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ABSTRACT

The paper describes new algorithms and procedures proposed for determining fracture mechanics
parameters from finite element analysis using the over deterministic method. The multi-parameter crack
tip stress field description is used. The algorithms and procedures based on multi-parameter stress field
representations in series form are shown to be a powerful tool for reliable and accurate parameter
determination. The technique is aimed at the determination of coefficients of the Williams series expansion
from finite element analysis and is based on the over deterministic approach. The methodology is illustrated
and applied to several cases of cracked specimens. Examples are presented for crack-tip fields recorded using
digital photoelasticity. The results of finite element analysis are compared with the digital photoelasticity
experiments. The results are in good agreement. The principal stresses obtained from finite element method
are in good agreement with the isochromatic fringe patterns obtained by the photoelasticity method.
Explanation has been made for giving guidance to a user on how best to approach implementation of the
method from a practical standpoint.
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Introduction

Defects and cracks play a decisive role in characterizing the strength and failure of these materials and
structures [1-5]. Therefore, gaining insight on cracking processes is of crucial importance [1]. The first step
in analyzing any fracturing process is to determine the crack tip asymptotic fields in order to characterize
the stress, deformation and displacement near the crack tip, which requires the coefficients (unknowns) of
the crack tip asymptotic field to be determined via reliable methods [1-10]. The first terms of the crack tip
stress series expansion in isotropic linear elastic materials are singular, and, hence, dominant, in the proximate
vicinity of the crack tip. Therefore, in the singular dominant zone the first terms are sufficient to characterize
the crack tip fields. However, at further distances from the crack tip, the importance of the higher order terms
become evident [6-11]. Thus, precise and simple algorithms are needed to reliably calculate coefficients in the
multi-parameter crack-tip fields. Numerical methods and in particular finite element method (FEM) [6-11]
allow us to extract the crack tip parameters. Moreover, it is worth noting that even determining the stress
in-tensity factor is still the subject of investigations. For instance, in [12] direct extraction of stress in-tensity
factors by a high-order numerical manifold method is realised. The proposed in [12] stress intensity factor
(SIF) extraction method is shown to yield highly accurate results even without mesh refinement. Formulas
extracting SIFs of the biharmonic equations on cracked domains with clamped (or simply supported or free)
boundary conditions along the crack faces are derived in [13]. In [13] it is shown the iteration methods
quickly converge and the proposed enrichment method yields highly accurate stress intensity factors. It is
also demonstrated that for a known true solution, the extraction formulas yield exact stress intensity factor.
Thus, the determination of SIF still raises questions. The determination of higher order coefficients requires
more accurate approaches [14-24].

In this paper, a method for calculating the parameters of fracture mechanics based on finite-element
analysis is proposed and tested. The efficiency of the method for extracting parameters of fracture mechanics
is shown.

1. The multi-parameter crack tip stress field expansion

The main objective of this paper is the numerical determination of higher-order coefficients of WE. The
polar coordinate system 7,0 is introduced and centered at the crack tip. In polar coordinates the Williams
series solution for the near crack BB“ tip stress field has the form [18; 23; 24]

oi;(r,8) Z Z f,(f)” g)rk/2=1, (1)

m=1k=—o0
where index m is associated to the fracture mode; a}* are coefficients related to the geometric configuration,

loads and fracture modes; f

™ Zj( ) are angular functions depending on stress components and mode. Analytical

expressions for angular eigenfunctions f*) (0) are available [16; 17]:

m,ij

(@) =k [(24k/2+ (=1)%) cos(k/2 — 1)0 — (k/2 — 1) cos(k/2 — 3)0] /2,

0 (8) = K [(2 = k/2 — (—1)F) cos(k/2 — 1)8 + (k/2 — 1) cos(k/2 — 3)] /2,

05(0) = k [— (/2 + (—1)%) sin(k/2 — 1)0 + (k/2 — 1) sin(k/2 — 3)0] /2, )
F0) = —k [(2+ k/2 — (=1)¥) sin(k/2 — 1)0 — (k/2 — 1) sin(k/2 — 3)6] /2, @)
F9(0) = =k [(2 — k/2 + (—=1)¥) sin(k/2 — 1)0 + (k/2 — 1) sin(k/2 — 3)6] /2,

FSE(0) = k [ (k/2 = (=1)%) cos(k/2 — 1)0 + (k/2 — 1) cos(k/2 — 3)6] /2.

The multi-parameter fracture mechanics concept consists in the idea that the crack-tip stress field is described
by means of WE (1). In this work the central crack in an infinite plane medium is considered. Analytical
determination of coefficients in crack-tip expansion for a finite crack in an infinite plane medium is given
in [23; 24]:

1 n+1 (2n)!o55 1_ _ oo 1
Aopy1 = (7]‘) 23n+1/2(n!)2(2n — 1)an_1/27 ag = 70‘22/4? Ao = 0 (3)

for Mode I crack loading,

1 _ (_1\n (2TL)'0'(1>5
Aopy1 = ( 1) 23”+1/2(n!)2(2n o 1)an71/2’

aék =0 (4)

for Mode II crack loading. The analytical solution (3), (4) allows us to validate the proposed method since
one can compare the numerical results with the analytical ones. The crack length is less than the width
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and height of the plate. It is shown that the higher order terms in WE can play significant role in the
description of the crack tip fields. Nowadays, various techniques are used to determine the parameters that
characterize the crack-tip stress field. Now one can enumerate analytical [15; 16; 23; 24], experimental [7-11;
25; 26] and numerical [19] methods. One of the promising methods is FEM. One of the numerical examples
discussed below is the large plate with the central crack. The finite element solution will be obtained and
the results will be compared with the analytical formulae (3) and (4).

2. Finite element over-deterministic method

As it is noted in [1] the basic principle of the finite element over-deterministic method is the use of a large
number of FE data points in order to calculate the crack tip parameters. This is done by forming an algebraic
system of equations where the number of equations is more than the number of unknowns. In this case
the over-deterministic system of equations is encountered. In the framework of using the over-deterministic
method to determine the coefficients of (1) nodal stresses can provide the necessary set of equations. The
over deterministic technique assumes more equations than unknowns in order to obtain more accurate values.
This implies that one can form an over deterministic system. Taking data from different points at different
distances from the crack tip is allowed as higher order terms are included in the stress equations. The
algorithm is implemented using in the mathematical software Maple. One can use the approach described
in [12] and one can present eqn. (1) in the matrix form as

o=CA (5)
The closed form solution of (5) for the unknown vector of fracture mechanics parameters can be written as
A=(CTC) €T (6)

where (CTC)~1C7T is the pseudo-inverse of C. The coefficients are estimated by minimizing the objective
function which is of quadratic form for stress expression in terms of unknown parameters:

J(A) = (0 — CA) (¢ — CA) /2. (7)

Table 1
Coefficients of multi-parameter Williams series expansion for a plate
with a central crack of small length

Fracture mechanics parameters | error

al = 4.909M Pam'/? 0.01%
ad = —2.449M Pa 0.09%
a} = 2.484M Pam~1/? 0.13%
a} = —0.6236 M Pam=3/2 0.22%
at = 0.3112M Pam=5/2 0.31%
ay = —0.1951M Pam~"/? 0.35%
aly = 0.1361M Pam /2 0.44%
als = —0.1056 M Pam~11/? 0.54%
als = 0.0786 M Pam~13/? 0.68%

3. Numerical examples

The first example is the plate with the small central crack. In this work, 2D finite element analysis
(FEA) of cracked specimens is carried out using Abaqus software to estimate SIF, T-stresses and coefficients of
higher-order terms of WE. The analysis is done with 8-noded plane strain elements. The quarter point element
is used to capture square root singularity at the crack tip. The center crack model is of dimension 400 mm X
400 mm having a crack of 10 mm length. The mesh pattern around the crack tip is kept very fine to capture
the high-stress gradient. The mesh convergence is achieved with 72 elements along circumferential and 60 along
the radial direction. In total, there are 13 344 elements. The typical finite element mesh is shown in fig. 1. To
determine the higher order coefficients the stress tensor components from the nodes belonging to concentric
circles are used. One can use different number of concentric circles. A class of numerical experiments with
different numbers of concentric circles has been realized. The minimum number of stress tensor components
was 219 since one can use the only circle with the following stress tensor components o11,012,022. Increasing
the number of considered concentric circles surrounding the crack tip one can enhance the dimension of the
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system (5). The maximum number of equations in (5) in the numerical experiments performed was 3492
from which the first fifteen coefficients of WE have been obtained.

Fig. 1. Typical mesh containing singular elements near the crack tips

The results of extraction of the coeflicients of WE in the vicinity of the crack tip are given in Table 1
where the first column shows the coefficients of WE obtained from FEA whereas the second one shows the
error in FEM comparatively with the analytical results given by formulae (4) and (5) for an infinite plate
with the central crack.

Table 2
Crack tip fracture parameters for the SCB specimen

Fracture mechanics parameters | n=2 | n=4 | n=38
K (MPam'/?) 23.90 | 23.99 | 24.00
K17 (MPam'/?) 0.45 | 0.41 | 0.40
a(M Pa) -0.44 | -0.456 | -0.457
ay(MPam=1/?) 0.145 | 0.146
ay(MPam™") 0.001 | 0.000
al(MPam=3/2) 0.021
ag(M Pam=? 0.006
at(M Pam™>/?) 0.0004
agi(MPam=3) 0.0002

4. Extraction of the coefficients of the Williams series expansion for the
semicircular bend specimen from the FEM analysis

In this part of the paper the semicircular bend (SCB) specimen with an inclined crack shown in fig. 2 is
studied. The following notations are adopted. P is the applied load, S is loading span in the SCB specimen,
a is crack length, « is crack inclination angle. The semi-circular bend specimen subjected to three-point
bending has received much attention in recent years for measuring the mixed mode I/II fracture resistance
[16-19]. In this work, 2D FEA of semidisks with vertical crack and inclined notches is carried out using Abaqus
software. To estimate SIF, T-stress and higher-order terms and verify the experimental results obtained FEM
calculations have been employed. The analysis is done with 8-noded strain elements. The results of FEM
analysis are shown in fig. 3,4. Fig. 3 (left) shows the distribution of the von Mises stress intensity. Fig. 3(right)
shows the distribution of the stress component o1;. Figure 4 shows the distribution of stress component oss.

5. Extraction the coefficients of the WE near the crack tip by digital
photoelasticity

Photoelasticity is a whole field experimental technique to obtain stress fields in both 2-D and 3-D elasticity
problems [18; 20; 25; 26]. Digital photoelasticity method has rapidly progressed in the last few years and
has matured into an industry-friendly technique. Recently there has been a lot of works devoted to various
aspects of the method and its applications [18; 20; 27|. The experimental setup is shown in fig. 5 (left).
The experimental isochromatic fringe patterns in the plate with the central crack are shown in fig. 5. The
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Fig. 2. Geometry of the semi-circular bend specimens

Fig. 3. Distributions of the von Mises equivalent stress (left) and the stress component o1; (right)

over deterministic method has been applied to the experimental data obtained from the photoelasticity
observations. The stress optic law relates the fringe order N and the in-plane principal stresses o1,09 as
Nf,/t =01 — 09, where f, is the material stress fringe and ¢ is the thickness of the specimen. The results
of calculations are given in Table 3. —+++

Conclusions

In this paper, we propose and describe an algorithm for constructing the stress field expansion coefficients
at the crack tip from finite element calculation data. The algorithm is tested on several examples and
the results are compared with the results of the photoelastic experiments. The comparison showed good
agreement between the values of the coefficients of the multi-parametric asymptotic expansion. It is shown
that higher approximations in the asymptotic expansion are especially significant when processing the entire
set of experimental information. The example problems emphasise that the use of multi-parameter stress field
is a practical necessity to apply concepts of Fracture Mechanics to solve real life engineering problems. It is

Fig. 4. The distribution of the stress component ooo
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Fig. 5. Experimental setup of transmission photoelasticity

Fig. 6. Isochromatic images for 85 kg, 125 kg and 135 kg

Table 3
Coefficients of the Williams series expansion for the plate with the central crack with the
geometric parameters as in the experimental photoelasticity method

the photoelasticity method | FEM analysis

at = 7.2528 M Pam!/? at = 7.2527TM Pam!/?
al = —2.7516 M Pa al = —2.7516 M Pa

a} = 2.1406 M Pam~1/2 a} = 2.0163M Pam~1/2
ay = —0.3370M Pam ™! al = —0.3021M Pam™1

al = —0.2844M Pam=3/2 al = —0.2757TM Pam=3/2

a$ = —0.0919M Pam 2 a$ = —0.0985M Pam 2

at = 0.0765M Pam—5/2 at = 0.0712M Pam—5/2

ag = 0.0255M Pam =3 a = 0.0019M Pam ™3

al = —0.0340M Pam~"/2 al = —0.0015M Pam~"/2
aly = 0.0255M Pam™* ato = 0.0019M Pam™*

al, = 0.0098M Pam =2 al, = 0.0077M Pam~/?
aty = 0.0019M Pam > aty = 0.0012M Pam =5

als = 0.0056 M Pam~11/2 als = 0.00509M Pam~'1/2
at, = 0.0008M Pam = at, = 0.0007M Pam~*°

aly = 0.00181M Pam™13/2 | aly = 0.00147M Pam~13/2

shown that the multi-parameter ansatz allows us to collect data from a larger zone which helps to obtain
accurate values of fracture mechanics parameters.
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N3BJEYEHUE ITAPAMETPOB MEXAHUKU PA3PVIIIEHUS
13 KOHEYHO-3JIEMEHTHOTO AHAJIU3A: AJITOPUTMBI
1 TIPOIIEYPDI?

AHHOTAIINA

B crarbe ommchIBaioTCs HOBBIE AJTOPUTMBI U TPOIEAYPHI, TPEIJIOKEHHBIE JIJI OIPEJIEJIeHNsT TTapaMeTPOB
MEXaHUKHU pa3pylleHUs Ha OCHOBEe KOHEYHO-3JIEMEHTHOI'O AaHAJIN3a C MUCIOJIb30BaHUEM IIePeolIpeeIeHHOIO
MeTosta. Ucmosb3yercss MHOromapaMeTpudecKoe OINHUCAHWEe TIOJsl  HaIpsSKEHUH y BEePIIUHBI  TPEIUHbI.
[Tokazano, dYTO AJTOPUTMBI U MPOIEAYPHI, OCHOBAHHBIE HA MHOTOIAPAMETPUIECKUX MPEICTABICHUAX
mojiefi HaIpsRKEHUt B aCHUMITOTUYECKOHl opMe, HABJISIOTCH MOIIHBIM HHCTPYMEHTOM HAJEXKHOIO U
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TOYHOTO ONPEJIEJIeHAsl MAaCIITa0HbIX MHOXKHTeJIel — IIapaMeTPOB MeXaHHKH paspymieHus. Meronnuka
HallpaBjeHa Ha olpejeseHne KodM@UIMEHTOB pa3ioKeHus psijia BuibsMmca n3  KOHEYHO-3JIEMEHTHOI'O
aHaJM3a W OCHOBAaHA Ha IepeonpellesIeHHOM Mmoaxone. Meronosmornst MpoOMJLIIOCTPUPOBaHa W IPUMEHEHa K
HECKOJIbKMM CJIydasM o0pa3IoB ¢ TpermuHaMu. l[IpuBemeHbl mpuMephl KOHMUTYDPAIUU, HCCAeIOBAHHBIE C
IIOMOIIBIO MeTona IudpoBoil doroynpyroctu. Pe3yapTraTbl KOHEYHO-I3JIEMEHTHOIO AHAJIN3a CPABHUBAIOTCH C
SKCIIEPUMEHTaMU, IIPOBEIEHHBIMH MeTOJO0M ImdpoBoil doroynpyroctu. Pe3ynbprarsl HaXOJAATCH B XOPOIIEM
corjacuu Apyr ¢ apyrom. Hampskenus, mosydeHHBIE METOJIOM KOHEYHBIX 3JIEMEHTOB, XOPOIIO COIJIACYIOTCS
C M30XPOMATHYECKUMH KAapPTUHAMH II0JIOC, IOJYyYEeHHBIMH MeTosnoM doroyupyroctu. JlaHo pasbscHeHue st
TOro, 4TOOBI JATH IOJB30BATENIO PYKOBOJICTBO O TOM, KaK JIydIlle BCErO MOIXOAWTH K DPEaTU3alldd METOIA C
MIPaKTUYeCKOl TOYKHN 3PEHUs.

KurouyeBbie cjioBa: 10Jisi y BEPIIUHBI TPEIIUH, IIEPEOIPEIeIHHBIA METOJ, KOHEYHO-3JIeMEHTHBI aHa/Iu3,
MHOTOIIAPAMETPUYIECKOE TIPEJCTABJICHNE IO/ HAIpsiKeHui, nudposas GpoToynpyrocts, mudposas od6padoTKa
M300paKEHNI.
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