01383

1.04017 1.0321° 1.02717

1.05583 1.0521. 1.04796

1.09222 1.0826: 1.08040

*AL refers to the left tip of crack A and AR, thigt tip of crack A. They are dndicated in Fig. 3

112 T T T T T

ABAGIUS
Present
11k 2 Erdogan{1962)

Mormalised SIF, KARAKO
— —
=] o]
(=3} o
T T

=

(=]

B
T

1.02:=

o]

l 1 1 1 1 1 1 1 L
0.2 0,25 0.3 0.35 0.4 0.45 0.5 0.55 ne 0e5
2afd

Fig. 5Normalized SIF (KAR/Ko) vs 2a/d for crack tip

The Values of the presestudy are found to be in go
agreement.

D. Plate with two non-aligned cracks

The numerical and experimental studies on multipéeks
are available in all the literature deal h two or more
collinear cracks. Hence, nailigned cracks of differer
lengths are alsoonsidered in the present investigati

Using the MATLAB code FEA has been performed
obtain the forces and displacements and then ttaal
information has been pb processed to obtain SIF at
various tips. A plate of 150mm x 250 mm was consddor
analysis. Two cracks of different lengths 20mm drkanm
have been considered. The details of jpecimen considered
are shown in Fig. 6

Fine mesh of about 1mm hagen used around the cre
region. Then it has been gradually increased ta@aB6mm
on the top and bottom edges. SIF found is nornmdlizer. t
SIF solution of plate with a single crack of theresponding
crack’s dimension in order to study the rive percentage
increase in SIF. The spacing between the cracksbkas
varied from 0 to 25mm both in horizontal and vext
directions.

The variation of SIF along vertical spacing (Y)r fdl the
four crack tips AL (left tip of crack A), AR (righip of crack
A), BL (left tip of crack B) and BR (right tip ofrack B) for
mode | and mode Il are plotted for different honitad spacing
(H) in Figs. 7 to Fig. 22.

Position

fixed

2C,
2G,
2W

(&)

A

2W = 150mm

ANNWHILILL

o
Fig. 6 Plate with no-aligned cracks

20mm
15mm
150mm

D=

~ varied

250 mm

6 = 77.78 MPa (Corresponding to 35 kN and 0.4))

Mormalised SIF, KIKo
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02 04 06 08 1 1z 14 16
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Fig. 7 Normalized SIF (//K,) vs Y/2G for H=15

762



International Journal of Architectural, Civil and Construction Sciences

ISSN: 2415-1734
Vol:6, No:10, 2012

0.15 . . . . : . . . 116 . ‘ . . . . . .
—— AL
YT AR Lidr e 1
o1l o . - BL | ‘%}",.»- g
o o L12er ]
E.. T UX: 1.1} &. —— AL |
" w .
7 o —&— 4R
3 | g 108} 1
5 2
= 106 7
1.04 1
-0.1 1 1 1 1 1 1 1 1 1.02 1 L 1 1 1 1 1 1
' 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 0 0.2 0.4 0.6 0.8 1 1.2 1.4 le 13
¥/j202 vj202
Fig. 8 Normalized SIF (KK,) vs Y/2G, for H=15 Fig. 11 Normalized SIF (K,) vs Y/2G for H=11
0.15 ; ; ; ; ‘ ; ‘ ;
1.14 T T T T T T T T
fro R —— AL
—— S B
e " oif —=— AR |
112b AR o --8-- BL
é} 9. -4~ BL o
L BR o 0.05 J
g ¥ Ty 1 =
o - v
- ‘ e O 1
5 A
5 108 4 T 4
= = -0.05 i
:
S 106 - =l
= = 1 1
.
1.04 B 0,15+ 4
102 ' ' ' ' ' ' ) ' %02 04 08 08 1 12 14 1t 18
0D 02 04 06 08 1 12 14 16 18 : : : : . . . :
¥j202 vj2cz
Fig. 9 Normalized SIF (HK,) vs Y/2G, for H=13 Fig. 12 Normalized SIF (KKo) vs Y/2G for H=11
0.15 T T T w T w i 1.18 . . . . . . ; ;
R —+— A . —— AL
o1 &7 AR LI &, —— R |
OB "o “-fe- BL
ER. ‘
114} . ER. |
0.05 .
2 o
= =
> S 11zf . 1
w0 . w o
o W -
2 4 T 1.1r i
£ 005 1 £
£ £ 108 _
2 2
_O‘]_ -
1.06 1
el T 1.04 1
0z . . . ‘ . ‘ ‘ . 102 . . . . . s s ‘
0 0z 04 06 08 1 12 14 186 18 0 02 04 06 08 1 1.2 14 18 1.8
/202 202
Fig. 10 Normalized SIF (KK,) vs Y/2G for H=13 Fig. 13 Normalized SIF (fK,) vs Y/2G for H=9

763



Mormalised SIF, KITKO

Mormalised SIF, KII Ko

0.15

123

= 1 1 L
0

International Journal of Architectural, Civil and Construction Sciences

ISSN: 2415-1734
Vol:6, No:10, 2012

—+— AL

13 . .
1,254 7

Lzt
115}
11

1.05

Mormalised SIF, KIKo

095

0.9

I
08 1 12 14 15
Yf2C2

02 0.4 06

0.85 L L

—— AL
—S— AR |
4o BL

L8 0 02 04

Fig. 14 Normalized SIF (KK,) vs Y/2G for H=9

o0&

0.8 1 1.2 14 1e 18
¥f2c2

Fig. 17 Normalized SIF (KK,) vs Y/2G for H=5

' 0.2 . . . . .
—— AL b m
Ay TETAR 015} —&— AR | ]
12l . ---&--BL |
2L . R —--&-- BL
. 01 BR. |1
o s
£ o £
< 115t - _ £ 005k .
W 2
2 z
i ¥ " 1
‘T i 2 3
= [
5 £ 005 .
=
'0.1 -
015 .
B -
1 L L L L L L L L 0z ) ) ) ) gyreeteoe o A |
0 Gz 04 0& 08 1 12 14 16 18 0o 02 04 06 08 1 L2 14 15 18
Y22 Y202
- Fig. 15 Normalized SIF (K,) vs Y/2G for H=7 Fig. 18 Normalized SIF ((K,) vs Y/2G, for H=5
: ‘ ‘ ‘ ' ‘ ‘ ‘ i 16 . . . . . ‘ . .
—— AL - —— AL
..... £ &
015t @ —e— | 7 SR TR
P———E % - B 15¢ ; -4 BL ||
0.1/ BR | 7 ER
' : 1.4 .
o
1 =
a0
w13 i
il o]
=
&
= 12 1
7 =
5
=
| 1.14 .
-4 1 —
’0.2 L L L 1 L L L 1 09 1 1 1 1 1 Il 1 1
0z 04 085 08 1 1z 14 16 18 0 02 04 08 08 1 1z 14 18 18
Y202

Fig. 16 Normalized SIF (KK,) vs Y/2G, for H=7

vj2c2
Fig. 19 Normalized SIF (K,) vs Y/2G, for H=2

764



0.4

MNormalised SIF, KI1AD

International Journal of Architectural, Civil and Construction Sciences
ISSN: 2415-1734
Vol:6, No:10, 2012

_03 1 1 1 1 1 1 1
o 02 04 05 08 1 12 14 16 18
¥j2C2
Fig. 20 Normalized SIF (HK,) vs Y/2G, for H=2
3.5 . . . . . . .
¢
3 ,I m
£ 25t 1
,
w
i
= ZF b
5
=
£
g 15¢ 1
1k i
0.5 . . . . . . s .
0O 02 04 06 08 1 12 14 16 18
Y202
Fig. 21 Normalized SIF (KK,) vs Y/2G for H=0
0.3 : : : : : : : :
% —— AL
020" —&— AR .
8- BL
. o1l BR. |
= &
2 :
o 4
A
=l
i
5 .
£ >
2 o
'0.4 1 1 1 1 1 1 1 1
] 02 04 06 08 1 12 14 16 18

/202
Fig. 22 Normalized SIF (KK,) vs Y/2G for H=0

IV. DISCUSSION OF RESULTS

The SIF has been computed for different cases dfipteu
cracks. The SIF values are found to be in closeeagent with
the results from ABAQUS. It is found that the SlBed not
increase continuously with decrease in the spabietgveen
the tips. With constant horizontal spacing by wvagyithe
vertical spacing it has been found that the SlFeiases to a
maximum at a particular distance and then redu@éss
distance at which the peak SIF is obtained is alsb a
constant. It changes with the vertical spacing betwthe
cracks. The horizontal spacing is found to haveomidant
effect over the vertical spacing. SIF increasesash as 60%
in case of non-aligned cracks and upto around 330686
collinear cracks.

Several other cases of collinear cracks have akenb
analyzed by varying the size of the secondary @d2k; =
5mm, 10mm, 15mm). The horizontal spacing has beeied
from H = 2mm to 40 mm (H/W =0.0266 to 0.533). Begion
this the variation of H is not found to influendeetvalue of
SIF. If the spacing between the cracks are funtbéuced then
it might cause the cracks to link up (the plastimes will
come into contact). So, the values of SIF will bet valid.
Hence this range has been chosen for present silHywas
found to vary in exponential way when the spaciegueen
cracks is reduced. Based on the results obtairedve fit has
been done and expressions have been arrived abliarear
case of cracks for computation of SIF. The expoessifor
interaction factors (IF) have been presented.

1. Kl,ARz KO,ALX IF
K1, ar = SIF at tip AR due to MSD
Ko, ar = SIF at tip AR in a plate with centre crack of
same dimensions as given by (15), (16)
)
IF = qef®)
f) =by +cy* +dy* +ey* + fy®
f(x) = gx®5 + hx + ix? + jx®

(15)

where,

y=2G/W

X=H/W
1.006
3.396
0.5874
-0.8902
0.1893
0.6758
-2.138
4.192

—lo|lalo|To|—| T oo

-8.611

g

0.4153

SSE: 0.0003039
R-square: 0.9983
Adjusted R-square: 0.9975
RMSE: 0.004501
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2. Kl, AL — KO,AL X IF
Ky, aL = SIF at tip AL due to MSD
Ko, aL = SIF at tip AL in a plate with centre crack ofrea

dimensions
e
IF = qelUl®)

fO) =b+cy+dy® +ey®+fy*+gy®

f(x) =h+ix+jx%+kx3
y=2G/W
X=H/IW
1.0122
.0004216
-0.003862
0.6389
-1.808
1.134
4.548
0.1025
2.254
2.473
4.059

(16)

|| T oT|e|ro|alo|lo|o

SSE: 3.003e-005

R-square: 0.9974

Adjusted R-square: 0.9958

RMSE: 0.001465

Several cases of non-aligned cracks have also beeled.
The horizontal spacing has been varied from 2mrSimm.
The vertical spacing has also been varied from 0 tmrg5
mm. Based on the obtained results a surface fibeas done.
The expression arrived at for computation of Slfgiien by
17), (18)

1. Kl,AL:KO,ALX IF
{fl(xy)}
IF = gelf2(xy)

f1(x,y) = bx + cy + dxy + ex? + fy?
fo(x,y) =14 gx + hy + ixy + jx? + ky?
where, x=H/2¢, y= V/2G
a 1.221
b -2.778
C -0.4515
d 2.291
e -6.58
f
g
h
i
i

a7

-1.307
21.69
8.656
-14.54
35.3

k |3.376

SSE: 0.0001066
R-square: 0.9984
Adjusted R-square: 0.9981
RMSE: 0.001539

2. Kl,ARzKO,ARX IF
{f1(X,}’)}
IF = gel2(xy)

fi(x) = bx + cy + dxy + ex? + fy?
f(x) =1+ gx+ hy +ixy + jx? + ky?

(18)

where, x=H/2¢, y= V/2G

-12.63
6.487
39.3
12.83
35.53
-31.08

2.361
-316.2
-134.8

368.4
k 139.3

o|o|Q| O| T

-+ 0|

—

SSE: 0.0007883

R-square: 0.9996

Adjusted R-square: 0.9996

RMSE: 0.004185
The above expression does not account for incloradks. It
can provide SIF for the main crack tips which skoble
straight. It is also correct only as long as thejgution of the
minor crack (secondary crack) does not overlap wighmain
cracki.e. H>0.

V.CONCLUSION

A model has been developed in MATLAB by implemegtin
MVCCI technique for evaluation of the strain energlease
rate and SIF. A plate with centre crack has bedwedoby
using the developed model and the results are cadpaith
solutions obtained by using ABAQUS and those atglan
the literature. Many cases of collinear cracks Haaen solved
and compared with ABAQUS solutions and those abkglin
the literature. It is found to be in close agreemeith the
available results. A number of multi crack problemase been
solved and the results are shown. Based on thé@wdurom
the extensive numerical simulations curve fittingshbeen
done for collinear cracks and non-aligned crackd hence
expressions have been proposed for evaluation Bf @I
multiple cracks.
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