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ABSTRACT 

Failure of a material subjected to an essentially tensile load by fast fracture under 

conditions of limited crack tip plasticity is governed by the material fracture toughness, 

the value of which for a given material at a particular temperature is heavily dependent 

on the thickness of the material and level of crack tip constraint. As a consequence, for 

tough materials, the specimen size required to provide acceptable fracture toughness 

values under test conditions is often excessively large. 

The work presented in this thesis investigates the possibility of using constraint 

enhanced sub-sized specimens to provide essentially plane strain results. Two types of 

specimen are investigated, the side grooved reduced thickness compact tension 

specimen and the circumferentially cracked round bar specimen. 

Linear elastic fracture mechanics analysis of aluminium alloy specimens was undertaken 

in order to establish the effects of side groove depth and geometry on crack front stress 

intensity factor and constraint for full thickness specimens. It was concluded that Vee 

grooves with a depth of 30% of the specimen thickness provided an optimum 

configuration. Analytical and experimental support was also given to Freed and Krafft's 

idea of effective thickness with the exponent, m, being evaluated by finite element 

analysis to be between 0.62 and 0.66, and experimentally to be 0.71 for the specimen 

configuration in question. 

A two parameter fracture mechanics investigation based on J-Q theory was used to 

investigate crack tip constraint in sub thickness side grooved specimens manufactured 

from EN24 steel, this involved finite element modelling of a range of plain and side 

grooved sub thickness specimens together with an extensive experimental programme. 

Good agreement was obtained between the finite element predictions and the 

experimental results. The investigation concluded that side grooves were very effective 

at increasing the level of constraint along the crack front, to the extent that near 

minimum fracture toughness values could be expected from specimens of one fifth the 

recommended thickness. 

The results obtained from a similar investigation of circumferentially cracked round bar 

specimens indicated that they are not suitable for linear elastic fracture mechanics 

testing and that their use should be limited to elastic-plastic fracture mechanics. 
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CHAPTER! 

INTRODUCTION 

Failure of a material subjected to an essentially tensile load by fast fracture under 

conditions of limited crack tip plasticity is governed by the material fracture toughness, 

the value of which for a given material at a particular temperature is heavily dependent 

on the thickness of the material and level of crack tip constraint. Minimum, hence 

conservative, values of fracture toughness are obtained for a particular material when 

deep cracks are present and the thickness is sufficient to ensure conditions of plane 

strain along the majority of the crack front. 

It follows therefore that fracture toughness testing must be undertaken under essentially 

plane strain conditions and with deeply cracked specimens. Both British and American 

standards relating to fracture testing demand that these conditions are met before 

measured values obtained from test specimens can be designated as true material 

properties. A consequence of this approach is that, for tough materials, the specimen 

size required to provide plane strain values is excessively large and often the demands in 

terms of testing machine load capacity are prohibitive. 

The work presented in this thesis investigates the possibility of using constraint 

enhanced sub-sized specimens to provide essentially plane strain results. Two types of 

specimen are investigated, the side grooved reduced thickness compact tension 

specimen and the circumferentially cracked round bar specimen. Constraint 

enhancement is provided in the side grooved specimen by the interaction of the crack 

front stress field with that of the root of the side groove. In the case of the 

circumferentially cracked round bar specimen constraint is provided by the fact that the 

circumferential crack tip has no free surface and that the required crack depth and 

minimum diameter need only to ensure that the crack tip plastic zone is not influenced 

by the free surface of the cylinder or the specimen axis of symmetry. 

The successful use of these specimens would also provide benefit to many industries 

where, due to the materials employed, it is often not possible to provide specimens of 

the standard thickness required by current fracture toughness test methods. 

In order to fully investigate the implications of using sub-sized specimens a single 

parameter characterisation of the crack front stress fields by the use of stress intensity 



factor, or J integral, alone is not sufficient. Although they are both a measure of the 

intensity of the near crack tip deformation and stress fields, in practice the extent to 

which these parameters dominate is largely dependent on the amount of constraint at the 

crack tip. 

In order to allow the effects of constraint to be fully investigated a detailed finite 

element study of the crack front stress fields has been undertaken together with a two 

parameter fracture mechanics approach. Where possible this theoretical treatment of the 

problem has been supported by an extensive experimental programme. 
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CHAPTER 2 

FRACTURE MECHANICS - BACKGROUND THEORY 

2.1 INTRODUCTION 

Engineering failures can, in general, be yield dominated or fracture dominated. 

If they are fracture dominated then failure occurs by catastrophic crack growth 

emanating from a material defect or crack. Due to the spectacular nature of some of 

these failures a great deal of interest and research effort has been directed into the field 

of fracture over the past fifty years. 

Several outstanding texts relating to the general development of the subject of fracture 

mechanics (see refs. [1 - 4]) have been published over the past twenty years, hence a 

detailed review will not be presented. The purpose of this chapter is to describe the 

major developments that have taken place and that are relevant to the work presented in 

this thesis. 

2.2 THE GRIFFITH THEORY 

Griffith fonnulated his energy balance approach in the 1920' s whilst using glass to 

study the failure of brittle solids [5, 6]. He considered an infmite plate of unit thickness 

containing a through crack of length 2a and subjected to a uniform tensile stress CT, see 

fig. 2.1. The total energy V of the cracked plate is given by: 

V=Vo +Va +Vr -F ...... (2.1) 

where: 

Ua = elastic energy of the loaded uncracked plate (constant). 

Va = change in the elastic energy caused by introducing the crack in the plate. 

Ur = change in elastic surface energy caused by the fonnation of the crack surfaces. 

F = work performed by external forces (this must be subtracted in 

equation (2.1) since this is not part of the internal energy of the plate). 

3 
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Griffith used expressions developed by Inglis [7] for the elastic strain energy per unit 

thickness of an infinite plate containing a central crack given by: 

2 2 

IUa I = 7((YE
a 

(plane stress) ..... (2.2) 

where: 

0'= applied stress perpendicular to the crack 

E = Young's Modulus. 

u = Poisson's Ratio 
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The elastic surface energy, Uy, per unit thickness is equal to the product of the elastic 

surface energy of the material Ye and the new surface area of the crack. 

Uy :;:::4aYe ..... (2.4) 

Griffith reasoned that unstable crack growth would occur when the energy release rate 

was at least equal to the rate of energy absorption due to the creation of new surfaces 

and considering that Uo is constant, hence dU of da is zero, the condition for instability is 

given by: 

F or the case where no work is done by external forces, F = 0, and considering the 

change in elastic energy due to the introduction of the crack to be negative, equation 

(2.5) becomes: 

d 
-(-Ua +U

Y
):;::: 0 ..... (2.6) 

da 

Substituting equations (2.3) and (2.4) into equation (2.6) gives (for plane strain): 

d ( Jr(l - v 2 )0-
2 
a 

2 J da - E +4aYe = 0 ..... (2.7) 

hence: 

which leads to the Griffith relation: 

.... (2.9) 

where OJ is the critical stress required to cause instability. 

5 



The Griffith approach is only strictly applicable to brittle solids and as such is precluded 

from consideration for real engineering structures. In recognition of the limitations of 

Griffith's theory both Irwin [8] and Orowan [9] independently proposed modifications 

to account for a limited amount of plastic deformation at the crack tip. The modification 

involved the inclusion into equation (2.9) of a plastic work term YfJ' which because of its 

magnitude effectively replaces Ye. 

2.3 STRAIN ENERGY RELEASE RATE 

Irwin [8] also proposed another modification to the original Griffith theory and 

suggested that crack propagation will occur when dulda reaches a certain critical value. 

The energy release rate is designated as G with the critical value at fracture being G c the 

material fracture toughness. Hence, from equation (2.9) the energy release rate can be 

defmed from: 

2.4 STRESS INTENSITY FACTOR APPROACH 

Despite modifications to the original Griffith approach its application to practical 

problems is severely limited. As a result of these difficulties Irwin [10] proposed a 

stress intensity approach which represented a major advance in fracture mechanics. 

U sing the method and results of a previous analysis by Westergaard [11] for stress 

functions for crack problems Irwin derived expressions for the stress distribution ahead 

of a crack tip, this being: 

where rand () are as defined in fig. 2.2 and K is known as the stress intensity factor 

corresponding to one of the three cracking modes as shown in fig. 2.3. 
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2a 

Fig. 2.2 Stresses at a point ahead of a crack tip 

(a) MODEL 
Crack opening 

(b) MODE II 
Crack shearing 

Fig. 2.3 Modes of fracture 

These three ftmdamental modes of fracture are defined as: 

Mode I, crack opening, see fig. 2.3(a) 

Mode II, crack shearing, see fig. 2.3(b) 

Mode III, crack tearing, see fig. 2.3(c) 

(c) MODE III 
Crack tearing 

x 

As can be seen from equation (2.11) !be crack tip stress field bas a ~ singularity and 

the stress intensity factor K is the only parameter that relates the crack tip stress field to 

the loading and geometry of the system. 
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The fonn of the stress intensity factor is given by: 

K = CT~7ra.~:) ..... (2.12) 

where f(: ) is dimensionless and is dependent upon the geometry of both the 

specimen and the crack. As with the energy balance approach, for failure to occur K 

must exceed a critical value Kc. Kc is a material property but is dependent on the mode 

of crack loading. For mode I loading the critical stress intensity factor is designated K]c 

and is the material fracture toughness. 

The stress intensity factor and strain energy release rate concepts are related by the 

following equivalence relationships. 

2 EG . 
K = 2 (plane stram) ..... (2.13) 

(I-v) 

K2 = EG (plane stress) ..... (2.14) 

Expressions for K have been evaluated by a variety of methods for a large range of 

geometries and loading situations and have been well published in the past (see ref. 

[12]). 

2.5 PLASTIC ZONE SIZE/SHAPE 

The elastic stress distribution at the crack tip is such that there is a stress singularity. 

However, because the material will deform plastically at stresses above the yield stress, 

in practice this leads to the formation of a plastic zone which means that the elastic 

solution is not applicable. 

Irwin [13] considered the plastic zone to be circular and of diameter 2ry and developed 

the following expressions for the size of the zone, for plane stress equation (2.15) and 

for plane strain equation (2.16). 
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..... (2.15) 

..... (2.16) 

He also showed that the crack can be viewed as having a notional tip a distance ry ahead 

of the real tip, see fig. 2.4. 

Crack tip 

Nominal 
crack tip 

cry 

2ry 

Elastic stress distribution [(1' y = K I J 
~27rr 

Stress distribution after local 
yielding 

~------------------------~x 

Fig. 2.4 The Irwin plastic zone size 

The arguments presented above make the assumption that the plastic zone is of circular 

shape, centred at the crack tip. This is a gross simplification and by considering the 

yield condition for B angles different to zero, a better impression of the real shape of the 

plastic zone can be obtained (13, 14]. [Bbeing measured anti-clockwise from the 

direction of crack growth at the crack tip]. 

Plastic zone shapes according to the von-Mises yield criterion are shown in 

fig. 2.5 for plane stress and plane strain conditions. In practice, the true shape of the 

plastic zone is greatly affected by material thickness, with plane strain conditions 

prevailing in the interior of the material and plane stress conditions at the surface. 

9 



Crack tip 

1.0 

Plane Strain r(a/ry 

Plane Stress r(a/ry 

J(" 

1.0 

Fig. 2.5 Dimensionless plastic zone shape 
from von-Mises criterion 

This can be explained to a certain degree by considering a through thickness crack in a 

plate. 

By combining equations (2.11) and (2.12), the elastic stresses will be given by: 

crfi; 
cr ij = ~. lij (fJ) ..... (2.17) 

-v 27rr 

For small values of r both OX and oy will exceed the material yield stress and hence lead 

to the formation of the plastic zone. If there is no strain hardening then the material 

within the plastic zone should be capable of plastic flow and hence will contract in the 

thickness direction. However, within the interior the surrounding elastic material cannot 

contract to the same extent, leading to tensile through thickness stresses at the elastic 

plastic boundary. This corresponds to a condition of plane strain and the setting up of a 

triaxial stress situation. At the plate surface the material within the plastic zone is 

capable of some contraction and there are no stresses in the thickness direction. Hence, 

the stress field is biaxial in nature and can be considered to be plane stress. When 

10 



considering the plastic zone size variation through the thickness of the plate, it can be 

seen from fig. 2.6 that there is an intermediate zone slightly in from the surface where 

the plastic zone size varies between plane stress conditions at the surface to plane strain 

conditions in the interior. 

Fig. 2.6 Through thickness plastic zone in a 
plate of intermediate thickness 

2.6 CRACK OPENING DISPLACEMENT 

Plane stress 
at surface 

In the preceding sections only the elastic fracture case has been considered, together 

with the effects of very limited plasticity. However, where ductile materials are 

involved that exhibit a large amount of plastic deformation the use of linear elastic 

fracture mechanics is not sufficient. Instead elastic plastic fracture mechanics must be 

used. One approach proposed by Wells [15] is that of crack opening displacement, 

COD. In situations where significant yielding occurs at the crack tip then there will be 

some separation of the crack faces prior to crack growth. Hence fracture will occur 

when a critical value of COD is reached which is a reflection of the amount of plastic 

strain at the crack tip at failure. 

11 



Burdekin and Stone [16] used the Dugdale strip yield model [17] to develop an 

expression for COD as follows: 

51 - In sec - ..... (2.18) - 8a
y
a [ (1«1 JJ 

1fE 2ay 

where; 

Ot = crack opening displacement 

O"y = material yield stress 

It was also shown that under linear elastic fracture mechanics conditions that there are 

direct relations between Ot and Kj as follows: 

2 

51 = K j (plane stress) ..... (2.19) 
ayE 

(plane strain) ..... (2.20) 

2.7 THE RICE CONTOUR INTEGRAL 

An alternative to COD was developed by Rice [18] in the form of a contour integral of 

the type developed by Eshelby [19]. The contour integral, termed the J integral, follows 

a path around a crack tip shown in fig. 2.7 and is path independent provided that the 

start and finish points of the contour rare on opposite faces of the crack and that the 

contour contains the crack tip. The J- integral is defmed as: 

J = f(WdY -T au dS) ..... (2.21) 
r ax 

12 



where: 

x, y = rectangular co ordinates nonnal to the crack front 

ds = increment along the contour 

T = stress vector acting on the contour 

U = displacement vector 

W = strain energy density = f (Y if dE ij 

y 

n 

x 

Fig. 2.7 J integral path around a crack tip 

Rice also showed that the J integral when taken around a closed path containing the 

crack tip represents the change of potential energy for a virtual crack extension da, 

hence: 

J = - du ..... (2.22) 
da 

Hence for the linear elastic case the J integral is directly equivalent to G. Hence: 

K2 
J=G=-(l-v 2

) (plane strain) ..... (2.23) 
E 

13 



It is important to understand that the J integral concept is actually based on a non linear 

elastic system which can only be used to model the plastic behaviour of a material 

providing that no unloading occurs, since the actual plastic part of the deformation is 

irreversible. 

2.8 EFFECTS OF TIDCKNESS 

When fracture surfaces are examined on failed test specimens it is seen that two distinct 

regions are present. Generally in the interior of the material the fracture surface is flat 

and extends directly from the root of the crack. Towards the surfaces of the material, 

however, the fracture surfaces tend to be at 45° to the principal loading direction, this is 

illustrated in fig. 2.8. 

Fig. 2.8 Typical fracture surfaces 

This behaviour can be explained by considering the stress states through the thickness of 

the matelial. It was argued in section 2.5 that highly triaxial stress states are developed 

in the interior of the material but not at the surface where the stress state is essentially 

biaxial. Due to high triaxial stresses in the interior there is no driving force for slip to 

occur and hence the absence of shear. The situation at the surface, however, is very 

14 



different with shear being the dominant failure mode due to the highly biaxial stress 

field. 

As a consequence of the above it has been observed by many investigators that material 

thickness has a profound effect on measured values of K1C obtained from standard test 

specimens. Material yield stress also has an effect on the material behaviour observed 

in the transitional region between plane stress and plane strain this, together with the 

effects of thickness, is illustrated in fig. 2.9. 

Plane 
stress 

Transitional 
behaviour 

Specimen thickness 

Fig. 2.9 Variation of fracture toughness with thickness 

Plane 
strain 

Although the effect of thickness on measured values of fracture toughness is understood 

in qualitative tenns not many quantitative models exist. 

Bluhm [20] proposed a quantitative model based on the assmnptions that: 

i) The shear lip size at fracture is independent of thickness. 

ii) Flat fracture is a surface phenomenon and shear lip formation is volumetric in 

nature. 

Assmnption (i) above nnplies that the transition from plane strain in the specnnen 

intelior to plane stress at the smface always occurs in the same volume of material. 

15 



Hence, the shear lip size is equal to half the maximum thickness in which full plane 

stress develops. Hence the fracture energy for the shear regions is given by: 

1 2 
dW=2 KSLt da t5:to ..... (2.24) 

and 

t ~ to ..... (2.25) 

where: 

t = specimen thickness 

to = critical thickness for 100% shear lip formation 

KSL = a material constant relating to the shear area 

Kff = a material constant relating to the flat fracture area 

The critical energy release rate GIC = dWltda therefore equations (2.24) and (2.25) lead 

to: 

..... (2.26) 

By considering that to is approximately equal to twice the plastic zone size as given by 

equation (2.15) it follows that: 

KIQ _ 1+( EKsL2 -IJ~ = )1+/0 ..... (2.27) 
K IC 6 J'{ (j y t t 

Substitution of appropriate material properties for E, KSL and O"y in equation (2.27) does 

not show good agreement with test data hence the generalisation to include the term q to 

fit test data. 

16 



Bluhm used the above analysis on the experimental results of Repko et al [21] with a 

reasonable degree of success, the results are reproduced in fig. 2.10. 

3 0\ 0 = 2024 test data 
\ • • = 7075 H 

~\ • / factor q adapted to fit test doto 

.~o . dys = 30 kg/mm 2 
I E:f = 0.45 

\ H =40 1 
\ .. ::: 50" Ef::: 0.35 

n ::: 60 

2.5 

2 

1.5 • --------- --
1~~~~~~~~~~ 

E:t E l K1c 
-a-

ys
-::: 0 (glass) I ASTM 

I condition 
I 

0.5 '----:~---':------'-----'-----l---L---L-
25 30 

---. 9/BO 

} Bluhm 

} 
Broek& 
Vlieger 

Fig. 2.10 Thickness models of Bluhm, and Broek and V1ieger. 
After Broek [2] 

Similar results have been obtained from Broek and Vlieger's [22] extension of a model 

developed by Isherwood and Williams [23] which, with some simplifying, assumptions 

with respect to the plastic zone led to the following expression . 

..... (2.28) 

where: 

&f= the true fracture strain of the material 

(Ty = the material yield strength 

Examination of equation (2.28) shows that KIQ gradually approaches K1c for large 

thickness values. However, at the ASTM limit condition of 2.5 (KIC/(Ty/ the predicted 

KIQ still has a slight error in the order of a few percent when compared to measured 

values. The error depends largely on the material properties. 
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Other thickness models have been presented by Shih and Hartranft [24] and Anderson 

[25] who took a simplistic view that the transitional behaviour could be represented by a 

linear decrease from a maximum value to the AS TM thickness limit of 2. 5 (K[c/ ar/ 
value. Although the model of Anderson is applicable in design it does not predict 

thickness effects with any degree of accuracy. 

With the above in mind both British and American standards [26, 27] call for fracture 

testing to be undertaken using specimens of minimum thickness B ~ 2.5(Kc/ay/ where 

KQ is an estimated value of K1C. 

2.9 INFLUENCE OF SIDE GROOVING ON TIDCKNESS EFFECTS 

In order that the effects of shear lips can be reduced, side grooves can be machined into 

the specimen along the line of expected crack growth. 

Among the ftrst researchers to investigate the effects of side grooving on measurements 

of plane strain fracture toughness were Freed and Krafft [28], who conducted an 

experimental investigation of side grooving using single edge notched tension 

specimens. Work was undertaken on 7178-T6 Aluminium Alloy, with 60 degree V 

notch side grooves and root radii between 0.002 and 0.005 ins., to attempt to establish if 

the data would be of the fonn: 

K}C =KNOM (~ r ..... (2.29) 

where: 

B = specimen thickness 

BN = specimen thickness at root of side groove 

and evaluate the side groove sensitivity exponent m, which theoretical predictions 

[28, 29] suggest lies in the range of 0.5 - 1. The results from this work established that 

m = 0.56 for the material and side groove geometry tested, see ftg. 2.11. 
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Fig. 2.11 Side groove sensitivity exponent, m, for two aluminium alloys. 
After Freed and Krafft [28] 

Freed and Krafft also attempted to determine the size requirements for side grooved 

specimens in order to obtain representative K1C measurements. The conclusion of this 

work was that side grooving may restore the detectability of crack initiation at specimen 

thickness as low as 5ry. 

MacDonald and Pajot [30] have recently given analytical support for Freed and Krafft's 

concept of effective thickness by using three dimensional, elastic finite element analysis 

of various smooth and 20% side grooved specimens. The results of this work indicated 

that the concept of effective thickness is slightly conservative in the form of the equation 

given in the British and American standards. 

Another important work in the area of the elastic plastic analysis of side grooving was 

undertaken by Delorenzi and Shih [31] who built on the work of other investigators [32, 

33] that had shown that the plain strain load displacement curve can be obtained from 

smaller specimens than called for by British and American standards, providing they 

were side grooved. 
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Shih et al [34] had earlier analysed the elastic stress and strain fields in the vicinity of 

the crack with varying depths of side grooves and shown that the optimum side groove 

depth was in the order of25%. At this depth, the plain strain constraint and stress 

intensity factor are almost uniform across the crack front and only differ slightly from 

the 2D plane strain value. 

Resulting from this earlier investigation, 25% side grooved compact tension specimens 

were used for the elastic-plastic analysis and a review of the linear elastic analysis. 

Finite element analysis repeated for the linear elastic case gave the results indicated in 

fig. 2.12 and fig. 2.13 when plotted as stress intensity ratio against distance from 

specimen edge. It was also observed that the stress intensity factor is higher all along 

the crack front in the side grooved specimen than the standard specimen by an average 

of about 3%. Also the stress intensity factor is constant across the section in the side 

grooved specimen but falls away towards the edge in the standard specimen. 

Delorenzi and Shih also investigated the variation of plane strain constraint, 

az/( OX + oy), along the crack front. Plane strain constraint falls off considerably towards 

the edge of the standard specimen, fig. 2.14, but for side grooved specimens the plane 

strain constraint is much more uniform and drops only slightly at the side groove, see 

fig. 2.15. 

2.10 FINITE ELEMENT ANALYSIS OF FRACTURE 

The finite element method has over the past twenty years become established as a 

method of determining stress intensity factors in the practical analysis of fracture 

mechanics problems. 

Several authors (see refs. [35 - 37]) have presented excellent reviews of the finite 

element method applied to fracture mechanics. The purpose of this section is to review 

only those aspects of the method that are relevant to the work presented in this thesis. 

In order that finite elements can be used effectively for fracture mechanics analysis two 

considerations are important. 

i) That the crack tip stress/strain singularity is correctly modelled. 

ii) That the relevant fracture parameter, stress intensity factor or J integral, can be 

calculated. 
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2.10.1 CRACK TIP SINGULALRITY MODELLING 

Early attempts to undertake fracture mechanics analysis used very fine meshes 

consisting of conventional elements, (see ref [38]) in order to obtain the 

correct stress/strain field. In some instances, particularly when a very detailed 

prediction of the stress field ahead of the crack is required, this method is still 

used with blunted crack models. 

Tracey [39] first introduced a l singularity into a finite element by 

employing a polynominal displacement field within a triangular element. This 

was then generalised into a family of elements by Tracey and Cook [40]. 

Blackburn [41] also formulated a singular triangular element whilst Benzley 

[42] introduced supplementary tetms into the displacement field of a 

quadrilateral element to model the singularity. All of the element formulations 

so far have meant that special elements need to be placed around the crack tip. 

Major advances were made independently by Barsoum [43] and Henshell and 

Shaw [44] who introduced a l singularity simply by manipulation of the 

mid side nodes of a standard quadratic isoparametric element. 

Consider the quadratic isoparametric element shown in fig. 2.16. The required 

strain singularity can be obtained at node 1 by moving the mid side nodes 2 

and 8 to a position one quarter of the distance along the edge of the element as 

shown. For edge 1 - 3 defined in local co ordinates by 1] = -1 the shape 

functions are: 

With the isoparametric element formulation a co ordinate in x can be written 

as: 

..... (2.31) 
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Fig. 2.16 Quadrilateral isoparametric element 

substituting Xl = 0, X 2 = L and x 3 = L into (2.31) gives: 
4 

hence: 

~ = -I + 2H ..... (2.33) 

4 

r 

Again for the isoparametric element displacements are given as: 
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substituting for ~ from (2.33) gives: 

..... (2.35) 

The direct strain in the x direction is then given by: 

au o~ au 
E =-=-.-= 

x Ox ax o~ 

Hence the strain singularity along edge 1 - 3 is of the correct order ~. It 

can also be shown that this is the case for edge 1 - 7, rays within the element 

emanating at node 1 do not give the correct singularity. The correct condition 

can be obtained by collapsing the element into a triangle and coalescing the 

nodes at the crack tip, that is, nodes I, 7 and 8 in fig. 2.17. Again the mid side 

nodes are moved to the quarter position and it can be seen that the local 

co ordinates~ + 17 have now become directly related to the polar co ordinates r 

and (}respectively. Along the 17 = 0 axis the shape functions become: 

Nl =N3 =Ns =N7 =_!(1_~2) 4 

N 2 = N 6 =! (1- ~ 2 ) 
2 
1 

N4 = Ng =-(1-~) 
2 
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Fig. 2.17 Collapsed isoparametric element 

If the crack tip is located at node 1 then: 

X3 = x 4 = Xs = Ll ..... (2.38) 

Again with the isoparametric fonnulation x and y co ordinates can be written 

as: 

[x] = f[N, 0] [Xi.] ..... (2.39) 
Y 1=1 0 N, y, 

substituting (2.37) and (2.38) into (2.39) gives: 

Ll ( )2 X = - I + ~ ..... (2.40) 
4 
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hence: 

~ ~-1+2H ..... (2.41) 

which is identical to equation (2.33). The displacement along the axis 

becomes: 

U = -!(1_,2 )(U1 +U3 +US +U7 )+!(1_,2 )(U2 +U6) 
4 2 

+ ~ (1-,)(u 4 +ug ) ••.•• (2.42) 

and the strain distribution can now be directly calculated from: 

Again it can be seen that the strain distribution exhibits a l singularity at 

the crack tip. It can also be shown that any ray emanating from the crack tip 

exhibits the same singularity. 

2.10.2 STRESS INTENSITY FACTOR EVALUATION 

Having established the correct strain singularity at the crack tip, stress 

intensity factors can now be obtained by a variety of methods as follows: 

Crack Tip Opening Displacement 

This method is derived from the general displacement extrapolation method 

[35]. The displacement field around a crack tip can be characterised as 

follows: 

v = K[ . ~[(2k + l)sin 0 - sin 30] ..... (2.44) 
8G;r 2 2 

27 



where: 

G = material shear modulus 

k = 3 - 4v for plane stress 

k = (3 - v)/(l + v) for plane strain 

Hence the nodal displacement field can be determined by fmite element 

analysis using crack tip elements as shown in fig. 2.18. Then for any 

particular radial line emanating from the crack tip KJ can be plotted against r. 

Results can then be extrapolated to r = 0 to give the stress intensity factor at 

the crack tip. 

Crack tip 

L 

·1 
Fig. 2.18 Arrangement of crack tip elements 

Particularly, by consideration of equation (2.44), for displacements along the 

crack face and the y component of the displacement field (v), Shih et al [45] 

showed that the mode I stress intensity factor KJ is given by: 

2G~(0-VC) ..... (2.45) 
(k+l L 
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Hence the stress intensity factor can be calculated directly from knowledge of 

the crack tip opening displacement. 

Strain Ener2Y Release Rate 

As was shown in section 2.3 when a crack of length a is extended by an 

amount IJa it is accompanied by a release of strain energy 8u such that the 

strain energy release rate is: 

8u 
G=- ..... (2.46) 

&z 

The stress intensity factor can then be calculated directly from equation (2.13) 

and (2.14). Hence by performing two finite element analyses for two crack 

lengths that differ by an amount IJa and evaluating the change in strain energy 

8u the strain energy release rate and hence stress intensity factor can be 

calculated. 

Virtual Crack Extension 

The virtual crack extension method is a variant of the strain energy release rate 

method outlined above and was ftrst proposed by Parks [46] and Helen [47]. 

Although the method is based on energy release rate its implementation does 

not require a second finite element solution with a slightly different crack 

length. For simplicity, the method is presented for a linear elastic two 

dimensional problem of unit thickness. Upon completion of a fmite element 

analysis the form of the solution is a vector of nodal displacement (u), the 

potential energy may be expressed as: 

where: 

p=~{ur[K]{u}-{ur {r} ..... (2.47) 
2 

[KJ is the global stiffuess matrix 

{f} is the vector of prescribed nodal loads. 
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We can differentiate (2.47) with respect to crack length to obtain the energy 

release rate, i.e: 

-ap = - a{uY [[K] {U}-V}] _ !{uY a[K] {u}+ {uY o{r} ..... (2.48) 
af load af 2 af of 

The global stiffuess matrix [K] is symetric and the term [[K 1 ~ }-{r}] has 

been made exactly zero by the finite element solution. For plane strain: 

-8P =K/ (1 v2L -1{uy 8[K] {u}+{uy 8{r} ..... (2.49) 
of load E 2 of of 

The matrix a[K] is the change in the global stiffness matrix per unit crack 
of 

advance. Consider fig. 2.19, crack advance is produced by rigidly translating 

all nodes on and within a contour IO about the crack tip by a small amount 11/ 

in the x direction. All other nodes remain in their original position. Hence the 

global stiffness matrix [K], which depends only on individual element 

geometries, displacement functions and elastic material properties, remains 

unchanged in the regions interior to IO and exterior to II. The only 

contributions to (2.49) come from the band of elements between the two 

contours. The global stiffness matrix is the sum over all the element stiffness 

matrices, hence: 

where [K(] is the element stiffness matrix of an element between contours Fo 
and II and Nc is the number of elements. 

If the structure loading is due to forces outside the crack tip elements then the 

load vector {f} is independent of crack advance and equation (2.49) reduces to: 
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However, ifbody forces and/or crack face loadings are to be included then the 

full form of equation (2.49) needs to be considered, for a description of the 

method see ref [46]. 

The terms in equation (2.47) are obtained and post processed directly from the 

ftnite element analysis results. Parks [48] later extended the analysis to include 

plasticity effects. 

Lx 
r,o 

Fig. 2.19 Accommodation of crack tip extension by advancing nodes. 
After Parks [46] 
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CHAPTER 3 

TWO PARAMETER FRACTURE MECHANICS - A REVIEW 

3.1 INTRODUCTION 

The previous chapter outlined the background theoretical considerations relevant to the 

work presented in this thesis. What was described was a single parameter representation 

in terms of K or J, which are both a measure of the intensity of the near crack tip 

deformation and stress fields. In practice the extent to which these parameters dominate 

is largely dependent on the amount of constraint at the crack tip. 

In situations where high levels of crack tip constraint are not present a single parameter 

representation is no longer adequate and a two parameter approach is required. This 

chapter outlines the principles of non linear fracture mechanics and some recent 

approaches to two parameter fracture mechanics that will be put to use later in the thesis. 

3.2 NATURE OF CRACK TIP STRESS FIELDS 

The underlying theory behind non linear fracture mechanics for materials \Ulder 

monotonic loading is the J integral as defined in section 2.7. From a physical point of 

view J is a measure of the intensity of near tip deformation. Solutions to the governing 

equations based on power law hardening materials for crack tip stress fields were first 

presented, independently, by Hutchinson [49, 50] and Rice and Rosengren [51, 52]. The 

solutions are asymptotic and are based on the assumption that the crack remains sharp. 

The resulting singularity fields are commonly referred to as the HRR fields and together 

with the J integral form the theoretical basis of non linear fracture mechanics. 

The HRR fields are based on a power law hardening material model, a convenient form 

of which is the Ramberg-Osgood equation: 

..... (3.1) 
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where 0"0 is the effective yield stress, eo = 0"
0 and a and n are parameters chosen to fit 

E 

data. Typical values of n for metals are in the range 5 for high levels of hardening to 50 

for low levels of hardening. Within the immediate vicinity of the crack tip the elastic 

strains are negligible in comparison to the plastic strains hence only the plastic part of 

the Ramberg-Osgood equation needs to be considered, equation (3.1) becomes: 

:. ={ ~r ..... (3.2) 

If J2 deformation theory (von-Mises) is used, equation (3.2) can be extended to 

multi axial states resulting in the following: 

where: 

1 

0" = (~s .. S .. )2 ..... (3.4) 
e 2 1J 1J 

and Sij is the deviatoric stress. 

With reference to polar co ordinates HRR [49 - 51] showed that the asymtotic crack-tip 

stress, strain and displacement fields are: 

..... (3.5) 

..... (3.6) 

..... (3.7) 

The stress distribution ahead of the crack tip as given by equation (3.5) is illustrated in 

fig. 3.1. Further details of the fields are given in [49 - 51] and have been extended to 

mixed mode problems by Shih [53]. 
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Fig. 3.1 HRR stress fields for n = 5,10 and 50, E/O'o = 300 materials 

The dimensionless Ovariations ii, 'iij and uij depend on the crack opening mode, n, 

and whether plane strain or plane stress in assumed as does the normalising constant In. 

These variations are normalised in [49] and [53] by setting the maximulTI o variation of 

the effective stress iie to unity. Tabulated results for ii ij' 'iij' uij and In are given by 

Shih in [54]. 

3.3 MECHANISMS OF FAILURE 

Macroscopic fracture behaviour based on K or J does not necessitate any understanding 

of the fracture events that occur on a microscopic scale. However, in order to fully 

understand fracture processes, it is essential to review the various mechanisms of 

fracture that occur on such a microscopic scale. 

Failure of metals can occur in a number of ways that can be generally grouped as being 

either ductile or brittle in nature. In some cases, as with ferritic steels in the 

ductilelbrittle transition, the fracture processes can be complex with ductile tearing and 

cleavage fracture competing. 
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3.3.1 CLEAVAGE FRACTURE 

Many models have been proposed for cleavage fracture some involving statistical 

considerations, others not. In the context of the work being presented in this 

thesis one particular cleavage failure model will be considered, this being due to 

Ritchie, Knott and Rice [55], hence being known as the RKR model. 

The model relates the critical value of tensile stress (OJ) ahead of a crack for 

unstable cleavage fracture to fracture toughness K]c and is based on the cleavage 

cracking model of Smith [56, 57] and accurate elastic plastic stress solutions 

ahead of a sharp crack by Rice and Johnson [58]. 

Earlier work by Orowan [59] and Knott [60] had shown that for slip induced 

cleavage fracture the local stress, O"yy, ahead of a stress concentrator had to exceed 

a critical value, OJ; with values of OJ being calculated from slip line field theory 

using rigid plastic solutions for notched bars in plane strain bending. 

Such a solution, due to Hill [61] is shown in fig. 3.2 with the maximum value of 

lTyy being achieved when the plastic zone size reaches a critical radius r; as: 

• I 
.. I 
I I 

CJyY I 
I 
I 

I 
.Ao------1 ~ = 2k['·lnl'''rT/~1J 

• 21<11·"'12-9/2) 

-------x 

plastic zone 

.. I 
~------~-------

Fig. 3.2 Schematic longitudinal stress (Oyy) distribution ahead of a rounded 
notch at general yield based on Hill's rigid/plastic slip-line field solution 

[61 J, after Ritchie et. al.[55] 
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(j yy max = 2k[1+ In(I + r; / p)] ..... (3.8) 

where: 

k is the shear yield stress 

p is the root radius 

ry is the plastic zone dimension 

This value being assumed to be approximately constant up to the plastic elastic 

interface. 

RKR extended this work by considering the HRR asymptotic stress fields together 

with the approximate modified stress distribution allowing for progressive crack 

tip blunting of Rice and Johnson, see fig. 3.3. 

3 

2 

, 
1 

MODIFIED STRESS DISTRIBUTION 
DUE TO CRACK TIP BLUNTING. FOR 
VARIOUS HARDENING EXPONENTS. 
WITH OO/E:o- 0-0025 -------.--

lafter Rice & Johnson) 

x 
(K/cro) 

2 

Fig. 3.3 Distribution of longitudinal stress (<Jyy) ahead of a sharp crack 
under plane strain and small scale yielding conditions from the 

singularity solution for a hardening material due to HRR (solid lines) 
and modified due to crack tip blunting due to Rice and Johnson [58], 

after Rice and Johnson [58]. After Ritchie and Thompson [62] 

It is clear that the maximum stress intensification possible at a crack tip can be 

tTIuch larger than that predicted for a rounded notch by slip line field theory. Also 

the maximum stress occurs not at the elastic plastic interface but much closer to 

the crack tip_ Hence if the cleavage failure criterion for a sharp crack were simply 
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that ayy be sufficiently large to exceed some critical value OJ then fracture could 

be produced by vanishingly small loads. 

RKR found it necessary, therefore, to supplement this earlier theory by the 

additional requirement that the critical stress needs to be achieved over some 

microstructurally significant distance ahead of the crack tip. 

Using the HRR field as defined by equation (3.5) [62] to define the stress field the 

RKR model implies [55,63,64] that: 

where: 

ao is the effective yield stress 

n is the strain hardening index 

10 is a characteristic distance 

..... (3.9) 

By comparison of calculated results with experimental data for the variation of K 

with temperature, RKR found very close agreement when 10 was set equal to two 

grain diameters. The principles of the RKR model are shown in fig. 3.4a. 

3.3.2 DUCTILE FRACTURE 

The mechanism of ductile fracture is essentially one of microvoid coalescence 

which tends to be more complex in nature than that of cleavage fracture. 

Microvoids nucleate at various internal discontinuities such as intermetallic 

particles and precipitates and also at grain boundaries. As local stress increases 

these microvoids grow, coalesce and eventually form a fracture surface that is 

dimpled in appearance. Dimple shape is strongly influenced by loading type with 

uniaxial tensile loading resulting in the formation of equiaxed dilnples. Shear will 

produce elongated or parabolic shaped dimples that point in opposite directions 
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Fig. 3.4 Schematic idealisation of microscopic fracture criteria pertaining to (a) 
critical stress-controlled model for cleavage fracture (RKR) and (b) critical 
stress-modified critical strain-controlled model for microvoid coalescence. 

After Ritchie and Thompson [62] 
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on the two fracture surfaces, whilst tensile tearing produces elongated dimples 

that point in the same direction on the two fracture surfaces. 

For ductile fracture initiation by microvoid coalescence several authors [65, 58, 

66] considered that the critical crack tip opening displacement must exceed half 

of the mean void initiating particle spacing. By considering non hardening 

materials this criterion is fulfilled when the void sites are enveloped by the intense 

strain region at the crack tip, i.e. at a distance of approximately 28 from the tip. 

The model implies that: 

8; = 8IC ~ (0.5 to 2)dp .•••. (3.10) 

where: 

b; is the crack tip opening displacement at initiation 

~c is the critical crack tip opening displacement 

dp is the distance between void initiating particles. 

The main limitation with this model is that it also implies that: 

It is unusual to find a practical case where the fracture toughness increases 

directly with increasing yield strength. 

The problem has been overcome by the approach of McClintock [67], Mackenzie 

et al [68] and others [64, 70] who have proposed a stress modified critical strain 

criterion. In this approach the equivalent plastic strain "& p must exceed a critical 

fracture strain or ductility iff' ("; ), specific to the relevant stress state over a 

characteristic distance 1
0

, The characteristic distance is comparable to the mean 

spacing of the void initiating particles dp . The principles of the model are shown 

in fig. 3.4b. 
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crack tip under plane strain conditions together with the corresponding 

variation of stress state (0" m I 0"). Solutions based on finite geometry 
blunting solutions of Rice and Johnson [58] and Mc Meeking [69] for both 

small-scale yielding and fully plastic conditions. After Ritchie and 
Thompson [62] 

Richie et al [64] considered the near-tip strain distribution shown in fig. 3.5 in 

terms of xl t5 and showed that: 

where C1 is a constant of order unity. Hence the initiation criterion of 

e p > e f • (r; ) over x = 10 ~ dp at J = J[C implies a ductile frac1ure toughness of: 

or 

and 
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Equation (3.15) now implies that J]C for ductile fracture is proportional to strength 

times ductility which is more physically realistic. Also in tenns of critical plastic 

zones size for Mode I fracture, ry; [62]: 

where Co is the yield strain (uolE) and ais taken to be 0.5. 

Although there is no conceptual difficulty with the term i f * its definition as a 

material constant is difficult in practice. For a review of recent techniques for 

determining if * see [62]. 

3.4 J DOMINANCE 

As previously stated in section 3.2 the J integral is a measure of the intensity of the near 

tip defonnation. Solutions for power law hardening materials as given by the HRR 

fields in the crack tip region depend upon a high degree of crack tip constraint. If this 

high level of constraint is present then the HRR fields are valid and a single character 

parameterisation of the materials fracture behaviour is given by the J integral. 

In practice the extent to which the HRR fields dominate over a length scale which is 

larger than the fracture process zone is termed J dominance. Early work by Begely and 

Landes [71] denoted the radius of the zone of J dominance as R see fig. 3.6, which 

depends strongly on specimen geometry and hardening, particularly for low-hardening 

materials. In order to ensure the above conditions, Paris [72] suggested that in addition 

to the size of the uncracked ligament C, another important parameter is the specimen 

thickness B, giving a miniInum value for J dominance of: 

B, C 2 M J]C ..... (3.17) 
ao 

Paris suggested that for thickness considerations a value of M = 50 should be used. 
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Fig. 3.6 Schematic of near-tip behaviour under J-dominance conditions 

McMeeking and Parks [73] calTied out a careful plane strain finite element study of edge 

cracked bend specimens and centre cracked plates for low hardening materials based on 

a finite deformation formulation. They concluded that to ensure valid J tests using 

centre cracked plates a conservative estimate of M = 200 can be used for the uncracked 

ligament length. 

Shih and German [74] used finite element analysis based on small strain theory to 

evaluate detailed crack tip stress and strain fields again for edge cracked and centre 

cracked plate geometries. The result of this work was to validate the results of 

McMeeking and Parks. 

In order to attempt to overcome the restrictions of a single parameter approach to elastic 

plastic fracture mechanics several authors have examined the possibility of using a two 

parameter approach. In the context of work presented in this thesis two such approaches 

are relevant, the T stress approach and J -Q theory both of which are described in the 

next two sections. 
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3.5 T STRESS 

The elastic crack tip stress field was expressed by Williams [75] as an asymptotic series 

in cylindrical (r, 8) co ordinates about the crack tip, i.e: 

Restricting interest to the first two terms of the expansion, i.e., neglecting small order 

effects it can be seen that the first term is singular at the crack tip and fonns the basis of 

linear elastic fracture mechanics when expressed in the fonn of equation (2.11). 

Larsson and Carlsson [76] demonstrated that the second term in the series has a 

significant effect on the size and shape of the plastic zone at the crack tip. Using the 

notation of Rice [77] the second term is denoted as the T stress and can be regarded as a 

uniaxial tensile or compressive stress parallel to the crack flanks. In matrix form the 

first two tenns can be written: 

The magnitude of the T stress can be defined through a biaxiality parameter B, 

introduced by Leevers and Radon [78] as: 

B= T& ..... (3.20) 
K 

Alternatively T can be expressed simply as a stress concentration factor (:), hence T 

can be obtained by multiplying an applied stress by a tabulated constant. 

Following the work of McMeeking and Parks [73] and Shih and German [74], Betegon 

and Hancock [79] investigated the effects of T stress on J dominance. They first used a 

plane strain boundary layer formulation involving both K and T terms which they later 
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correlated with full field solutions for centre cracked plate and edge cracked bar 

geometries exhibiting positive and negative T stresses. 

Du and Hancock [80] examined the effects of T stress on crack tip constraint and plastic 

zone development ahead ofa crack tip whilst AI-Ani and Hancock [81] also examined 

the effects of T stress on J dominance of short cracks in tension and bending. Refs. [79-

81] are discussed in detail as follows: 

3.5.1 TWO PARAMETER CHARACTERIZATION OF ELASTIC-PLASTIC 

CRACK-TIP FIELDS, After Betegon and Hancock [79], 1991 

In this work the crack-tip deformation was first modelled by a boundary layer 

formulation using focused meshes as shown in fig. 3.7. The meshes consisted of 

240 eight-noded isoparametric elements arranged in 20 rings of 12 elements 

concentric with the crack tip. The crack tip consisted of25 independent but 

initially coincident nodes. The radius ratio between the first ring of elements and 

the outer ring of elements was 1: 1000. Displacement boundary conditions were 

imposed on the outer boundary which corresponded to the displacements 

associated with a K field and various levels of T stress. The material was 

described by the Ramberg-Osgood power law hardening model as defmed by 

equation (3.1) with n set to 3, J 3 and 00. Poisson's ratio was set to 0.3 and a = 

3/7, while the ratio of yield stress 0"0 to the elastic modulus E was 0.002. The 

analysis was based on small strain flow plasticity theory and carried out using the 

ABAQUS fmite element package. 

Fig. 3.7 Boundary layer formulation mesh, 
after Betegon and Hancock [79] 

44 



cr~9 

<1 

Analysis results for B = -1.06, 0 and + 1.06 with n = (fJ and 13 are shown in fig. 

3.8, where B is defined by equation (3.20). 
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Fig. 3.8 Stress distributions ahead of a crack tip at different levels of T stress. 
After Betegon and Hancock (79) 
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Figures 3.8a and 3.8c show tangential stress u(}(} directly ahead of the crack 

(B = 0) for both hardening and non hardening formulations in which the Tstress 

is zero (B = 0). The stresses are nonnalised by the yield stress Uo and the radial 

distance from the crack tip is nonnalised by J/ uO• As can be seen the data is self 

similar in that it is insensitive to the level of K with all data falling on the same 

curve but below the HRR stress field as determined by equation (3.5). 

Consideration of fig. 3.8b illustrates the effect of a positive biaxiality parameter 

B = + 1. 06 which produces tensile T stresses which increase with deformation. 

Further examination of the data indicates that the stress fields are not quite self 

similar and lie above the B = 0 field but below the HRR field. 

Finally figure 3.8d illustrates the effect of a negative biaxiality parameter 

B = -1.06 which produces a compressive T stress. As can be seen the stresses are 

initially close to the B = 0 data for small T stresses but as T becomes 

progressively more negative the stresses fall significantly below both the HRR 

and B = 0 fields. 

The data shown in fig. 3.8 is combined with other data in fig. 3.9 as a family of 

curves which are functions of T stress but independent of B for n = 13. The 

effects of positive and negative T stress can be clearly seen. 
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Fig. 3.9 The tangential stress field ahead of a crack in boundary layer 
formulations at different levels of T stress, n=13. 

After Betegon and Hancock [79) 
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The authors continued to examine full field solutions for geometries 

representative of positive, zero and negative T stresses. Analyses were performed 

on a centre cracked panel under uniaxial tension to give negative T stress, a single 

edge notched bar with aIW = 0.9 to give positive T stress, whilst the results of an 

analysis by AI-Ani and Hancock [81] on a single edge notched bar with a/W = 0.3 

were used to give the zero T stress condition. The results of these analyses can be 

seen in figs. 3.10 - 3.12. 

5~---------------------------------

4 
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ra 
---2. 
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Fig. 3.10 The tangential stress field ahead of a crack in a centre cracked panel 
under uni-axial tension, n=13. 

After Betegon and Hancock [79] 

Comparison of the full field solutions with the boundary layer formulations 

indicated close agreement at corresponding levels of T stress. 

In conclusion the work showed that for a single parameter characterisation of the 

fracture process, J dominance is achieved if the T stress is zero or positive. For 

situations of negative T stress J dominance is lost and a two parameter 

characterisation is necessary. 
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Fig. 3.11 The tangential stress directly ahead ofa crack tip in a single
edge notched bend bar, a/W = 0.9, n = 13. 

After Betegon and Hancock [79] 
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Fig. 3.12 The tangential stress directly ahead of a crack tip in a single
edge notched bend bar, alW = 0.3, n = 13. 

After AI-Ani and Hancock [81] 
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3.5.2 THE EFFECT OF NON-SINGULAR STRESSES ON CRACK-TIP 

CONSTRAINT, After Du and Hancock [80], 1991 

Again crack tip deformation was modelled by boundary layer formulation using a 

focussed mesh similar but slightly coarser than that shown in fig. 3.7. The 

material response was based on non hardening J2 flow plasticity, in order to avoid 

numerical problems the elastic response used a value for Poisson's ratio of 0.3 

with a small number of solutions being obtained with a Poisson's ratio of O. 49 to 

investigate the effects of compressibility. 

The shapes of the plastic zones obtained are shown in fig. 3.13. Compressive T 

stress enlarged the maximum radius of the plastic zone and caused the plastic 

lobes to move forward. Tensile T stress caused the plastic lobes to decrease in 

size and rotate backwards. The von-Mises stress was extrapolated along radial 

lines back to the crack tip at regular intervals in order to examine the angular 

extent of yielding, however, an elastic wedge was found on the crack flanks for 

compressive and zero T stress. In the absence of T stress plasticity at the crack tip 

extended to an angle close to 130°, the effect of compressive T stress was to give 

a larger elastic wedge, whilst tensile T stress reduced the elastic wedge. At a 

tensile T stress of +0.446 0"0 plasticity was observed in the elements of the crack 

flank and the elastic wedge had disappeared. 
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Fig. 3.13 The effect ofT-stress on the non-dimensionalized plastic 
zone shapes. After Du and Hancock [80] 
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Although the numerical solutions presented do not apply to a rigid plastic 

incompressible solid the authors found it appropriate to interpret the stresses in 

the context of slip line theory. This interpretation of the effect of T stress on the 

slip line field solutions for a perfectly plastic material, hence plastic zone size and 

shape can be seen in fig. 3.14. 
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(b) 

(c) 
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Fig. 3.14 A slip line field representation of the crack tip stress field for (a) 
T/O'o = +0.446, (b) T/O'o = 0, (c) T/O'o = -0.443, (d) T/O'o = -0.7. 

After Du and Hancock [80] 

Fig. 3.15 shows the level of triaxial stress on a function of angle (fJ) around the 

crack tip, whilst the results directly ahead of the crack tip (r = 0, () = 0) are shown 

in fig. 3.16. As can be seen the effect of positive Tstress is to maintain a high 

level of stress triaxiality in front of the crack tip and J dominance will exist. 

Negative values of T stress, however, give significantly reduced levels of stress 

triaxility and hence a loss of J dominance. 
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3.5.3 J-DOMINANCE OF SHORT CRACKS IN TENSION AND BENDING, 

After AI-Ani and Hancock [81], 1991 

AI-Ani and Hancock [81] carried out a detailed full field finite element analysis 

using both small geometry change and large geometry change formulations of 

short cracks in tension and bending. 

Loss of J dominance was associated with the development of plasticity to the 

cracked face, whilst retention of J dominance was associated with the 

development of plasticity through the ligament without spreading to the cracked 

face. 

Results for crack tip stress fields for a single edge notched bar in bending with 

a/W = 0.3 were given in fig. 3.12 whilst those for a/W = 0.1 are given in fig. 3.17. 

As can be seen for an a/W = 0.1 the stresses fall considerably below the HRR 

field and reduce with increased deformation, in contrast for a/W = 0.3 there is no 

fall off due to increased deformation with the stress fields remaining essentially 

self similar . 
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Fig. 3.17 The tangential stress directly ahead of a crack tip in a single
edge notched bend bar, aIW = 0.1, n = 13. 

After AI-Ani and Hancock [81] 
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Plastic zone development for both crack depths are shown in fig. 3.18 where it 

can be seen clearly that the plastic zone extends to the cracked face at high 

loading for the aIW = 0.1 case, whilst plasticity is contained within the ligament 

for the aIW = 0.3 case. 

This work supplements that of Du and Hancock [80] and supports the argument 

that even though the T stress concept is an elastic phenomenon it can be extended 

into large scale yielding situations. 
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Fig. 3.18 The development of the plastic zone for a sbaUow-cracked bar in 
bending (a) a/W = 0.1, n = 13 and (b) a/W = 0.3, n = 13 

After AI-Ani and Hancock (81) 
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3.6 1-0 THEORY 

J-Q theory is based on a two parameter fracture mechanics approach by O'Dowd and 

Shih [82, 83], Shih et al [84] and Xia et al [85] and a similar approach by Li and Wang 

[86] and Sharma and Aravas [87]. Essentially the stress distribution ahead of a crack is 

obtained by detailed fmite element analysis and then compared with a high constraint 

reference field such as the HRR field or a small scale yielding solution again obtained 

by finite element analysis. 

An excellent review of the theory is given in [88] and is summarised as follows: 

Consider a boundary layer formulation in which the boundary displacements are given 

by equation 3.19. Using different combinations of the loading parameters KI and T will 

give near-tip plastic fields of different magnitudes. From dimensional considerations, 

these fields can be organised into a family of crack tip fields parameterised by T/£To, i.e: 

£Tij =£To!ij( r ,();T/£ToJ ..... (3.21) 
J / £To 

However, O'Dowd and Shih [82, 83] claimed that because the T stress is essentially an 

elastic condition it is increasingly violated with the progression of plastic flow. Hence 

they identified members of the family fields by the parameter Q which arises from the 

plasticity analysis, i.e: 

(J' .. = (J' -r..( r ,B; QJ 
y oli] J/(J'o 

where ./i), gi]. and hI depend upon dimensionless combinations of material parameters. 
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The results of several fmite element analyses perfonned by O'Dowd and Shih [88] are 

illustrated in fig. 3.19, which shows the hoop and radial stress distribution directly ahead 

ofa crack tip for several values ofTIcFo (n = 10 material, E/ao = 500, v= 0.3). They 

considered the difference field as defmed by: 

(li ij tw = (li ij )SSY - (a ij )HRR ..•.. (3.23) 

where (0';) HRR is the HRR field and (li;) SSY is the small scale yielding field. They also 

systematically investigated the difference fields within the forward sector, 181 < 1C / 2 , of 

the annulus J/ lio < r < 5J/ lio since this zone encompasses the microstructurally 

significant length scales for both brittle and ductile fracture [62]. 
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Fig. 3.19 Distribution of hoop and radial stress directly ahead of a crack tip for 
several values ofT/O'o, n = 10 material (E/O'o = 500, v = 0.3). 

After O'Dowd and Shih [88]. 

The difference fields in the forward sector exhibited minimal dependence on r, and 

therefore can be expressed as: 

where the angular functions 0-ij are nonnalised by requiring 0- ()(} (8 = 0 )be unity. The 

calculations also showed that 0- rr ~ 0- ()(} and 10-r() I ~ 10-(}() I thus indicating that Q is 

essentially a stress triaxiality parameter. 
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Thus difference fields within the section, 181 < 7r / 2 and J/o-o < r < 5J/0"0, correspond to 

spatially uniform hydrostatic stress states. Therefore, Q defined by: 

is a measure of near-tip stress triaxiality, or crack tip constraint relative to a reference 

high triaxiality stress state. The distance chosen for Q lies just outside the finite strain 

blunting zone. 

O'Dowd and Shih [88] also considered the difference field relative to a reference stress 

field given by the standard small scale yielding solution (0-;) SSY;T = 0, which is driven by 

K alone, i.e: 

In this case the resulting forward sector difference field matches a spatially uniform 

hydrostatic stress state even more closely, hence leading to an alternative definition of Q 

as: 

Q = 0-Be - (0-Be )SSY;T=O at B = 0, r = 2J / 0-
0 

..... (3.27) 
(J'o 

The choice of reference field does slightly affect the value of Q obtained, however, in 

practice it does not matter which reference field is used so long as it is applied 

consistently. An advantage of using (QBB )SSY, T =0 as the reference field is that the actual 

stress strain relation for the material under consideration can be used rather than the 

limitation of a power-law hardening definition if (0-BB)HRR is used. 

Q can also be defmed at any radius as: 

where F = r /(J / 0-
0

) evaluated ahead of the crack (8 = 0). 

56 



The mean gradient of Q over distances 1 < r < 5 , 

Q' = Q(r = 5)- Q(r = 1) ..... (3.29) 
4 

can be used to monitor changes in the spatial distribution of hoop stress that do not 

conform to a spatially uniform difference field. 

3.7 EQUIVALENCE OF J-T AND J-Q APPROACHES 

Q can be shown to depend on T alone within the modified boundary layer formulation, 

I.e: 

Q=F(T/ao;n) ..... (3.30) 

Curves ofQ vs T/(yo for n = 5, 10,20 and 00 materials (E/ao = 500, v= 0.3) are given in 

fig. 3.20. 
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Fig. 3.20 Q v T/cro for n = 5, 10,20 and ex> materials. 
After O'Dowd and Shih [88]. 
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A description of near tip stress states by J and Q is strictly equivalent to a description in 

terms of K and T when small scale yielding conditions apply. It also follows that a two 

parameter description of near tip stress states based on J and T is equivalent to that 

based on J and Q, however, this equivalence does not hold under fully yielded 

conditions. 

3.8 J-O MATERIAL TOUGHNESS LOCUS 

J-Q theory provides a quantitative framework that can be used to characterise a 

materials fracture resistance over a range of crack-tip stress triaxiality. The 

experimental determination of the J-Q toughness locus have been discussed by Dodds et 

al [89] as follows: 

The fracture resistance of ferritic steels in the ductile to brittle transition region gives 

rise to competing fracture mechanisms. These being cleavage and ductile tearing. 

Fracture by cleavage normally demands high crack tip constraint whilst ductile tearing 

can develop at low constraint. 'This is illustrated in fig. 3.21 by two distinct segments to 

the toughness locus shown. Due to the amount of scatter generally observed in fracture 

mechanics testing both upper and lower bounds to the toughness locii are indicated 

which defme bands for brittle and ductile fracture. 

Upper-Bound 
Structure B 

Structure 

/ 

o -Q o -Q 
(a) Laboratory Testing (b) Fracture Assessment 

Fig. 3.21 The application of J - Q theory in fracture assessments. 
After Dodds et ale [89]. 
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In order to construct the toughness locus toughness values over the full range of crack

tip constraints fracture toughness values can be measured using test specimens of 

appropriate geometry as shown in fig. 3.21 a. High constraint geometries such as deeply 

cracked bend specimens produce driving force curves which raise steeply and produce a 

toughness locus within a well defined narrow band on the J-Q diagram. In contrast, 

centre cracked panels and single edge cracked panels loaded in tension provide low 

constraint situations. They produce driving force curves which are much shallower and 

provide a broad zone on the J-Q diagram due to the amount of scatter observed in 

experimental results. 

Once constructed the J-Q toughness locus can be used to predict a materials fracture 

resistance under service conditions as illustrated in fig. 3.21 b. Structure A exhibits a 

steep driving force curve and hence will fail due to cleavage fracture, whilst structure B 

exhibits a shallow curve indicating failure by ductile tearing. 

3.9 MICROMECHANICS BASED CONSTRAINT CORRECTION - AREA 

SCALING 

Dodds et al [90] and Anderton and Dodds [91] have shown that by using a 

micromechanics approach the effects of size on fracture toughness can be quantitatively 

predicted. The method utilises the RKR model [55] and considers the attainment of a 

critical stress over a microstructurally relevant volume to the appropriate 

micromechanical failure criterion. Hence the probability of fracture in a cracked 

specimen can be expressed as: 

F = f[V(u 1 )] ••.•• (3.31) 

where F is the probability of failure, Uj is the maximum principal stress at a point and 

V( uJ is the cumulative volume over which the principal stress is equal to or greater than 

Uj. The fonn of equation (3.31) applies to any failure process controlled by maximum 

principal stress. The method does not attempt to predict absolute values of Jc from 

metallurgical parameters but predicts the variation of fracture toughness with constraint 

changes by scaling to a reference solution. 
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Modification of equation (3.22) leads to: 

where Jo is the J to which the SSY model must be loaded to achieve the same stressed 

volume and thereby the same likelihood of cleavage fracture as in a finite body. 

Rearrangement of equation (3.32) gives an expression for distance r as a function of 0 

and a/O'o as: 

J 
r=-gl(0;O'1/O'o,Q) ..... (3.33) 

0'0 

F or a particular stress level of principal stress 0'/0'0 the area A over which the principal 

stress is greater than 0'/0'0 is given by: 

If Ao and Jo designate the area and J associated with the Q = 0 field and AFB and JFB 

designate the area and J associated with a crack in a finite body with 

Q ;cO, then: 

1 7r 

ho =2 f gt (0;0'1 IO'o,Q=O)dO ..... (3.35) 
-7r 

and 
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The model requires the attainment of equivalent stressed volumes (AFB x thickness) for 

cleavage fracture in different specimens. Hence the ratio of applied J in a finite body 

and the Q = 0 stress state that generate equivalent stressed volumes is found by 

equating areas in (3.25) and (3.26) to give: 

..... (3.37) 

Fig. 3.22 shows the results offinite element modelling [89] of a single edge notched 

bend bar with a/W = 0.15 and n = 10. As can be seen the area enclosed by the principal 

stress contours for crt/cro = 3 is smaller than that for the Q = 0 case, and decreases with 

increased deformation. 
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Fig. 3.22 Comparison of principal stress contours for Q = 0 
and aIW == 0.15, n = 10 SE(B) specimen. 

After Dodds et. af. [89]. 

Dodds et al [89] also investigated the effect of choice of a/ ao and concluded that the 

area ratios are relatively insensitive to the chosen level of aj/ ao until deformations 

become excessive, this is illustrated in fig. 3.23. Similarly the influence of specified 

critical stress ratio on the prediction of fracture toughness variation is insensitive to the 

chosen level of aj/ao, this is illustrated in fig. 2.24. 
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3.10 CLOSURE 

The principles of two parameter fracture mechanics outlined in this chapter provide a 

basic methodology by which the effects of specimen thickness and side grooving can be 

evaluated on a quantitative basis. In particular, J-Q theory and the area scaling method 

will be used to evaluate constraint effects and provide estimates of fracture toughness 

values that can be expected from non-standard test specimens. Both of these methods 

have been implemented using fmite element analysis to provide such estimates. 
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CHAPTER 4 

THE INFLUENCE OF SIDE GROOVING ON AN ALUMINIUM ALLOY 

4.1 INTRODUCTION 

This ftrst section of work is concerned with an investigation of the influence of side 

groove depth and shape on materials characterised by linear elastic fracture mechanics. 

Standard compact tension specimens with a range of Vee, U and square side grooves 

have been modelled using three dimensional fmite element analysis. The ftnite element 

analysis was backed up by an experimental programme which investigated the effects of 

side groove depth for Vee grooves in an aluminium alloy specimen. The fmite element 

and experimental results show good agreement and provide support for the concept of 

effective thickness as originally proposed by Freed and Kraffi [28]. 

4.1.1 AIMS AND OBJECTIVES 

The aims and objectives of the work are as follows: 

1. To investigate the effect of side groove depth on the fracture behaviour of a 

material characterised by linear elastic fracture mechanics using finite 

element analysis. 

2. To investigate the effect of side groove shape on the fracture behaviour of a 

material characterised by linear elastic fracture mechanics using fmite 

element analysis. 

3. To experimentally investigate the effect of side groove depth for Vee 

grooves in an aluminium alloy specimen that is characterised by linear 

elastic fracture mechanics. 

4. To provide further analytical support for the concept of effective thickness 

as originally proposed by Freed and Kraffi [28]. 
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4.2 SPECIMEN GEOMETRY AND PREPARATION 

Specimen geometry requirements for fracture toughness testing in the linear elastic 

fracture mechanics regime are defined by both British and American standards [26 and 

27]. Both standards recommend K1C specimens as illustrated in fig. 4.1. The specimens 

must be fatigue pre-cracked and meet minimum size requirements if valid KIC results are 

to be obtained as follows: 

a'Z. 2.5 (;: J ..... (4.1) 

B'Z. 2.5 (;: )' ..... (4.2) 

W'Z. 5.0 (;: J ..... (4.3) 

where (J" y is the material yield strength. 

It is generally accepted that predominantly plane strain behaviour may be expected 

when the calculated size of the plane stress plastic zone, i.e. 2ry in equation (2.15) is no 

larger than one tenth the specimen thickness. For KI = K IC, substitution of equation 

(2.15) into equations (4.1 - 4.3) shows that the minimum thickness, B, is only about 

eight times the plane stress plastic zone size. However, experience shows that the 

minimum size requirements given in equations (4.1 - 4.3) yield minimwn values ofK1C• 

In this study an aluminium alloy was used to investigate the effect of side grooving. 

The mechanical properties of the material were found by experiment (see section 4.4) to 

be as follows: 

0.05% proof stress - 475 MPa 

Young's Modulus, E -72GPa 

Fracture toughness, Krc - 22 MPa mO.s 

Consideration of the above material properties leads to a minimum specimen thickness 

of6 mm with all other dimensions being as defmed in fig. 4.1. 
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Fig. 4.1b Standard three point bend specimen 

An actual specimen thickness of 10 nun was used for both analysis and testing. The 

reason for this decision was due to the fact that the machining of side grooves was much 

easier at this increased thickness. 

A variety of Vee, U and square side grooves have been considered to a depth of 40% 

where the percentage side grooving is defmed as 100(B - BN)/B where B and BN are as 

defined in equation (2.9). 
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4.3 FINITE ELEMENT ANALYSIS 

The [mite element analysis was performed using the NISA finite element package [92] 

together with the ENDURE fracture/fatigue post processor [93]. 

NISA is a general purpose finite element package capable of a wide range of analysis 

types. It is modular in construction with separate modules being available for static, 

dynamic, heat transfer analysis etc. The STATIC module was used for all of the 

analysis undertaken in this chapter. Stress intensity factors were obtained using the 

ENDURE post processor. The ENDURE module reads the results file of a STATIC 

analysis and determines stress intensity factors based on either crack tip opening 

displacement (CTOD) or virtual crack extension (VCE) as previously described in 

section 2.10.2. A limitation of the ENDURE package at the time that the work was 

undertaken was that it would only provide solutions for a linear elastic STATIC 

analysis. This did not constitute a problem for the work presented in this chapter, but 

was a limiting factor in the choice of analysis package for subsequent elastic-plastic 

analysis. 

Pre and post processing of the [mite element models was carried out using the 

DISPLAY III graphical pre/post processor [94]. 

4.3.1 BENCHMARKING 

Prior to modelling of the aluminium alloy compact tension specimens, two 

NAFEMS benchmarks [95] were analysed using the NISAIENDURE packages. 

The reason for benchmarking in this way was twofold, frrstly to gain experience 

using the packages and secondly to test the package against benchmark problems 

with known solutions. The two benchmarks chosen were those of a centre 

cracked plate in tension, as illustrated in fig. 2.1, and a standard compact tension 

specimen modelled in 2D as shown in fig. 4.1. All the models were built using 

8 noded isoparametric elements with the nodes at the crack tip being moved to the 

quarter point position to ensure correct modelling of the crack tip singularity. The 

results obtained are summarised in table 4.1. 
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Centre cracked plate in Compact tension specimen 
tension 

1<0 a[7lU ]h 1 I 

P / tCW)l2 

Theoretical 
Solution KllKo from 

NAFEMS 
1.325 

benchmark 
9.659 

NISA Solution (CTOD) 1.339 9.629 

Difference 1.05% 0.310/0 

NISA Solution (VCE) 1.335 9.737 

Difference 0.7% 0.8% 

Table 4.1- Benchmark analysis results 

As can be seen from table 4.1 the NISA results are good when compared to the 

benchmark solutions. This gave encouragement that good accuracy could be 

achieved from 2D and 3D finite element analysis of compact tension specimens. 

4.3.2 TWO DIMENSIONAL ANALYSIS OF COMPACT TENSION 

SPECIMENS 

In order to theoretically predict the effect of side grooving on the fracture 

performance of materials it was necessary to undertake three dimensional finite 

element analysis of a variety of compact tension specimens with a variety of side 

grooves. Meshing of the 3D finite element models in the region of the 

intersection of the crack front with the side groove is difficult, particularly 

considering the conflicting requirements of accuracy of results and reasonable 

solution times. Due to the different side groove configurations different meshes 

are required, particularly at the crack front-side groove intersection. 

In order to assess the suitability of these different mesh configurations and 

perfonn some refmement of the mesh a series of two dimensional plane strain 

templates were produced for each 3 D mesh. All models used eight noded 

isoparametric elements, with the crack tip nodes being moved to the quarter point 

position to ensure the correct modelling of the crack tip singularity. Template 
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meshes were judged to be suitable in terms of their refinement when successive 

refinements agreed within 3% in terms of calculated KJ results. 

1\ 1/ 

'" '- / 
/ --r--i r 

\ 

\~'- ~ r\_ -,7 ----- -,-/ 

)- !-( 

........... 

Fig. 4.2 Typical 2D mesh 

A typical2D mesh is shown in fig. 4.2. Only half of the compact tension 

specimen was modelled due to symmetry conditions. Y symmetry constraints 

were added to the uncracked ligament along the crack plane and an X direction 

constraint was applied to a single node at the top of the clevice pin hole to prevent 

rigid body motion. The models were loaded by the application of a pressure to 

the top of the clevice pin hole. The analysis results were also compared with the 

standard stress intensity factor solution for a compact tension specimen, which is 

given as [96]: 

K1 = PQ05 .f(wa
) ..... (4.4) 

BW' 

where P is the applied load and a, B and W are as defmed in fig. 4.1 a, and {; ) 

IS gIven as: 
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~;)= (2+~ )[O.886+4.64(~ )-13.32(~J +14.72(~ J -5.6(~ J] ..... (4.5) 
(l-;J 

Results from the 2D ftnite element analysis are compared with the theoretical 

solutions given by equation (4.4) and (4.5) in table 4.2. 

Examination of table 4.2 shows that the maximum difference between the ftnite 

element and theoretical solutions for Vee grooved templates is 1.8% for the 

CTOD result with template 3. The maximum difference between the ftnite 

element and theoretical solutions for all templates being 3.4% for the CTOD 

result obtained with template 6 which relates to U and square grooved specimens. 

It was considered that the results obtained from the 2D analysis provided a series 

of mesh templates that would provide 3D fmite element meshes that would give 

an acceptable balance between accuracy of results and solution time. 

Related 3D model Kl (FE)/K1 theoretical 

2D Template SG type Depth CTOD VeE 

Template 1 Vee 20%&40% 0.983 0.996 

Template 2 Vee 10% 0.987 0.995 

Template 3 Vee 30% 0.982 0.995 

Template 4 U & Square 10% 0.976 0.977 

Template 5 U & Square 20% 0.971 0.977 

Template 6 U & Square 30% 0.966 0.977 

Table 4.2 - Comparison of 2D FE results with equation (4.4) 
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4.3.3 THREE DIMENSIONAL ANALYSIS OF COMPACT TENSION 

SPECIMENS 

Having established a series of two dimensional templates that gave favourable 

results when compared to standard plane strain solutions, as given by equations 

(4.4) and (4.5), modelling progressed frrstly to consider three dimensional FE 

analysis of a plain sided CT specimen and then the analysis of CT specimens with 

a variety of side groove geometries and depths. 

All models were again based on the material outlined in section 4.2. Only full 

thickness specimens were modelled (i.e. 10 mm thick) as required by BS 7448. 

This enabled the effects of side groove geometry and depth to be investigated 

without the need to consider effects from thickness changes. 

All models were built from 20 noded collapsed isoparametric elements with all 

the nodes along the crack front being moved to the quarter point position to 

ensure correct modelling of the crack front singularity. In all cases only a quarter 

of the specimen was modelled because of symmetry conditions. On average the 

models contained approximately 1200 elements, 6200 nodes and 18000 degrees 

of freedom. The models were loaded by the application of a pressure to the top of 

the clevice pin hole. The applied loads and boundary conditions are shown in 

fig. 4.3. 

Z symmetry constraint 

X symmetry constraint 
_______ ..--- on single node 

Y symmetry constraint 

Fig. 4.3 Model constraints 
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The average processing time was in the order of2-3 hours on a PC 486 DX 266. 

Typical meshes for a plain sided and a 20% U side grooved specimen are 

illustrated in fig. 4.4. 

Plain Specimen Results 

Results from the plain specimen analysis can be seen in figs. 4.5 and 4.6. The 

variation ofKr along the crack front is shown in fig. 4.5 for both CTOD and VCE. 

The centre line value ofK! given by CTOD is 50/0 higher than the plane strain 

value given by equations (4.4) and (4.5) whilst that given by VCE is only 0.34% 

higher. The average value of Kr across the crack front is lower than the centre line 

value in the case of both CTOD and VCE due to the fact that the stress intensity 

factor falls away at the edge of the specimen. In the case ofCTOD calculations 

the average value across the crack front is 99.6% of the plane strain value, whilst 

for VCE calculations the average value in 95.6% of the plane strain value. For 

CTOD the stress intensity factor falls off at the edge of the specimen to 

approximately 17% below the centre line value, for VCE this falloff is 

approximately 15%. 

The elevation of the stress intensity factor over the plane strain value at the centre 

of the specimen has been reported by several authors. De Lorenzi and Shih [31] 

obtained an elevation of 7% based on energy release rate calculations. 

Crack tip constraint is also important when considering the fracture behaviour of 

materials. In this study the constraint is quantified using the ratio 

a zz / v{a = + (J" }y ) which equals one for plane strain conditions. All stress values 

were taken from element Gauss points closest to the crack tip for all elements 

across the crack front. The variation of crack tip constraint defined in this way 

can be seen in fig. 4.6. Again the centre line value of 0.957 can be seen to fall off 

to a minimum value of 0.804 at the specimen edge, the average value across the 

crack front is 0.935. 

These observations are typical of what would be expected for a plain sided 

specimen and can be used to explain the fracture appearance of such specimens as 

argued in section 2.8. 
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Fig. 4.4a Plain sided specimen 

Fig. 4.4b 20% U grooved specimen 
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Side Grooved Specimen Analysis 

Three different side groove geometries and four depths were considered, these 

being Vee, U and Square grooves at depths of 10%, 20%, 30% and 40% with a 

range of different aspect ratios for the U and Square grooved specimens. 

The U and square groove profiles are based on giving the same aspect ratio as for 

a standard 60° Vee groove, i.e. d/w = 0.87. However, in order to fully establish 

the effect of both side groove depth and geometry other aspect ratios of 

d/w = 1.16, 1.29, 1.73, 2.59 and 3.47 were considered, these aspect ratios being 

generated by varying the groove depth between 10 - 40% for the widths provided 

by consideration of 10 - 40% Vee grooves. In all 24 different side groove 

geometry depth combinations were studied. 

The variation ofKI along the crack front for all depth/geometry combinations is 

shown in figs. 4.7 to 4.10 for CTOD calculations and figs. 4.11 to 4.14 for V CE 

calculations. The variation of crack tip constraint in terms of the ratio 

a zz / v{a xx + a y.y ) along the crack front is shown if figs. 4.15 to 4.18. 

Table 4.3 presents centre line and average values for KI and crack tip constraint 

for all specimens. 

Analysis results for both CTOD and VCE exhibit some similar trends across the 

full range of geometries and depth combinations studied. In all cases the centre 

line value for KI is higher by some degree than the value obtained for the plain 

specimen, as is the average value across the crack front. Also there is a dramatic 

increase in the value of KI at the root of the side groove. The only exceptions to 

this observation are the VCE results for Vee grooves, which do not exhibit a rise 

in KI at the root of the side groove but provide a much flatter variation across the 

crack front. This is likely to be due to the mesh refmement in the through 

thickness direction at the root of the side groove being unable to correctly model 

the large stress/strain gradients that are present in the case of the Vee groove. 

Consideration of all the results presented in figs. 4.7 to 4.14 and summarised in 

table 4.3 indicates that the effect of groove depth is to increase the centre line 

value of KJ in all cases. This would be expected as the same load was applied to 
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Fig. 4.14 Variation of KI through specimen thickness 
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Fig. 4.15 Variation of constraint through specimen thickness 
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Fig. 4.16 Variation of constraint through specimen thickness 
- 20% side grooved specimen 
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Fig. 4.17 Variation of constraint through specimen thickness 
- 30% side grooved specimen 
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each model irrespective of the depth of side groove. Vee grooves show less 

tendency to elevate the centre line value ofKI than other geometries and provide a 

flatter variation of KI across the crack front. For depths up to 30% Vee grooves 

provide an almost constant value ofKr across 70% of the crack front, again this is 

consistent with the results obtained by De Lorenzi and Shih [31]. At a depth of 

40% the variation of KI is constant over only 30% of the crack front for Vee 

grooved specimens. Other groove geometries provide constancy across slightly 

less of the crack front than Vee grooves. 

The ratio ofKI (Ave)/KI (CL) is also given in table 4.3, as can be seen the effect 

of all of the side groove depth/geometry combinations considered was to give a 

ratio of between 0.8% to 8.2% above the plane strain value. In comparison the 

result obtained for the plain specimen was 0.4% below the plane strain value 

based on CTOD calculations and 4.5% below the plane strain value based on 

VCE calculations. This ratio clearly demonstrates the effectiveness of side 

grooving in terms of reducing the fall off of stress intensity factor at the specimen 

edge. 

In order to fully establish the effects of side grooving on the fracture 

characteristics of materials, crack tip constraint is also an important consideration. 

The variation of a zz / v(a xx + a y.y ) along the crack front is shown in figs. 4.15 to 

4.18, with summary information again being provided in table 4.3. In all cases 

the effect of the side grooving is to increase both the level of constraint at the 

centre line and the average value across the crack front above that obtained for the 

plain specimen. In the case of the Vee groove, an increase in constraint of 

between 4% and 9.5% over the centre line value is observed at a position slightly 

in board from the root of the side groove. This behaviour is not observed for 

other side groove geometries where constraint tends to fall away towards the edge 

of the specimen as is the case with the plain specimen. Consideration of the 

results obtained for U grooves suggests that the aspect ratio is important in 

producing a flat variation of constraint through the thickness of the specimen. 

Average constraint values given in table 4.3 indicate that U grooves with large 

aspect ratios perfoIll1 well and are almost as effective as Vee grooves. Least 

favourable with regard to providing a flat variation of crack tip constraint were 

the square grooves with average constraint values falling significantly below 

those of Vee and U grooves. 
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00 
w 

Specimen Type 

Plane Strain 

Smooth 

Vee 

U 

Square 

%ageSG 

10 

20 

30 

40 

10 

20 

20 

30 

30 

30 

40 

40 

40 

40 

10 

20 

20 

30 

30 

30 

40 

40 

40 

40 

SGDepth 

mm 

0.5 

1.0 

1.5 

2.0 

0.5 

1.0 

1.0 

1.5 

1.5 

1.5 

2.0 

2.0 

2.0 

2.0 

0.5 

1.0 

1.0 

1.5 

1.5 

1.5 

2.0 

2.0 

2.0 

2.0 

SGWidth dlw 

mm 

0.577 0.87 

1.154 0.87 

1.731 0.87 

2.308 0.87 

0.577 0.87 

1.154 0.87 

0.577 1.73 

1.731 0.87 

l.l54 1.30 

0.577 2.60 

2.308 0.87 

1.731 l.l6 

1.154 1.73 

0.577 3.47 

0.577 0.87 

J.l54 0.87 

0.577 1.73 

1.731 0.87 

1.154 1.30 

0.577 2.60 

2.308 0.87 

1.731 1.16 

1.154 1.73 

0.577 3.47 

KlK (Plane Strain) K!K (Plane Strain) K(Ave) / K(CL) K!K (Plane Strain) K!K (plane Strain) K(Ave) I K(CL) Contraint Contraint 

Centre Line Average Centre Line Average Centre Line Average 

CTOD CTOD CTOD VCE VCE VCE 

1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 

1.050 1.046 0.9% 1.003 0.958 0.955 0.957 0.935 

1.070 1.078 1.007 1.020 1.008 0.988 0.969 0.967 

1.110 1.143 1.030 1.060 1.067 1.007 0.964 0.968 

1.190 1.255 1.055 1.140 1.166 1.023 0.972 0.978 

1.310 1.407 1.074 1250 1295 1.036 0.981 0.989 

1.060 1.069 1.008 1.020 1.027 1.007 0.974 0.966 

1.114 1.158 1.039 1.080 1.116 1.033 0.970 0.954 

1.113 1.157 1.040 1.074 l.ll3 1.036 0.978 0.972 

1.208 1.274 1.055 l.l76 1.228 1.044 0.972 0.950 

1.206 1280 1.061 1.169 1230 1.052 0.977 0.958 

1.200 1.276 1.063 1.157 1.225 1.059 0.984 0.976 

1.324 1.408 1.063 1.292 1.356 1.050 0.971 0.946 

1.348 1.428 1.059 1.309 1.373 1.049 0.976 0.951 

1.342 1.442 1.075 1.300 1.384 1.065 0.984 0.961 

1.327 1.436 1.082 1277 1.375 1.077 0.989 0.980 

1.080 1.081 1.001 1.020 1.023 1.003 0.970 0.947 

1.145 1.175 1.026 1.094 1.119 1.023 0.967 0.931 

1.135 1.166 1.027 1.077 1.105 1.026 0.962 0.947 

1.279 1.318 1.030 1.223 1.253 1.025 0.974 0.938 

1.250 1.304 1.043 1.193 1.230 1.031 0.977 0.944 

1.226 1.284 1.047 1.162 1.214 1.045 0.987 0.969 

1.478 1.511 1.022 14lO 1.436 1.018 0.974 0.931 

1.445 1.496 1.035 1.380 1.420 1.029 0.981 0.935 

1.400 1476 1.054 1.334 1.397 1.047 0.981 0.941 

1.354 L __ . .1.432 __ 1.058 1286 1.355 1.054 0.978 0.959 
----

Table 4.3 Centre line and average ~ and crack tip constraint 



A summary of the potential usefulness of the three side groove types considered 

with regard to improving the fracture performance of test specimens is as follows: 

i) Vee grooves provide a flat variation of KI and crack tip constraint over a 

significant proportion of the specimen net thickness. However, both the 

stress intensity factor and level of crack tip constraint are high at the root of 

the side groove. In brittle materials this could encourage the crack to 

propagate preferentially from the root of the side groove rather than evenly 

across the crack front. It is more likely, however, that side grooving would 

be used with more ductile materials in which case the high local constraint 

at the root of the side groove will tend to lead to a more even crack growth 

rather than tunnelling as is often observed. Vee grooves have excellent 

potential for inducing favourable fracture conditions in sub thickness 

speclIllens. 

ii) U grooves also provide a reasonably flat variation of KI and crack tip 

constraint over a significant proportion of the specimen net thickness. 

They do not exhibit a significant increase in crack tip constraint at the root 

of the side groove and, therefore, remove any incentive for preferential 

crack growth at the root, as is the case with the Vee grooves. 

iii) The performance of Square grooves is highly dependent on the groove 

aspect ratio. From the results presented it is likely that only very narrow 

grooves could provide useful results. 
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4.3.4 THEORETICAL SPECIMEN EFFECTNE TIDCKNESS 

DETERMINATION 

As stated in section 4.1 an objective for this chapter was to provide analytical 

support for the concept of specimen effective thickness as originally proposed by 

Freed and Krafft [28]. For a side grooved specimen Freed and Kraffi suggested 

that the plane strain fracture toughness could be obtained from equation (2.29), 

which is repeated below for clarity. 

where: 

B 

K 1C =KNOM (~ r .... (2.29) 

Material plane strain fracture toughness. 

Fracture toughness obtained when the failure load is assumed to act 

on a specimen of full thickness. 

Full specimen thickness. 

Thickness at the root of the side groove. 

Freed and Kraffi examined extreme cases of sensitivity to side grooving which 

can be reasoned from basic fracture mechanics theory based on previous work by 

Irwin and Kies [97] and Paris and Sih [98]. The argument presented in [28] can 

be summarised by first considering a very thick plain sided fracture specimen in 

which the fracture energy rate can be considered to be of a uniform (average) 

value, GA = GI, across the majority of the crack front thickness, B. If this were 

the case then it would be reasonable to assume that the crack would advance 

normal to the original crack front. The elastic energy released during crack 

advance, du, would be equal to that which would be stored up again in re-closing 

the crack with local forces. This is directly reflected in an increase in overall 

compliance of the specimen which may be measured [97]. Hence: 

du 1 p2 de 
-=GA =G/c --.-.-da 2 B da 

..... (4.6) 

where P is the total load, C is the total compliance but G and du/da are on a unit 

thickness basis. 
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Now consider a side grooved specimen. If crack advance was nonnal to the 

original crack front as before then it would still be reasonable to assume that this 

was because G was still the same at all locations across the crack front. However, 

the energy release would only be expended over BN and BN can be substituted for 

B giving: 

B 
G]C = - . G NOM ..... (4.7) 

BN 

where GNOM is the nominal value ofG1c calculated using equation (4.6) as though 

no side groove was present. It is reasonable to assume that the reduction in 

thickness due to the side grooves has little effect on the absolute value of dC/da. 

Hence GNOM can be calculated using plain specimen calibration and then 

calibrated for the effects of side grooving in tenns of the stress intensity factor. 

( 
B Jli K]C = K NOM BN ..... (4.8) 

An alternative to the assumption that the crack advances unifonnly across the 

width of the specimen would be to assume that initiation would be strongly 

influenced by the locally more intense stress near the junction of the crack front 

and side groove. Irwin [97] suggested an analogy with a deep notched specimen 

which is cited as eq58 in [98], i.e. 

K = (j~ ~ 1lBN ..... (4.9) 
2-v2 

To calculate the local (net) stress, aN, he averaged the y direction stress 

singularity of the main crack to the distance BN/2 back from its front, i.e . 

8 . Bdr= 8B 2 KNOM ~BN ..... (4.\0) 
J( BN J[ 
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substitution into equation (4.9) yields: 

K = 7r:Z KNOM (~ J ..... (4.11) 

It is expected, therefore, that the value ofm will be between 0.5 and 1.0 as 

predicted above. 

Finite element analysis data has been used to verify equation (2.28) and to 

evaluate m. Fig. 4.19 and 4.20 are log log plots ofKNoM against thickness ratio 

BIBN for CTOD and VCE based calculations respectively, the slope of which 

should be -m. 

D V Groove d/W=0.87 

o U Groove dlW=0.87 

f:::. Sq Groove d/W=0.87 

'~, 
• 

1 1.2 1.6 1.8 2.0 

Fig. 4.19 ~oM) from FE (CTOD) v BIBN based on equation 4.4 
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The values of KNOM were determined for each side grooved model by using the 

average value of KI across the crack front to establish a failure load based on the 

experimental value obtained for the material fracture toughness of 22 MPa mO.s. 

This failure load was then used in equation (4.4) together with an f(alW) value 

obtained from equation (4.5) for aJW = 0.5 to give a nominal K value based on a 

full thickness plain sided specimen. Results for all specimens considered are 

presented in table 4.4 and plotted in figs. 4.19 for CTO D based calculations and 

4.20 for VCE based calculations for side grooves with an aspect ratio of 0.87. 
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00 
\C) 

Specimen Type 

Plane Strain 

Srmoth 

Vee 

U 

Square 

o/.age SG 

10 

20 

30 

40 

10 

20 

20 

30 

30 

30 

40 

40 

40 

40 

10 

20 

20 

30 

30 

30 

40 

40 

40 

40 

SGDepth 

om 

0.5 

1.0 

1.5 

2.0 

0.5 

1.0 

1.0 

1.5 

1.5 

1.5 

20 

20 

2.0 

2.0 

0.5 

1.0 

1.0 

1.5 

1.5 

1.5 

2.0 

2.0 

2.0 

2.0 

SGWtdth dlw B'Bt. 
mm 

1.000 

0.577 0.87 1.ll0 

1.154 0.87 1.250 

1.731 0.87 1.438 

2.308 0.87 1.667 

0.577 0.87 1.110 

1.154 0.87 1.250 

0.577 1.73 1.250 

1.731 0.87 1.438 

1.154 1.30 1.438 

0.577 2.60 1.438 

2.308 0.87 1.667 

1.731 1.16 1.667 

1.154 1.73 1.667 

0.577 3.47 1.667 

0.577 0.87 1.110 

1.154 0.87 1.250 

0.577 1.73 1.250 

1.731 0.87 1.438 

1.154 1.30 1.438 

0.577 2.60 1.438 

2.308 0.87 1.667 

1.731 1.16 1.667 

1.154 1.73 1.667 

0.577 3.47 1.667 

KIK (Plane Strain) KI unit load Failure Load (FE) ~MBS7448 KIK (Plane Strain) KI unit load Failure Load (FE) ~BS7448 

Average MPamo5 1kN kN Avernge MPam°5 1kN kN 

CTOD veE 
1.000 6.829 3.254 'll.'ll7 1.000 6.829 3.254 Z2.'ll7 

1.046 7.143 3.111 21.249 0.958 6.542 3.397 23.201 

1.078 7.361 3.018 20.618 1.008 6.883 3.228 'll.OS0 

1.143 7.805 2.847 19.446 1.067 7.286 3.050 20.831 

1.255 8.570 2593 17.710 1.166 7.962 2.791 19.062 

1.407 9.608 2.313 15.797 1.295 8.843 2.513 17.163 

1.069 7.300 3.044 20.792 1.027 7.013 3.168 21.642 

1.158 7.908 2810 19.194 1.116 7.621 2.916 19.916 

1.157 7.901 2.812 19.210 1.113 7.600 2.924 19.970 

1.274 8.700 2.554 17.446 1.'ll8 8.386 2.650 18.100 

1.280 8.741 2.542 17.364 1.230 8.399 2.645 18.070 

1.276 8. 713 2.550 17.419 1.'ll5 8.365 2.656 18.144 

1.408 9.615 2311 15.786 1.356 9.260 2.400 16.391 

1.428 9.751 2279 15.565 1.373 9.376 2.370 16.188 

1.442 9.847 2.257 15.414 1.384 9.451 2.351 16.060 

1.436 9.806 2.266 15.478 1.375 9.389 2.366 16.165 

1.081 7.382 3.010 20.561 1.023 6.986 3.181 21.727 

1.175 8.024 2.769 18.916 1.119 7.641 2.908 19.863 

1.166 7.962 2.791 19.062 I. 105 7.546 2.945 20.114 

1.318 9.000 2.469 16.864 1.253 8.556 2.597 17.739 

1.304 8.905 2.495 17.045 1.230 8.399 2.645 18.070 

1.284 8.768 2.534 17.310 1.214 8.290 2.680 18.308 

1.511 10.318 2.153 14.710 1.436 9.806 2266 15.478 

1.496 10.216 2.175 14.857 1.420 9.697 2292 15.652 

1.476 10.079 2.205 15.059 1.397 9.540 2.329 15.910 

1.432 9.779 2272 15.521 1.355 9.253 2.401 16.403 

Table 4.4 Determination of ~ to BS7448 from FE results 



Trend lines were added to the graphs for each side groove type in order to 

evaluate the slope and intercept and hence obtain m and the value K given by the 

regression analysis. The results are given in table 4.5 below. 

CTOD VCE 

Specimen Type m Intercept Fracture m Intercept Fracture 

Vee 

U 

Sq 

Toughness MPa mO.s Toughness MPa mO.s 

0.66 22.21 0.62 23.26 

0.67 22.22 0.68 23.12 

0.82 22.49 0.83 23.73 

Table 4.5 - Specimen effective thickness results 

As can be seen from table 4.5 all of the values for m lie between 0.5 and 1.0 as 

would be expected. 

Vee and U grooves perform almost identically, however, the value obtained for 

Vee grooved specimens from VCE is approximately 7% iower than that obtained 

from CTOD. This observation is due to the very flat distribution ofK across the 

specimen thickness illustrated in figures 4.11 to 4.14 and discussed in section 

4.3.3. 

Interestingly the m value obtained for Square grooved specimens is considerably 

higher than that obtained for either Vee or U grooves. Further consideration 

suggests that this should be expected, particularly for small dlw ratios, in the limit 

as dlw ~ 0 then the specimen would become a plain specimen of thickness 

BN and hence would have a full power dependency with regard to the value 

obtained for Kb i.e .. m ~ 1. 
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4.4 FRACTURE TOUGHNESS TESTING 

Results from the finite element analysis indicate that both Vee and U grooved specimens 

offer potential for further investigation. However, due to reasons associated with 

manufacture, it was decided that the test programme should concentrate on Vee grooved 

specimens of varying depth. Manufacture of Vee grooved specimens is relatively easy 

using Vee shaped side and face milling cutters whereas U grooved specimens require 

profiled cutters. 

Testing was also limited to side grooves of 20% and greater because preliminary work 

suggested that due to high scatter normally associated with fracture testing, the effects of 

shallow side grooves was difficult to detect. 

Testing was undertaken using an Instron servo-hydraulic test machine of 50 KN 

dynamic and 100 KN static load capacity. The material used for fracture toughness 

testing was an aluminium alloy of chemical composition 3.8-4.8% Cu, 0.2-0.8% Mg, 

0.5-0.9% Si, 0.3-1.2% Mn, 0.70/0 Fe with a 0.05% proof stress obtained by test of 

475 MPa, a UTS of 51 7 MPa and E = 72 GPa. Preliminary tests had shown that valid 

Krc results could be obtained for a specimen thickness of 10 mm at a load of 

approximately 3 KN, which meant that the material could be tested within the capacity 

of the Instron machine. A stress-strain curve for the material can be seen in figure 4.21. 

All fracture testing was carried out in accordance with BS 7448, part 1, 1991 [26]. 

4.4.1 SPECIMEN PREPARATION 

All specimens were prepared in accordance with BS 7448 , part 1, 1991 [26], 

section 6. The specimens were first machined to a plain sided state then fatigue 

pre-cracked to give the ratio of aIW between 0.45 - 0.55. Crack length during the 

pre-cracking process was monitored by the use of a travelling microscope. 

Ideally the specimens would have been side grooved prior to pre-cracking, 

however this was not done because of the difficulty in determining the fatigue , 

crack length at the root of the side groove. Consequently the side grooves were 

machined after pre-cracking. 
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Fig. 4.21 Aluminium alloy stress - strain curve 

Clause 6.4.6 ofBS 7448 [26] states that the maximum pre-cracking force Fr, 

during the fmal1.3 mm or 50% of pre-crack extension, whichever is less, shall be 

the lower of: 

a) 
0.2B(W - ay (O"YSP + O"ISP) 

FI = () ..... (4.12) 
2W-a 
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b) Me 
a force such that E = 3.2 X 10-4 

mO.5 ..... (4.13) 

c) ..... (4.14) in tests that give valid K1C values. 

where: 

K f = 0.6 [G'YSP] KQ ..... (4.15) 
G'YS 

CJ'YS 

CJ'YSP 

CJ'TSP 

Ko 
a 

= 

-

-

= 

= 

0.2% proof strength at the temperature of the fracture test. 

0.2% proof strength at the temperature of fatigue pre-cracking. 

tensile strength at the temperature of fatigue pre-cracking. 

the provisional value of fracture toughness from test. 

an assumed crack length S the crack length in the subsequent fracture 

test. 

.r(: ) is given by equation 4.5. 

Table 4.6 gives details of all pre-cracking data and maximum pre-cracking force 

conditions according to clause 6.4.6 ofBS 7448 [26]. All of the requirements of 

clause 6.4.6 were met by all of the specimens under consideration. 

Further conditions as laid down by clause 6.4.7 (a) and (b) ofBS 7448 [26] which 

states that the maximum stress intensity factor during initial fatigue pre-crack 

extension shall not exceed 1.3 Kf and that the fatigue force ratio shall be in the 

range 0 to 0.1 were also satisfied by all specimens. Clause 6.4.7(c), (d) and (e) 

which relate to pre-crack shape and size were also satisfied. 
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Specimen No 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

IS 

16 

Side Groove 

Type 

Plain 

Plain 

V 20% 

V 20% 

V 30"10 

V 30"/0 

V 30% 

V 30% 

V 40% 

V 40% 

V 40% 

V 40% 

V 50% 

V 50% 

V 50% 

V 50% 

InitialCycles 

1-kan Load (kN) Amplitude (kN) No of Cycles 

lAO 1.35 2258 

1.40 1.35 3109 

1.00 0.80 22000 

1.00 0.80 18811 

1.00 0.80 23500 

1.00 0.80 14200 

1.00 0.80 17000 

1.00 0.80 12000 

1.00 0.80 11703 

1.00 0.80 16000 

1.00 0.80 13210 

1.00 0.80 22000 

1.00 0.80 19500 

1.00 0.80 25500 

1.00 0.80 21000 

1.00 0.80 13600 

Pre-cracking Illta 0. fon:e conditions 

Final Cycles Fr(kN) Condition Ff(kN) 

Crack length (nun) NJean Load (kN) Amplitude (kN) No of Cycles Crack length (nun) eq 4.12 eq 4. 13 eq 4.14 

0.56 0.80 0.60 25359 1.96 6.18 1.39E-07 1.84 

0.34 0.80 0.60 29900 2.60 5.75 1.49E-07 1.73 

1.00 0.80 0.60 30000 2.27 5.54 1.54E-07 1.67 

1.00 0.75 0.65 33782 2.00 6.18 l.39E-07 1.84 

0.76 0.75 0.65 30908 1.60 5.% 1.44E-07 1.78 

0.70 0.75 0.65 35602 1.79 6.61 l.31E-07 1.% 

0.80 0.75 0.65 45400 1.72 6.18 1.39E-07 1.84 

0.80 0.75 0.65 20000 1.75 7.06 1.23E-07 2.08 

0.70 0.75 0.65 34500 1.60 6.18 1.39E-07 1.84 

0.70 0.75 0.65 57000 1.70 5.% I.44E-07 1.78 

0.75 0.75 0.65 31197 1.75 5.% 1.44E-07 1.78 

0.70 0.75 0.65 29000 1.70 6.18 1.39E-07 1.84 

0.65 0.75 0.65 36000 1.70 6.39 1.35E-07 1.90 

0.68 0.75 0.65 43000 1.98 5.75 IA9E-07 1.73 

0.70 0.75 0.65 31000 1.70 5.% I.44E-07 1.78 

0.70 0.75 0.65 28500 1.70 5.% I.44E-07 1.78 

Table 4.6 Pre-cracking data 



4.4.2 TEST PROCEDURE 

All specimens were tested under displacement control such that a nominal loading 

rate of 1.0 MPa ...r;;; / s was achieved for all specimens based on a nominal aIW of 

0.5, this ensured that the limit laid down in clause 8.5 ofBS 7448 of loading 

between 0.5 and 3.0 MPa...r;;; / s was met. 

The specimen geometty was of the straight notched compact tension type as 

illustrated in fig. 4.1 a. Crack mouth opening displacement was measured by a 

standard Instron clip gauge mounted on outward facing knife edges of thickness 

0.5 mm as illustrated in fig. 4.22. 

All other aspects of the test procedure were in accordance with clause 8 of 

BS 7448 [26]. 

COD gauge 
-:.:::::: : 

.- --- _._._.- - - -.- - _.- - - - - - - .. -

knife edges 

Fig. 4.22 Knife edge and COD gauge arrangement 
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4.4.3 TEST RESULTS 

A typical test recorcL obtained for specimen I, is illustrated in fig. 4.23. This was 

typical of all the test records obtained for both plain and side grooved specimens. 

PQ was calculated by using the 5% offset rule specified in clause 9.2.2 ofBS 7448 

[26], this procedure is performed automatically within the K1C Instron program 

but a few test records were checked manually and found to be correct. 

4 ,---------,---------,---------,--------, 

Tangent line 

3 +-------~---+~--~------_T+_------~ 

2.5 -+---~~---t---H---- --~=t========4~-~-

5% S cant line 

1. 5 --I-------/l-----+~-~-t___-~-______t_-------- ----

1 
i 

-~------j------------.---,-------- -

O 5 ---I---I----+------t-----~---------. 

o~------~------+-------~----~ 

o 0.2 0.4 0.6 0.8 

Notch Opening Displacement (mm) 

Fig. 4.23 Load v notch opening displacement test record 
- specimen 1 

96 



Typical fracture surfaces are illustrated in fig. 4.24 for pl~ 20%, 30% and 50% 

side grooved specimens. There was no evidence of stable crack growth in any of 

the specimens tested. The final fatigue pre-crack length was determined by the 

use of a travelling microscope fitted with vernier scales in accordance with clause 

8.7.2 in BS7448 [26]. ~ was calculated from PQ in accordance with equation 

(4.4) and (4.5) and post fracture validity checks were performed in accordance 

with clause lOin BS 7448 [26]. Hence, for the plain specimen tests Ko became 

K1C the fracture toughness for the material. In the case of the side grooved 

specimens the value of ~ could not be designated as a K1C value for obvious 

reasons. Va1ues ofPQ and ~ can be seen for a11 test specimens in table 4.7. 

Specimen No Side Groove aIW Failure Load P Q 

Type (kN) 

1 Plain 0.52 2.97 
2 Plain 0.54 2.96 
3 V 20% 0.55 2.24 
4 V 20% 0.52 2.67 
5 V 30% 0.53 2.34 
6 V30% 0.50 2.44 
7 V30% 0.52 2.45 
8 V30% 0.48 2.68 
9 V 40% 0.52 2.19 
10 V 40% 0.53 2.11 
11 V 40% 0.53 2.05 
12 V 40% 0.52 2.14 

13 V50% 0.51 2.03 

14 V50% 0.54 1.65 

15 V 50% 0.53 1.77 

16 V 50% 0.53 1.78 

Table 4.7 Experimental results 

4.4.4 EXPERIMENTAL SPECIMEN EFFECTIVE THICKNESS 

DETERMINATION 

Ko 
MPamo.5 

21.28 
22.65 
17.73 
19.13 
17.32 
16.42 
17.56 
16.98 
15.69 
15.62 
15.17 
15.34 
14.09 
12.63 
13.10 
13.18 

Data from the test programme has been used to establish the effective thickness 

for Vee grooved specimens in a similar way to the theoretical effective thickness 

determination presented in section 4.3.4. Fig. 4.25 is a log log plot ofKNoM 

against thickness ratio BIBN the slope of which will be -m in equation (2.29). 

The nominal fracture toughness KNOM was taken as the value of hI produced 
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(a) Plain specimen (b) 20% side grooved specimen 

(c) 30% side grooved specimen (d) 50% side grooved specimen 

Fig 4.24 Typical fracture surfaces 
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Fig. 4.25 Experimental ~OM) v BIBN Vee grooved specimen 

when the failure load was considered to apply to a full thickness specimen. As 

with the theoretical results a trend line was added in order to evaluate the slope 

and intercept and, hence, obtain m and the value of fracture toughness given by 

the regression analysis. The results obtained were a value ofm = 0.71 and a 

fracture toughness value of 22 MPa rm . 

2.0 

4.5 DISCUSSION OF RESULTS AND CLOSURE 

The results presented in this chapter demonstrate the effectiveness of side grooves of 

varying depth and geometry in increasing both stress intensity factor and crack tip 

constraint above that expected for plain sided specimens. Potentially this increase could 

lead to essentially plane strain fracture toughness results being obtained from sub-sized 

specimens which are side grooved. One drawback of the approach taken however is that 

only qualitative judgements of the performance of different side groove depth! geometry 

combinations have been possible by the independent consideration of stress intensity 

factor and crack tip constraint. 
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Particularly interesting are the results obtained for both the theoretical and experimental 

determination of effective thickness in accordance with equation (2.29). The result 

obtained for the exponent m from the fmite element analysis was 0.66 based on CTOD 

and 0.62 based on VCE, whilst the result obtained from experiment was 0.71. These 

results compare favourably to the results of Freed and Krafft [28] who tested two 

aluminium alloys, 2024-T851 (chemical composition - Cn, 4.5%; Mg, 1.5%; Mn, 0.6%; 

balance AI), 0.2% yield strength 67ksi (460 MPa), for which they obtained a value for 

m experimentally of 0.7 and 7178-T6 (chemical composition - Zn, 6.8%; Mg, 2.7%; Cn, 

2.0%; Cr, 0.3%; balance AI), 0.2% yield strength 79ksi (543 MPa), for which they 

obtained a value for m experimentally of 0.56. 

Results obtained from the experimental programme indicate that side grooves of less 

than 20% deep do not yield useful results due to the effects of scatter. Also, there does 

not seem to be an incentive to use excessively deep side grooves, the optimum depth 

would seem to be in the order of 30%. 

The work presented in this chapter now needs to be extended to examine the effects of 

plasticity and the effects of side grooving on sub thickness specimens. 
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CHAPTERS 

MODIFIED BOUNDARY LAYER ANALYSIS 

5.1 INTRODUCTION 

The previous chapter outlined the difficulties in establishing the fracture behaviour of 

plain and side grooved specimens when only a qualitative model of the crack tip 

constraint is available. The work presented in this chapter introduces a two parameter 

approach based on the evaluation ofQ [82 - 88] and the use of area scaling [89 - 91] as 

previously described in sections 3.6 - 3.9. 

Firstly, analysis results obtained from modified boundary layer loading are presented for 

a range of power law hardening materials. This allows the results obtained to be directly 

compared with results published in open literature. 

Following on from the general analysis of power law hardening materials results are 

presented for a specific material, EN24 steel. Results presented in the previous chapter, 

for an aluminium alloy characterised by linear elastic fracture mechanics, considered the 

effects of side groove depth and geometry on full thickness specimens only. In order 

that an evaluation of the effects of side grooving on sub thickness specimens could be 

undertaken, an alternative material was required that would allow an experimental 

programme to be undertaken. The specimens used in the work reported in the previous 

chapter were 10 mm thick at the full thickness required to give valid K1C results. 

Clearly it was not a practical proposition from a manufacturing and testing standpoint to 

manufacture side-grooved specimens from this material that were of a significantly 

reduced thickness. Hence it was decided that EN24 steel should be used for the next 

phase of work involving sub thickness specimens. EN24 is a low-nickel, low

clrromium, molybdenum steel with a typical chemical composition of 0.4% C, 0.55% 

Mn, 1.5% Ni, 1.1 % Cr, 0.3% Mo which can be heat treated to give a wide range of 

properties, see section 5.3, with valid K1C results being obtained from 

25 rom thick specimens and fracture loads being within the range of the available 

Instron testing machine. Failure is essentially ductile by microvoid coalescence at room 

temperature and brittle at lower shelf temperatures where the failure mode is cleavage. 

The J-Q approach described in chapter 3.6 is valid for both failure mechanisms, whereas 

the area scaling approach described in chapter 3.9 is applicable only when cleavage is 
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the dominant failure mechanism. Although in the work presented here it was only 

possible to undertake material tests at room temperature the finite element analysis still 

considered the use of the area scaling method as an indicator of lower shelf 

perfonnance. 

Both Q determination and area scaling depend upon the accurate prediction of the stress 

field ahead of the crack tip. Hence, the principal focus of the work presented in this 

chapter was to produce an optimal 2D finite element mesh that could be carried forward 

to the 3D analysis of the EN24 compact tension fracture specimens. Also as a result of 

the work a small scale yielding solution was obtained for the EN24 material that would 

subsequently produce the reference stress field from which the Q stress could be 

evaluated. 

5.1.1 AIMS AND OBJECTIVES 

The aims and objectives of the work described in this chapter were as follows: 

1. To undertake a modified boundary layer analysis of a range of power law 

hardening materials. 

2. To obtain relevant material properties for EN24 that could be used in the 

finite element analysis. 

3. To investigate mesh design in the crack tip region in order that accurate 

stress field predictions could be made using a boundary layer formulation. 

4. To obtain a small scale yielding solution for EN24 which would provide a 

reference stress field from which Q stress could be evaluated. 

5. To develop a post processor capable of determining Q from [mite element 

results. 

6. To develop a post processor capable of establishing the area within 

principal stress contours obtained by finite element analysis for use in an 

area scaling analysis. 
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5.2 MODIFIED BOUNDARY LAYER ANALYSIS OF POWER LAW HARDENING 

MATERIALS 

In order to perfonn the modified boundary layer analysis detailed post yield finite 

element analysis of the crack tip region was required. The finite element fracture post 

processor that had been used for the work on linear elastic fracture mechanics presented 

in the previous chapter, ENDURE, was not capable of J integral evaluation for non 

linear analysis. Hence the ABAQUS finite element package was used for the modified 

boundary layer analysis and all subsequent finite element analysis. 

ABAQUS [99] is a general purpose fmite element package capable of a wide range of 

linear and non-linear analysis types. J integral estimates can be obtained directly from 

the ABAQUS package which uses a domain integral method to evaluate the contour 

integral along a user defined path around the crack tip. 

Pre and post processing of the finite element models was carried out using the FEMGV 

graphical pre/post processor [100] and ABAQUS post [101]. 

The modified boundary layer analysis was undertaken by modelling a near crack tip 

region as a semi-circular domain of outer radius R as shown in fig. 5.1. The crack tip 

u = K] ~ R 1(0, v)+~Rg(O, v) 
I E 27r E 

y 

t 

1--: _. _ . _. _. _. _ . _. _. _. -~ x 
·symmetry boundary condition 

Fig. 5.1 Modified boundary layer domain with blunted crack tip 
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was blunted with an initial radius, ro, of 10-5 times the distance to the model boundary. 

Symmetry boundary conditions were applied along the crack line as illustrated in 

fig. 5.1. Many authors have performed similar analysis with a variety of meshes and 

crack tip conditions, these are summarised in table 5.1. 

Author Mesh details Crack tip condition Analysis package 

Betegon and 240 eight noded 25 independent but ABAQUS 
Hancock [79] elements arranged in initially coincident 

20 rings of 12 nodes. 
elements concentric 
with crack tip. 

O'Dowd and Shih 1000 four noded Blunted crack tip BESPOKE 
[82] elements. with initial radius of 

10-5 times distance to 
boundary where 
tractions are applied. 

Wang and Parks 1119 plane strain Blunted crack tip to ABAQUS 
[102] reduced integration simulate finite strain 

elements arranged in zone with initial 
40 rings of 28 radius of 2 x 10-6 
elements times distance to 
circumferentially boundary. 
(first ring had 22 
elements). 

Anderson and Dodds 720 four noded Not specified Not specified 
[91] elements arranged in 

40 rings of 18 
elements concentric 
with crack tip. 

Table 5.1 - Comparison of boundary layer meshes. 

The mesh used in the analysis was similar to that of Anderson and Dodds [91] 

consisting of 40 rings of 18 eight noded plane strain reduced integration elements 

concentric to the crack tip, the element size being arranged in an approximate geometric 

progression getting coarser away from the crack tip, the mesh can be seen in fig. 5.2. 

Displacement boundary conditions were imposed as indicated in fig. 5.1 in accordance 

with equation 5.1 [102]. 
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UI~Kl JR ./(e,v)+I.R.g(e,V) ..... (5.1) 
E 2" E 

where f (8, u) are the angular variations of the cartesian displacement components of the 

plane strain elastic singular field and g (8, u) are the angular variations of the 

displacement component from the plane strain T stress tenn. 

Detail of crack tip 

Fig. 5.2 Modified boundary layer analysis mesb 
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The exact expressions for f(9, u) and g (9, u) are listed in table 5.2 [102], 

Field x component y component 

f (1 + v) (3 - 4v - cos 0) cos (0 12) (1 + v) (3 - 4v - cos e) sin (e 12) 
g 

(l-v)(l+v)cosO - v (1 - v) sin e 

Table 5.2 - Functional forms of f (9, u) and g (9, u) 

The material stress-strain behaviour was modelled using a Ramberg-Osgood power law 

expression as given in equation (5.2) which was implemented directly as a deformation 

plasticity material model within ABAQUS. 

.. ... (5.2) 

where E is strain, 0' is stress, 0'0 is the yield stress, Eo = O'JE and a is a yield offset used 

to fit data. The values of a = 1.0, Eo = 0.002 and 0'0 = 400 MPa were chosen to give 

E/O'o = 500 which is broadly consistent with the values used by Anderson and Dodds 

[91]. Values ofn = 5, 10 and 50 were used to correspond to high, medium and low 

work hardening. 

A small strain formulation was used throughout the analysis. This is justified when 

considering the results presented by O'Dowd and Shih [82] where small strain and finite 

strain results were shown to be in good agreement outside the blunting zone. Betegon 

and Hancock [79] also used a small strain formulation to evaluate the effect of T stress 

on the tangential stresses ahead of a crack tip. The use of small strain analysis is further 

justified in terms of computational time when considering that the ultimate goal is to 

develop three dimensional solutions based on the outcomes of this section of work. 

Further, the evaluation of Q can be based on a number of reference stress fields, i.e. 

HRR, small scale yielding. Hence, if the same analysis is used to evaluate the reference 

stress field under small scale yielding boundary layer displacement as for the subsequent 

analysis of test specimens then for distance scales appropriate to the evaluation of Q the 

approach is justified. 

I06 



Results from the analysis in tenns of nonnalised crack opening stresses are presented in 

figs. 5.3 - 5.5 for each value of hardening exponent, ~ and a variety ofT stresses, i.e. 

T/cro = 0 (small scale yielding), T/cro = -0.5, T/cro = -1.0 and T/cro = -1.5. 

The results presented in figs. 5.3 - 5.5 compare well with published data [79, 82, 91 and 

102]. For all levels of hardening the crack opening stresses lie below the HRR field 

even for the small scale yielding (T = 0) condition. As the value ofT stress becomes 

progressively more negative, the stresses fall significantly below those provided by both 

the HRR and small scale yielding solution. 

7~~~--~~--~~~--~1--~1~ 

6.5 

6 ~~~~~~--~--~----+----+----~---r--=:= 
~~-+--+---4--4----l---t---t---&- SSy 

~ 
T/cro = -0.5 
T/cro = ·1.0 
T/cro = -1.5 
HRR 5.5 ~~~---+----l---t---t----t---t--

5~'~~~~~~-+--+--+--+--+--+--T~ 
~ ~~~ 
~ 4.5 ~~~[::::-r-----r-
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Fig. 5.3 Stress distribution normal to crack plane for n=5 
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The work presented in this section clearly provides a strong basis for the modified 

boundary layer analysis of the EN24 material that will subsequently be used in the side 

groove evaluation. 

5.3 MATERIAL PROPERTY EVALUATION OF EN24 

Before a modified boundary layer analysis and subsequent side grooving evaluation 

could be undertaken material properties had to be obtained. 

EN24 material was obtained in the form of 110 mm diameter bar section in a soft 

condition. The bar was carefully marked to establish a datum that would allow 

specimens to be machined with consistent orientation. 
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Fig. 5.6 EN24 Tensile specimens 
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Firstly, tensile specimens were cut from the bar as shown in fig. 5.6. Four specimens 

per diametral slice were obtained and in total 16 specimens were cut for testing. In 

order to investigate the effects of heat treatment on the material properties, all of the 

specimens were heated to 8350 C and then oil quenched. This initial hardening 

treatment was followed by tempering at different temperatures between 4500 C and 

625
0 

C for 30 minutes followed by still air cooling. 

The heat treatment given to all of the specimens can be seen in table 5.3 together with 

hardness values prior to and subsequent to heat treatment. 

Sample Initial hardness Final hardness Temper temp Temper 
RockweUC RockwellC °C hardness 

Rockwell C 

1 24 52 450 35 

2 22 50 475 33 

3 21 52 500 31 

4 21 50 525 29 

5 25 51 550 29 

6 23 52 575 30 

7 22 50 600 26 

8 24 53 625 24 

9 22 51 450 37 

10 20 52 475 35 

11 24 51 500 35 

12 24 52 525 34 

13 22 52 550 29 

14 22 51 575 29 

15 23 50 600 28 

16 24 52 625 27 

Table 5.3 - Specimen Heat Treatment 

The resulting nominal stress-strain curves obtained for each level of heat treatment can 

be seen in fig. 5.7. In order that the stress strain data can be input to the finite element 

package true stress-true strain data must be used. 
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Fig. 5.8 shows the true stress-true stain curve for each heat treatment, as obtained from 

equations 5.3 and 5.4. 

& = In(l + &nom} ..... (5.3) 

Preliminary fracture toughness tests on the material yielded a plane strain fracture 

toughness for a 450
0 

temper temperature of74 MPa ~m and for a 6250 temper 
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Fig. 5.7 Nominal stress - strain data for EN24 
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temperature of95 MPa ~m. Some preliminary fracture toughness tests were also carried 

out on sub thickness specimens of various tempers in order to gain an appreciation of 

the fracture behaviour of thin specimens. As a result of these tests it was decided that a 

tempering temperature of 625°C held the best potential for examining the effects of side 

grooving on transitional thickness effects and the formulation of shear lips. 
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Fig. 5.8 True stress - strain data for EN24 

Two plasticity models exist within the ABAQUS package, these being an incremental 

plasticity model where the stress strain behaviour is specified by a segmented multi

linear model and a deformation plasticity model based on the Ramberg Osgood model. 

The latter is provided specifically for fracture mechanics analysis in order that handbook 

solutions for power law hardening materials can be developed. Since all of the 
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subsequent models were to be statically loaded with no potential for unloading, and to 

allow comparison with published data it was decided to use a defonnation plasticity 

model. 

The Ramberg Osgood material description was in accordance with equation 5.2, where 

values ofn = 50, a = 0.15, EO = 0.0048, (To = 970 MPa and E = 200GPa were chosen to 

fit data. The resulting stress-strain curve together with the relevant true stress-strain 

curve extracted from fig. 5.8 can be seen in fig. 5.9. 
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Fig. 5.9 Ramberg -Osgood fit to EN24 

As can be seen from fig. 5.9 the Ramberg Osgood model provides a good fit to the 

elastic part of the stress strain curve and a reasonable fit to the plastic part of the curve. 

By varying the values given to a and n it is possible to improve the fit in the plastic 

region but only at the expense of the fit in the elastic region. O'Dowd [103] undertook 

an extensive survey with regard to curve fit perfonnance in elastic-plastic fracture 

mechanics and concluded that in order to provide reasonable estimates of both J and Q it 

is important to accurately model the elastic portion of the stress-strain curve even at high 

loads. This would seem to be particularly important in this work, as plasticity is likely to 

be well contained within regions of elastic material. 
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5.4 MODIFIED BOUNDARY LAYER ANALYSIS OF EN24 

The modified boundary layer analysis of EN24 proceeded exactly as described for 

power law hardening materials in section 5.2, using the material description developed 

in section 5.3. Initially, the same mesh was used as for the models described in section 

5.2. However, it was clear from the outset of the analysis that, if such a fine mesh were 

to be extruded into 3D for the subsequent analysis of compact tension specimens, 

computer run times could be excessive and in all likelihood not achievable on the 

computers available at the time the analysis was undertaken. Several further mesh 

designs were tested with a view to obtaining an optimised mesh design that could be 

incorporated into subsequent 3D models of compact tension specimens. The final mesh 

consisted of 120 eight noded plane strain elements arranged in 15 rings of eight 

elements, again the element size was arranged to fit approximately to a geometric 

progression getting coarser away from the crack tip. As with the models used in section 

5.2 the crack tip itself was blunted with an initial radius of 10-5 times the distance to the 

model boundary. A comparison of the results obtained in terms of normalised crack 

opening stresses from this mesh with results obtained for the mesh described in section 

5.2 can be seen in fig. 5.10 for the EN24 material model. 
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Consideration of fig. 5.10 reveals that the curves produced by both the fine and coarse 

meshes lie one on top of the other with the exception of the peak stress value at r/(J/a) = 

0.4 where the coarse mesh gives a normalised stress approximately 3% higher than the 

fme mesh. Since this discrepancy occurs essentially within the blunting region it is not 

seen as important, at distances where Q and Q' are evaluated the curves are coincident. 

It was considered that this mesh could provide a good compromise between accuracy of 

results and computer run time when incorporated into the subsequent 3D models. The 

fmal mesh can be seen in fig. 5.11. 

Detail of crack tip 

Fig. 5.11 Final EN24 boundary layer analysis mesh 
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Results from the modified boundary layer analysis can be seen in fig. 5.12 in terms of 

opening mode stress on the crack line for a variety ofT stresses, i.e. T/cro = 0 (small 

scale yielding), T/cro = -0.2, -0.4, -0.6, -0.8, -1.0 and -1.5. The applied K at the model 

boundary was consistent with the fracture toughness of EN24 , i.e. 95 MP ...Jm. Again as 

the value ofT stress becomes progressively more negative, the opening mode stresses 

fall significantly below the small scale yielding solution. 
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Fig. 5.12 Stress distribution normal to crack plane for EN24 
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5.4.1 AREA SCALING 

The area scaling method of Dodds et al [90] and Anderton and Dodds [91] was 

introduced in section 3.9. The method predicts the ratio of JFB required to cause 

failure in a finite body to a reference quantity J obtained for a small scale yielding 

SSY solution by using areas within principal stress contours to make the 

prediction in accordance with equation (3.37). 
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The area contained within principal stress contours is not readily obtainable from 

the ABAQUS package, hence there was a necessity to write a post processor to 

calculate the principal stress areas from the finite element results. Due to the fact 

that the mesh in the crack tip region had been optimised for use with 3D models, 

with the intention that this part of the mesh should remain the same throughout, it 

was decided to write a post processor based on this flXed arrangement so as to 

provide simplicity of programming. Averaged nodal stresses were output from 

the ABAQUS package in the form of an ASCII text file (.dat file) which was 

subsequently cut and pasted into two data files, lcoord(n).dat and layer(n).dat, 

where (n) is a integer that allows layer identification for subsequent 3D analysis. 

Icoord(n).dat 

layer(n).dat 

contains nodal position data in the format [Node number, x 

co-ord, y co-ord, z co-ord]. 

contains averaged nodal stress data in the format [Node 

number, maximum principal stress, O'xx, O'yy, O'zz). 

This matrix format was ideal for reading into the MA TLAB programming 

environment which was used for post processing. Three MATLAB (m) files can 

be found in Appendix 1 which contains full listings of the programmes used for 

post processing. A brief description of each programme is given below: 

SORT3DPLAIN.m 

This programme reads the lcoord.dat and layer.dat files and combines them into a 

single matrix in the format [Node number, x co-ord, y co-ord, max principal 

stress]. The nodes are then renumbered in accordance with a predefined 2D 

template to give the correct format for contour plotting. 

CONT3DPLAIN.m 

This programme first calls the nodal sorting programme SORT3DPLAIN.m in 

order to obtain the correct format for contour plotting. User defmed values for 

material yield stress, J integral and required stress contour level are then input to 

the program to allow the appropriate axis scaling. Points lying on the principal 

stress contour are then detennined by simple linear interpolation of the averaged 

nodal stresses in the global x and y directions. The interpolated points are then 
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ordered to provide a smooth contour for the stress level requested. Finally, the 

area contained within the contour is calculated based on space co-ordinates and 

normalised co-ordinates (XcrolJ and Y croll) using a simple trapezium rule. Plots 

are also generated based on space and normalised co ordinates and the plot data 

written to an ASCII fue for subsequent plot manipulation. 

Q3DPLAIN.m 

This programme allows the evaluation of Q at a distance from the crack tip of 

2cro/J as defined by equation (3.27) and ofQ' in accordance with equation (3.29). 

The first part of the programme is identical to SORT3DPLAIN.m and rearranges 

the input data into the correct format for Q evaluation. User defined values for 

material yield stress and J integral are then input to the prograrrune to allow 

appropriate axis scaling. Reference values for Q2u I J' Qu I J and Q5u I J are set 
000 

within the programme listing but can be changed to reflect the SSY solution for 

the material and deformation level under consideration. Crack opening stress at 

the relevant positions, i.e. r = 2crolJ, crolJ and 5cro/J is then found by linear 

interpolation of the input data to allow calculation of Q and Q'. 

Finally, plots were generated and plot data written to an ASCII file for subsequent 

plot manipulation. 

An equivalent set of MAT LAB programs [CONT3DGROOVE.m, 

SORT3DGROOVE.m and Q3DGROOVE.m] based on a refined mesh which was 

used for side grooved specimens were also written. When the 3D work was 

undertaken with side grooved specimens this in-plane refmement was found to be 

required in order to keep element aspect ratios acceptable considering the through 

thickness mesh refinement requirements at the root of the side groove, 

see section 6. 

5.4.2 AREA SCALING RESULTS FOR MODIFIED BOUNDARY LAYER 

ANALYSIS 

The results obtained from the modified boundary layer analysis in terms of the 

areas contained within specific stress contours can be seen in fig. 5. 13. 
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Fig. 5.13 Principal stress contours for various levels of T stress - EN24 
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As would be expected the area contained within the principal stress contours is 

reduced as the applied T stress becomes progressively more negative. The effect 

of choice of area ratio on the area contained within principal stress contours is 

shown in fig. 5.14. The ratio of the area contained within the principal stress 

contour divided by the area contained under small scale yielding at the same 

deformation level is plotted against the ratio of principal stress divided by the 

material yield stress. Consideration of fig. 5.14 suggests that the selection of 

principal stress ratio is important when using the area scaling method to predict 

failure due to cleavage. This is supported by fig. 15.15 which shows the predicted 

value of J by the use of equation 3.3.7 plotted against principal stress divided by 

the material yield stress. As can be seen the influence of the chosen principal 

stress level at which to evaluate the enclosed area has an effect on the J integral 

result. This effect is weak for T /0'0 = - 0.2 but becomes stronger as the T stress 

becomes progressively more negative. 

It can be concluded, therefore, that the choice of principal stress level when 

considering finite bodies is important for EN24 material. 
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5.5 DISCUSSION OF RESULTS AND CLOSURE 

The results presented in this chapter establish methodologies based on Q and area 

scaling that can be carried forward to evaluate the effects of side-grooving on the 

fracture perfonnance of sub thickness compact tension specimens. A small scale 

yielding solution has also been obtained for the EN24 material that can be used for Q 

evaluation in the subsequent analysis of 3D plain and side grooved compact tensions 

specllllens. 

In order to evaluate both Q and the area within user specified crack opening mode stress 

levels MATLAB based post-processing programmes have been developed. Again these 

will be particularly useful when evaluating the perfonnance of 3D geometries. 

The results obtained from the area scaling analysis have shown that the correct selection 

of principal stress contour levels will be important if good predictions of fracture 

performance are to be obtained for the EN24 material being considered under cleavage 

conditions. 
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CHAPTER 6 

THE INFLUENCE OF TmCKNESS AND SIDE GROOVING ON EN24 STEEL 

6.1 INTRODUCTION 

The previous chapter developed methodologies, based on a two parameter fracture 

mechanics approach, which allow the effects of crack tip constraint on fracture 

performance to be established in a quantitative manner. The work presented in this 

chapter extends this approach to investigate the effect of thickness and 30% Vee side 

grooving on the fracture behaviour of EN24 steel. 

Again finite element analysis has been used to provide theoretical predictions of the 

fracture performance of sub-thickness specimens manufactured from EN24 steel. The 

properties of the EN24 material have been fully defmed in the previous chapter, together 

with the idealisation required for the finite element analysis in terms of a Ramberg 

Osgood material model. The finite element results are supported by experimental 

results for full and sub-thickness specimens which were both plain sided and side 

grooved. 

The theoretical predictions obtained from the finite element analysis show reasonable 

agreement with experimental observations. 

6.1.1 AIMS AND OBJECTIVES 

The aims and objectives of the work described in this chapter are as follows: 

1. To investigate the effect of thickness on the fracture behaviour of EN24 

steel using [mite element analysis. 

2. To investigate the effect of side grooving on the fracture behaviour of sub

thickness specimens manufactured from EN24 steel using ftnite element 

analysis. 

3. To experimentally investigate the effect of thickness on the fracture 

behaviour of EN24 steel. 
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4. To experimentally investigate the effect of side grooving on the fracture 

behaviour of sub-thickness specimens manufactured from EN24 steel. 

6.2 SPECIMEN GEOMETRY AND PREPARATION 

The specimen geometry used for this section of the work differed slightly from that used 

for the aluminium alloy specimens reported in chapter 4 in that they were stepped notch 

compact tension specimens rather than straight notch compact tension specimens. The 

reason for the change was due to the fact that specimens that were considerably below 

the thickness required to give plane strain results were to be tested, hence requiring J 

rather than K determination. The type of specimen selected is acceptable for both J and 

K determination whereas the straight notch compact tension specimen used previously 

can only be used for K determination. Again the specimen geometry requirements are 

defmed by both British and American standards [26 and 27] as shown in fig. 6.1. 

0.375 W~O.5~o 

O.18Wmax ---
0.1 Wmax-

/ 
.~. 
60o nomioal 

H!O.s% 

B is the thickness 
W is the effective width 

W- 2B 

H~O.5'10 

1btaJ width. C = 125Wmin. 
Half height. /l = O.lHr 
Hole diameter. d - 0.2.=)1I' 
Crack length. a '" 0.-1;'11" to 0.;;511' 

Surfact' finish is in miaomt'trt>s. 

------f---~ 

Section through 
h.-,....."....,."'7'""r"""""'7"'7'f not (h 

1I/10.2%wl A I 
8:!O.5% 

Fig. 6.1 Stepped notch compact tension specimen 
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The specimens must be pre-cracked and meet minimum size requirements as defined by 

equations (4.1), (4.2) and (4.3) if valid KIe results are to be obtained. The specimen size 

requirements for valid JIe testing as laid down in E813-88 [104] are much more lenient 

than those required for Kre testing primarily because the J integral is better suited to non 

linear material behaviour. The minimum specimen dimensions for valid JIe testing are: 

B, b 2 25 J]C (6.1) 
O'y 

where B is the specimen thickness and b is the uncracked ligament length (W - a). 

The material properties of the EN24 steel used were defined in section 5.3 to be as 

follows: 

Yield strength - 970 MPa 

Young's modulus, E - 200 GPa 

Preliminary fracture toughness, K1e - 95 MPa ~m 

Consideration of the above material properties leads to a minimum specimen thickness 

for valid K1e results of 24 mm, based on only preliminary fracture toughness tests, hence 

it was decided that the specimen design should be based on a thickness of25 mm. 

In addition to the full thickness specimen of 25 mm a range of sub-thickness specimens 

were also analysed/tested in both plain and side grooved forms. Specifically, 

thicknesses of25 mm, 15 mm, 10 mm, 5 mm, 3.75 mm, 2.5 mm and 1.25 mm. 

6.3 FINITE ELEMENT ANALYSIS 

As with the modified boundary layer analysis the ABAQUS finite element package [99] 

was used together with the FEMGV graphical pre/post processor [100] and ABAQUS 

post [lOll 

The optimised crack tip mesh developed for the modified boundary layer analysis as 

described in section 5.4 needed to be extended into 3D in order to obtain a detailed 

stress analysis of the crack tip region. However, such detailed refinement of the whole 

compact tension specimen even allowing for a transition to a coarser mesh away from 

the crack tip region was not feasible due to the resulting computational demands in 
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tenus of runtimes and hard disc usage. In order to overcome this problem it was 

decided that a sub modelling technique should be used. A sub model of the crack tip 

region was produced with a refined mesh based on the optimised mesh developed for the 

modified boundary layer analysis. The boundary of the sub model was driven by an 

interpolation of the solution from a global model of the compact tension specimen 

which was produced to a much coarser refinement. 

Sub modelling is a standard technique available within the ABAQUS package and is 

useful when an accurate, detailed solution is required for a local region but where the 

detailed modelling of the local region has negligible effect on the overall solution. The 

response at the boundary of the local region is determined by the solution of the global 

model which determines the solution in the sub model. The technique does rely on the 

global model defming the sub model boundary response with sufficient accuracy. The 

sub model is run as a separate analysis with the only link between the sub model and the 

global model being the transfer of time dependent values of variables to the boundary 

nodes of the sub model. There is no requirement within the ABAQUS package that the 

boundary nodes on the sub model coincide with nodes within the global model. Neither 

is there a requirement of the load incrementation regime to be the same within the sub 

model and the global model. However, to ensure consistency of results between the 

global and sub model, the sub model boundary nodes did coincide with nodes within the 

global model and the same load incrementation scheme was applied. 

Typical meshes, for both the global and sub model, can be seen in figs. 6.2 and 6.3 (for 

the 25 mm thick plain sided specimen). 

The global models of the compact tension specimens were built from 20 noded 

isoparametric elements, in all cases only a quarter of the specimen was modelled 

because of symmetry conditions. All of the elements along the crack front were 

collapsed to form degenerate elements but the nodes along the collapsed edge, although 

coincident, were allowed to retain their individual degrees of freedom so as to allow 

some degree of crack-tip blunting that would be expected in an elastic-plastic analysis. 

This approach also ensured the correct llr singularity at the crack tip required for elastic-

plastic J integral evaluation. 
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Fig. 6.2 Global model of a 25 mm thick plain sided specimen 

The number of elements varied from model to model depending on the thickness of the 

specimen being analysed, so giving average element and node counts is meaningless. 

As an example, the 25 mm thick plain sided model shown in fig. 6.2 contained 657 

elements and 3,085 nodes with six elements through the specimen thickness biased to 

give refinement at the specimen edge. The boundary conditions were identical to those 

used for the aluminium specimen analysis and illustrated in fig. 4.3. The models were 

loaded by the application of a pressure to the top of the clevice pin hole, with the load 

being applied in two load steps. The first load step consisted of 5 load increments up to 

90% of the expected specimen failure load based on preliminary estimates of the 

material fracture toughness. The second load step consisted of a further 4 load 

increments up to 110% of the expected specimen failure load. 

The analysis was carried out on a Pentium 133 with 96 MB RAM available to ABAQUS 

and processing times varied between I - 3 hours depending on the specimen thickness. 
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Fig. 6.3 Crack tip sub-model for a 25 mm thick plain sided specimen 

The sub models were again built from 20 noded isoparametric elements with only a 

quarter of the specimen being modelled due to symmetry conditions. The mesh was 

simply an extended form of that used for the modified boundary layer analysis and 

illustrated in fig. 5.11. As with the global models the number of elements varied from 

model to model depending on specimen thickness. Again, by way of example, the 

25 mm thick plain sided model shown in fig. 6.3 contained 6,966 elements and 45,233 

nodes with 31 elements through the specimen thickness again biased to give refinement 

at the specimen edge. The load incrementation scheme was exactly the same as that for 

the global models to ensure consistency of results. 

Again the analysis of the plain specimens and some of the side grooved specimens was 

undertaken on a Pentium 133 with 96 MB RAM available to ABAQUS with processing 

times for the plain sided specimens varying between approximately 12 and 84 hours 

depending on specimen thickness. 

All of the plain sided specimens were successfully processed as described above; 

however difficulties with respect to model convergence were experienced for the side 

grooved specimens. The problems were associated with the determination of the steep 

stress gradients at the intersection of the side groove root and crack tip. The solution 

adopted was to significantly increase the through thickness mesh refinement at the root 

of the side groove. In order to maintain a reasonable aspect ratio for the elements in this 
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region the mesh in the plane of the specimen was also refined slightly from iliat used for 

the modified boundary layer and plain specimen analysis. 

Typical meshes can be seen for boili the 25 rom thick global and sub models in figs. 6.4 

and 6.5. 

Fig. 6.4 Global model of a 25 mm thick side grooved specimen 

The increase in mesh refinement meant iliat, for e){3l11ple, ilie 25 rom thick side grooved 

global model contained 3,085 elements and 8,000 nodes wiili 12 elements through ilie 

thickness. The corresponding sub model consisted of9,975 elements 46, 076 nodes and 

45 elements through ilie thickness which were biased towards the side groove. As a 

consequence of this refinement the 10, 15, and 25 rom thick specimens were processed 

using a SUN Ultra 10 workstation wiili 512 MB RAM available to ABAQUS. 
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Fig. 6.5 Crack tip sub-model for a 25 mm thick side grooved specimen 

6.3.1 FINITE ELEMENT ANALYSIS RESULTS 

The results from the foote element analysis for both plain sided and side grooved 

specimens can be seen in figs. 6.6 - 6.32. 

Results for J variation through the specimen thickness can be seen in figs. 6.6-

6.12 for the full range of plain sided specimens. In all cases the variation of J is 

plotted for a load range of between 90% and 110% of the expected failure load for 

the specimen, based on preliminary fracture tests. Consistent with the results 

obtained from the linear elastic analysis presented in chapter 4 for the through 

thickness variation of K, the value of J falls away significantly at the specimen 

edge when compared with the centre line value. This faIl off becomes more 

pronounced as the load level increases for all specimen thicknesses. 

Consideration offig. 6.6. shows that J is relatively constant across a significant 

proportion of the crack front at all load levels for full specimen thickness. A good 

indicator of this is the ratio of the average J across the crack front to the centre 

line value which varies between 0.931 at the lowest deformation level and 0.927 

at the highest deformation level. Both the 15 mm and 10 mm thick specimens 
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exhibit similar behaviour in terms of J variation as the 25 mm thick specimen 

with the ratio of average J to centre line J for the 10 mm thick specimen being 

0.930 at the lowest deformation level and 0.909 at the highest defonnation level. 

Specimens below 10 mm thick show a larger variation of J across the crack front 

with the ratio of average to centre line J values varying from 0.894 at the lowest 

defonnation level of the 5 mm thick specimen to 0.693 for the highest 

deformation level of the 1.25 mm thick specimen. 

In comparison, the results obtained for through thickness J variation in the side 

grooved specimens can be seen in figs. 6.13 - 6.19. Again results are plotted for a 

load range between 90% and 110% of the expected failure load for the specimen 

based on preliminary fracture tests. The effect of side grooving is to significantly 

elevate J in the region of the side groove and to provide a relatively constant value 

of J over a significant proportion of the specimen thickness even for specimens 

which are significantly below the minimum thickness demanded by British and 

American standards [26 and 27] in order to obtain valid tests results. The ratio of 

average J to centre line J for the 25 nun thick specimen is 1.140 at the lowest 

deformation level and 1.130 at the highest deformation level. Indeed the ratio 

remains above unity for all specimens except the 1.25 mm thick specimen which 

has a ratio of 0.990 at the lowest deformation level and 0.954 at the highest 

deformation level. 

In all side grooved cases the J values obtained adjacent to the side groove showed 

some oscillation, this is most likely to be due to the finite element mesh being 

unable to accurately model the comer singularity at the root of the side groove. 

Oscillation was also present to a lesser extent in the plain sided models at the free 

surface and has been observed by several other authors [30, 105]. The effect has 

been described in detail by Nakumara and Parks [106]. Due to the fact that only a 

very small distance in from the root of the side groove is involved it should not 

have an adverse affect on the results obtained or observations made. 

Results from the two parameter fracture mechanics investigation can be seen in 

figs. 6.20 - 6.26 for plain sided specimens and figs. 6.27 - 6.33 for side grooved 

specimens. In each case (a) shows principal stress contours for (J/(Jo = 2 at 

various locations through the specimen thickness, whilst (b) shows the crack line 

opening mode stress at various locations through the specimen thickness together 

with the SS Y solution. J -Q trajectories are shown in (c) at specific locations 
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through the specimen thickness, for plain specimens of3.75 mm thick and above 

the trajectory locations are at the specimen centre line and at approximately 60%, 

80% 90% and 95% of the distance from the centre line to the specimen edge. For 

plain specimens below 3.75 mm thick the trajectory locations are at the specimen 

centre line and approximately 20%, 55% 70% and 80% of the distance from the 

centre line to the specimen edge. For side grooved specimens trajectory locations 

are at the specimen centre line and approximately 60%, 80%, 90% and 95% of the 

distance from the centre line to the side groove root for all specimens. The 

variation of Q through the specimen thickness is shown in (d) for all specimens. 

Q is calculated at the J level approximately corresponding to the fracture 

toughness of the material. 

Consideration of the through thickness Q variation reveals that for the full 

thickness, 25 mm thick, plain specimen Q is constant and slightly positive for a 

significant proportion of the crack front. Positive Q is maintained over some 

portion of the crack front for specimen thicknesses down to 10 mm, below this Q 

is negative at all positions along the crack front. Average crack front Q values are 

given in table 6.1. The average Q value for the full thickness specimen is 

positive, whilst all other thicknesses exhibit a negative average value of Q, getting 

progressively more negative as the thickness reduces. For specimens of 10 mm 

thick and above the Q value remains close to zero, i.e. -0.07868 for the 10 mm 

thick specimen. Below 10 nun thick the average value ofQ falls considerably. 
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Fig 6.22 Analysis results 10 mm thick specimen 
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Fig 6.23 Analysis results 5 mm thick specimen 
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Fig 6.24 Analysis results 3.75 mm thick specimen 
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Fig 6.25 Analysis results 2.5 mm thick specimen 
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Fig 6.26 Analysis results 1.25 mm thick specimen 



+-w 

12 

10 

8 

~ 
'OQ 6 
>-

4 

2 

0 
-2 

3.4 

3.2 

3 

2.8 

Q 

~ 2.6 
'0 

2.4 

.. ! -

o 2 

",. ______ -.--li( , 
, '\ 

" ~\ 

.,..-
........ ~ .. ~~ .. ~~ .. 

.. l .. \-.... 

................... ..... .+ ...... \ 
·····i ... ···. 

4 6 8 

XcrolJ 

r··.,:,:·· .. ~·-··· 
! ..... ' •.• ,~\ i 

··\t 
i· 

10 12 

I 
._ .... j" .. _" .. " ... 

I 
I 
i 

""_." ___ "1.. __ .,,._,,.,,. 

14 16 

(a) Principal stress contours through thickness; cr/cro = 2.0 

. " .. "." .. " .. ..f.."".""" .• """ .• " .. " ..... " .. .j.." ... "".-"." .• ".,.,""'.".". 

, ~ i~~e:= ... , ii, 
".,,"." "-.~--."" ---"'c--c,.!;-___ ••. "._-",. ., 

i ------..,-. --- --4 --'r-- ___ _ 

-- z=O.OOO 
.... ~"" z = 4.000 
-"ElI-" z = 7.000 
--II- z = 7.732 
--9-- z = 8.194 
." .•. ". z = 8.402 
-.•. -. z = 8.555 
-... -.. z = 8.615 
.......- z=8.667 
--.-- z = 8.712 

---0-- Z = 0.000 
-.~.-. z = 4.000 
~z=7.000 
--ilI-- z = 7.732 
""~ .. ,, z = 8.194 
-.... -. z = 8.402 
-"+-,, z = 8.555 
- z=8.615 
......- z=8.667 
--.-- z = 8.712 
-SSY 

90 y! __ z=O.OOO 

! I --~-- z = 5.250 ",." .. 
80 

70 

60 
,-.. 

a 
a 
~ 50 
,.., 

40 

30 

20 

V ' """"""".-"-",,-,, ".; ".-.... '."."-... ,, ..... 0" .. z = 7.000 ./" .-" " I -.-6.-. Z co 7.910 

" fl i _.lQI- •. Z = 8.306 

·"· ... ·"·",,·,,·,, .. ,,i .... , .'. --{I "T" ., ........ j.. ." ". " .. "." "". "T"··"·'''·''·''''·· 
., P ! [I 

.""" .. """""",, ....... " ........ j .. " ·····r-fi """i""'" ..... -....... "j'--""""'''''''''''''''''''' .j"".""",, ......... . 
! 1 i ~! i i 
' j); "I i I 
I , J.jJ.. 1 """"."" ... ,,""" f"" . ..... "". "'j' .. . ./ ... flD T·t .. ···,,-- I 

/ ~! I! i i 

.. ".-- ----y/\t~j ........... --"J:~~:~j- ...... . 
"·-''''''''''''·''''''''''···'''''·~·.(r;lL-..... ~ [ il ' I 

Ii I ; 
-... tJ~..... A ...... , ... ,t .... , ................................. ,'.., ........ ~ .. ".".-.. ,-... . 
"'I 1 

, 1 

o -0.1 -0.3 

10 II ________ ~ ________ L-______ ~ ________ ~ ________ ~ 

0.1 -0.4 -0.2 

Q 
(c) J - Q trajectories through thickness 

o I 

1--1 '_: __ ._._._1/_"" 
1·· ... ······· ... ············1""·"""" .. """"""·,,·,,,,·,,· ... ,, .. · I I 

-I-·--r--·--=.~.~=.~·-
'''''''''''''+'''''''''''·''''''''''''1'''''''·'''·' 1 I 

-0.2 1--.. 

-0.4 1-",-,-+ 

01 -0.6 1-." 

-0.8 1-"."-" .... "".+ .. "'"""" .... " ... ".+,,.,,"",,.-. 

"'1---··,· 

2.2 ~-" ... - ... --.. I 
.! ' I 

2 

1.8 
0 1 

i 
I 

2 3 4 

rcro/J 

(b) Crack line opening mode stress 

5 

-1 I-" .. ".-.----... ~"--." .. ".---,,-+."""".,,.-'" 

1 
",I 

I 
I . ·,,··1·-· 

I 
I I 

i 

1.2 [ I 
6 012 3 4 5 6 7 

Distance From Specimen Centre Line (nun) 

(d) Variation ofQ through thickness 

Fig 6.27 Analysis results; 25 mm thick side grooved specimen 
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(b) Crack line opening mode stress (d) Variation of Q through thickness 

Fig 6.28 Analysis results; 15 mm thick side grooved specimen 
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Fig 6.29 Analysis results; 10 mm thick side grooved specimen 
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Fig. 6.42 Variation of AlAn through specimen thickness 
15 mm thick side grooved specimen 

- ~ 

~ 
~ ~~~ 
~ ~\ 

\\ 
~~ R\ 
\\\ 
~\ 

~0/00=2 ~" 
-- 0/00=2.5 
-e- 0/00=3 

~ 
I I , " ,", "" I I I I I I I I I I I I J I I I • I " ," I • 

0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 

Distance from Specimen Centre Line (mm) 

Fig. 6.44 Variation of AlAn through specimen thickness 
5 mm thick side grooved specimen 
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In comparison the through thickness variation of Q for side grooved specimens, 

although remaining relatively constant across the crack front for a wider range of 

thicknesses is always negative. It is interesting to note that the value of Q falls 

away at the root of the side groove for specimen thicknesses of 10 nun and above, 

but is slightly elevated at the root of the side groove for specimens below 10 nun 

thick. The reason for this observation is not clear but it is probably due to slightly 

different mesh refinements being used immediately adjacent to the side groove 

root. Even though the centre line value of Q is always negative, consideration of 

average Q values as given in table 6.1 indicates that they are much closer to zero 

over a wide range of thicknesses than those obtained for the plain specimens. 

Comparison of results for the 5 mm thick plain and side grooved specimens gives 

an indication of the increased constraint provided by the introduction of side 

grooves, the results obtained for the plain specimen being -0.173 with the result 

from the side grooved specimen being -0.056. 

Specimen Type Thickness (mm) JAvw'JCL QAVE 

25 0.930 0.0038 

15 0.934 -0.0378 

10 0.925 -0.0787 

Plain 5 0.895 -0.1726 

3.75 0.868 -0.2676 

2.5 0.811 -0.3971 

1.25 0.727 -0.7164 

25 1.136 -0.0336 

15 1.129 -0.0360 

10 1.111 -0.0483 

Side Grooved 5 1.073 -0.0559 

3.75 1.062 -0.0930 

2.5 1.039 -0.1692 

1.25 0.980 -0.4048 

Table 6.1- Average J and Q values for plain and side grooved specimens 
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J-Q trajectories obtained from the analysis indicate that for plain sided specimens 

trajectories are steep within the interior of the specimen but become shallow 

towards the specimen edge for the full thickness specimen. As the specimen 

thickness reduces the J-Q trajectories become progressively more shallow even 

within the interior of the specimen. Results for the side grooved specimens, 

however, remain steep across a greater proportion of the crack front and for a 

wider range of thicknesses. It is interesting to note that the trajectory obtained 

closest to the side groove root for specimens of less than 5 mm thick exhibits an 

opposite slope to all other J-Q trajectories, this again suggests that the influence 

of side grooving in the region adjacent to the groove root is strong. Figs. 6.48 and 

6.49 show crack front average trajectories for both plain sided and side grooved 

specimens. The results presented in this form give a good indication of the 

performance of side grooves in increasing the general level of constraint across 

the crack front, with trajectories remaining steep for all side grooved specimens 

greater than 2.5 mm thick. 
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Fig. 6.48 Average J-Q trajectories plain specimens 
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Fig. 6.49 Average J-Q trajectories side grooved specimens 

The results presented relating to J-Q methodology strongly suggest that benefits 

obtained from side grooving have the potential to yield valid fracture toughness 

values from specimens that are significantly thinner than called for by both 

British and American Standards [26, 27]. 

Area scaling results presented in the form of principal stress contours for 

a/aD = 2 in figs. 6.20 - 6.33 give an indication of the volume of material 

contained within each specimen subjected to a stress level at or above 2ao. Each 

contour represents the area subjected to such a stress level at a particular crack 

front location, the results indicate that the area is a maximum at the specimen 

centre line diminishing to zero at the specimen edge. The volume of material 

contained at or above a particular stress level can be easily obtained for each 

specimen and is presented for both plain and side grooved specimens in table 6.2 

for a/aD = 2, 2.5 and 3. Figs. 6.34 - 6.40 illustrate the ratio of slice area to centre 

line area for the full thickness range of plain sided specimens for a/aD = 2, 2.5 and 

3. The results indicate only a weak dependence on the stress contour level for the 

majority of thicknesses, only for specimen thicknesses of 5 nun and below does 

any significant dependence present itself. Similar results for side grooved 

specimens are presented in figs. 6.41- 6.46 again for stress ratio of a/aD = 2.2.5 
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VI 
-l 

SpeciIren Type 

Plain 

Side Grooved 

Gross 
Thickness (rrm) 

25 
15 
10 

5 
3.75 
2.5 
1.25 

25 
15 
10 

5 
3.75 
2.5 
1.25 

Net 
Thickness (mm) 

25 
15 
10 
5 

3.75 
2.5 
1.25 

17.5 
10.5 

7 
3.5 

2.625 
1.75 

0.875 

alcro=2.0 

Volurre Centre line Area Average Area Vohnre 

(units3
) (units2

) (units2
) (units) 

1117.300 130.700 89.384 193.700 
707.000 119.500 94.267 121.100 
396.500 108.870 79.380 67.830 
133.400 85.430 53.360 22.200 
73.000 65.540 38.933 11.990 
25.610 39.300 20.488 4.190 
3.310 9.830 5.296 0.499 

946.220 110.640 108.139 141.530 
568.390 114.080 108.265 84.460 
362.110 112.2(i) 103.460 53.090 
143.810 96.260 82.177 22.360 
87.110 79.830 66.370 13.260 
37.890 53.960 43.303 5.840 
6.780 19.260 15.497 1.030 

Table 6.2 Process zone volumes 

alOO=2.5 alOO=3.0 

Centre Une Area Average Area Volurre Centre Une Area Average Area 

(units2
) (units2

) (units) (uniti) (units2
) 

22.670 15.496 10.630 1.289 0.850 
20.670 16.147 6.610 1.157 0.881 
18.880 13.566 3.705 1.064 0.741 
14.600 8.880 1.140 0.828 0.456 
11.700 6.395 0.590 0.641 0.315 
7.080 3.352 0.201 0.424 0.161 
1.910 0.798 0.020 0.128 0.032 

I 
I 

16.920 16.175 5.464 0.702 0.624 
17.410 16.088 3.243 0.705 0.618 
16.860 15.169 2.034 0.663 0.581 
15.390 12.777 1.037 0.742 0.593 
12.830 10.103 0.617 0.641 0.470 
8.910 6.674 0.268 0.462 0.3~ 

3.300 2.354 0.046 0.186 0.104 



and 3. Consideration of those results for side grooved specimens show slightly 

more dependence on the chosen stress level with respect to the slice area 

obtained. For side grooved specimens above 5 nun thick there is a marked 

increase in the proportion of specimen thickness when the slice area is at the same 

level as the specimen centre line. At specimen thicknesses of 5 mm and below 

the slice area to centre line area falls away towards the specimen edge, as is the 

case with the plain sided specimens. 

As with the results for J-Q methodology the consideration of material volumes at 

stress levels above that which cleavage is likely, i.e. in the lower shelf region, 

strongly suggests that the introduction of side grooves has the potential to yield 

valid fracture toughness values for sub thickness specimens. The applicability of 

area scaling methodology in the prediction of cleavage failure for three 

dimensional finite element models will be further considered in section 6.6. 

6.4 FRACTURE TOUGHNESS TESTING 

Fracture toughness testing of the EN24 material was undertaken using the compact 

tension configuration shown in fig. 6.1 and described in section 6.2. This configuration 

of specimen allows either K or J results to be obtained. As with the aluminium 

specimens described in section 4.4 testing was done using an Instron servo-hydraulic 

test machine of 50 kN dynamic and 100 kN static load capacity in accordance with 

BS7448 part 1, 1991 [26] for K detennination and ASTM E813-88 [104] for J 

determination. 

6.4.1 SPECIMEN PREPARATION 

All specimens were prepared in accordance with BS7448, part 1, 1991 [26], 

section 6. The specimens were first machined to a plain sided condition and then 

heat treated as described in section 5.3. The specimens were then fatigue pre

cracked to give a ratio of aJW between 0.45 - 0.55. Crack length during the pre

cracking process was monitored by the use of a travelling microscope. Pre

cracking was in accordance with clause 6.4.6 ofBS7448 [26] as described in 

section 4.4.1 and hence equations (4.12), (4.13) and (4.14). These requirements 

are more stringent than those laid down in ASTM E813-88 [104] and hence 

satisfy all of the requirements therein. 
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Table 6.3 gives details of all pre-cracking data and maximum pre-cracking force 

conditions according to clause 6.4.6 ofBS7448 [26]. All of the requirements of 

clause 6.4.6 were met by all of the specimens under consideration. 

Further conditions as laid down by clause 6.4.7(a) and (b) ofBS 7448 [26] which 

states that the maximum stress intensity factor during the initial fatigue pre-crack 

extension shall not exceed 1.3 Kr, where Kfis defined by equation (4.15) and that 

the fatigue force ratio shall be in the range 0 - 0.1, were also satisfied by all 

specimens. Clause 6.4.7 (c), (d) and ( e) which relate to pre-crack shape and size 

were also satisfied. 

As with the aluminium specimens the side grooves were machined after pre

cracking due to the difficulty in determining the fatigue crack length at the root of 

the side groove, this procedure is also recommended in ASTM E813-88 [104] in 

order to produce a straight fatigue pre-crack front. 

6.4.2 TEST PROCEDURE 

Some preliminary testing was undertaken in order to establish the fracture 

characteristics of the complete range of specimens both plain sided and side 

grooved. The test records from this preliminary testing revealed that a wide 

difference could be expected in the test records obtained. 

As could be expected the results of these preliminary tests showed that the results 

obtained for full thickness plain sided specimens exhibited flat fracture across the 

width of the specimen with typical test records in terms of load v load line 

displacement similar to that illustrated in fig. 6.50(a). Sub thickness plain sided 

specimens varied considerably in the way they behaved. Both 15 mm thick and 

10 mm thick specimens still exhibited a flat fracture surface across the width of 

the specimen but the load v load line displacement test record exhibited an 

increasing number of 'pop ins' as the thickness reduced. Typical results obtained 

from the 10 mm thick specimens are similar to those illustrated in fig. 6.50(b). 

Specimens of 5 mm thickness and below exhibited a transition from flat fracture 

surfaces to slanted fracture surfaces indicating a greater amount of shear. Typical 

load v load line displacement test records for these specimens are as illustrated in 

fig. 6.50(c), in all cases, for these thin specimens there was evidence of stable 

crack growth. 
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SpecimmNo SideOroove Pre-crac rinsI. DeIa l'l1>-<::ooo:: :iD2 for<e roodiIiom 
Type IDiIiaI Cycles FIIllIi Cycl<s F,{kN} CoadiIion F,{kN} 

Mean Load (iN) !Ampli1ude(kN) No ofCycl<s Cmcldel1l'Jh(mm) Mean Load (kN) AIrlpli1ude (iN) No ofC::Lcles ChcIr.1ength (mm) eq 4.12 eqU) eq 414 

2SP1 Ncme 14.00 13.00 4000 0.2 13.00 11.00 7000 1.99 98.50 I.II92IBE-<J7 36.29 
2SP2 No .. 14.00 \3.00 5700 0.2 13.00 11.00 3000 1.59 100.81 1.8S401&G7 40.02 
2SP3 Nono 14.00 13.00 S8SO 0.2 13.00 lLOO 3750 1.91 99.03 1.8S372E-0" 3"r.-
2SP4 None 14.00 13.00 5100 0.2 13.00 11.00 4200 1.83 99.42 1.87652E47 38.88 

151'1 Ncme 

1SP2 NOIIO 

1SP3 None 9.00 8.00 3800 03 7.00 6.00 1000 1.7L 60.07 l.~ 25.02 
151'4 Nono 9.00 8.00 4600 0.2 7.00 6.00 1300 1.19 61.76 I.6404JE-U7 ~4 54 

IOPI None 6.00 5.00 6000 0.2 4.SO 4.00 3200 1.34 40.84 1.62101E-07 17.81 
10P2 None 6.00 5.00 S900 0.2 4.50 4.00 2600 L24 41.08 1.6124E..o7 15.78 
IOP3 None 6.00 5.00 6000 0.2 4.SO 4.00 3500 134 40.84 1.62101E..07 17.D4 
10P4 Nono 6.00 5.00 7000 0.2 4.50 4.00 SOD 1.33 40.88 1.6195E..07 16.32 

5PI None 3.00 260 2200 0,2 260 230 SOOO 1.94 19.77 1.92654E..07 8-82 
SP2 None 3.00 2.60 2200 0.2 2.60 2.30 SOOO 221\ 19.42 1.957'J1E-07 12.30 
5P3 None 3.00 2.60 2200 03 2.60 230 SOOO 2.13 19..56 1.94467E..o7 12.00 

SP4 None 3.00 2.60 2200 0,3 2,60 230 SOOO 2.24 19.44 1.9560IE-07 10.26 

SP5 None 3,00 2.60 2200 0.3 2.60 2.30 SOOO 2.24 19.43 1.9566JE-07 9.18 

5P6 None 3,00 2.60 2200 0.3 260 230 SOOO 2.24 19.43 I.95663E-U7 9.84 

5P7 None 3.00 2.60 2200 0.3 2.60 230 SOOO 2.26 19.42 1.9S803E..o7 9.24 

SP8 None 3.00 2.60 2200 0,2 2.60 230 SOOO 2.08 19.61 1.94054E-07 9.60 

SP9 None 3.00 2.60 2200 0,2 2.60 2,30 SOOO 1.76 19.96 1.9088E..07 10.20 

51'10 NOlle 3.00 2.60 2200 0,2 2.60 230 SOOO 1.93 19.77 1.92S54E-<J7 10.80 

51'11 None 3,00 2.60 2200 0.2 260 2.30 SOOO 2.04 19.66 1.93568E-07 11.40 

51'12 None 3.00 2.60 2200 0.2 2.60 2.30 SOOO 1.55 20.19 I.88869E..o7 12.00 

SP\3 None 3.00 2.60 2200 0.2 260 230 SOOO 2.04 19.65 1.93618E-Q7 9.00 

SPI4 None 3,00 2.60 2200 0.2 2.60 2.30 SOOO 1.98 19.92 1.91208E-Q7 9.90 

51'1!! None 3.00 260 2200 0.2 260 230 SOOO 1.83 19.88 1.9ISSE-07 10.50 

51'16 None 3.00 2.60 2200 0.2 2.60 2.30 SOOO 1.84 19.87 1.9167"..E-07 11.10 

51'17 None 3.00 260 2200 0.2 260 2.30 SOOO 1.10 2D.69 1.8464E-07 1I.7Q 

2-SpI NOlie 

2-SpZ N(lI\e 

2-SpJ None 1.50 1.30 2200 0.2 1.30 US SOOO 1.44 10.16 1.88E-Q7 5.10 

2-5»'1 None 1.50 1.30 2200 0.2 1.30 1.15 SOOO 1.72 10.00 1.91E..o7 5.40 

2-5p5 None 1.50 130 2200 0,2 1.30 1.15 SOOO 209 9.80 I.94E..o7 5.70 

2-Sp6 None 1.50 1.30 2200 0.2 1.30 1.15 SOOO l.45 10.15 1.88E..o7 6.00 

2-Sp7 NOlIe 1.50 1.30 2200 0.2 1.30 1.15 SOOO 1.89 9.91 1.92E-Q7 6.30 

2-5p8 None I,SO 1.30 2200 0.2 1,30 1.15 SOQO 1.61 10.06 I.89E..o7 6.60 

2-Sp9 None I.SO 1.30 2200 0.2 130 1.15 SOOO 1.65 10,04 1.9OE..07 4.80 

2-SplO None I.SO 1.30 2200 0.2 130 1.15 SOOO 1.09 1035 1.8SE-07 5.10 

2-SpIl None 1.50 1.30 2200 Q.2 1.30 1.15 SOOO 1.61 10.07 1.89E-07 5.40 

2-Sp12 None I.SO 1.30 2200 0.2 130 1.1S SOOO 1.97 9.87 1.93E-U7 5.70 

2-Sp13 None I.SO 1.30 2200 0.2 1.30 US SOOO 1.39 10.18 1.87E..07 6.00 

25S01 V .. 30% 14,00 13,00 12000 0.2 13.00 11.00 8000 1.18 97.52 1.9IE-Q7 32.40 

2SS02 V .. 30"/0 14.00 13.00 9000 0.22 13.00 11.00 7000 1.60 95.27 1.95E..07 26.94 

/SSGI Vee 30% 9,00 8.00 10000 0.19 7.00 6.00 7000 1.29 59.16 1.7JE..07 16.85 

10801 Vee 30% 6,00 5,00 10000 0.1 4.50 4.00 7000 0.78 61.98 1.07E-U7 1255 

10502 Vee 30% 6.00 5,00 10000 0.2 4.SO 4.00 7000 1.63 64.82 1.03E..o7 13.34 

5SGI Vee 30% 3.00 260 11000 0,3 260 2.30 9000 1.24 19.44 1.96E-Q7 597 

5SG2 Vee 30% 3.00 2,60 11000 0.42 2.60 2.30 9000 1.90 19.81 1.92E..07 5.78 

0,25 260 230 9000 2.08 19.61 1.946-U7 6.85 
SS03 YoeJO% 3,00 260 11000 

260 230 9000 202 19.68 1.93E..o7 554 
5804 Vee 30% 3.00 2.60 11000 0.3 

2.60 230 9000 1.77 19.95 1.91E..o7 641 
5805 Vee 30"0 3.00 260 11000 0.31 

2.60 230 9000 2.27 19.41 1.96E..07 5.50 
5506 Vee 30"" 3.00 2.60 11000 0.52 

2.60 230 9000 226 19.42 1.96E..07 S.40 
SSG7 V .. 30% 3.00 260 11000 0.54 

1.30 1.15 6000 223 8.65 21BE-Q7 312 
2-5501 V .. 30% 1.50 1.30 11000 0.53 

1.30 1.15 6000 1.70 10.01 1.9OE..o? 315 
:1-5502 Vee 30"110 I.SO 1.30 11000 032 

1.15 6000 1.43 10.16 188E-Q7 14S 
2-5S03 Vee 30% 1.50 1.30 11000 0.52 1.30 

1.15 6000 1.35 10.21 1.87E..07 2.90 
2-5804 Vee3O",i, 1.50 1.30 11000 0.23 130 

US 6000 0.85 10.48 1.81E'{)7 339 
0.1 1.30 2-5505 Vee 30% 1.50 1.30 11000 

10.36 I.tI4£.07 3.24 US 6000 1.08 
2-5506 Vee )()%, I.SO 1.30 11000 0.23 130 

Table 6.3 Pre-cracking data 
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Load 

( a) Typical record 
25 mm thick 
specimen 

(b) Typical record 
lO mm thick 
specimen 

Load line displacement 

(c) Typical record 
5 mm thick 
specimen 

Fig. 6.50 Typical test records for plain and side grooved specimens 

Preliminary results obtained from the side grooved specimens varied significantly 

from those obtained from the plain sided specimens. In all cases the fracture 

surfaces were flat even at thicknesses of 2.5 mm and all load v load line 

displacement test records were of the type illustrated in fig. 6.50(a) and (b). 

As a result of the preliminary testing it was decided that plain sided specimens of 

10 mm thickness and above should be subjected to a standard K test in 

accordance with BS 7448 pt 1 [26]. Specimens below 10 mm thick would be 

subjected to J testing in accordance with ASTM E813-88 [104] with K values 

being determined from the resulting J values according to equation (2.22). All 

side grooved specimens were subjected to standard K tests in accordance with BS 

7448 pt 1 [26]. 

Procedure for K testing 

The procedure for K testing was identical to that described in section 4.4.2 for 

aluminium specimens with the exception that stepped notched specimens were 

used rather than straight notched. 

All specimens were tested under displacement control such that a nominal loading 

rate of 1.0 MPa ~m1s was achieved for all specimens based on a nominal a/\\' of 

0.5 which again complies with Clause 8,5 ofBS 7448 of a loading rate between 
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0.5 and 3.0 MPa ~rnJs. The specimen geometry was of the stepped notched 

compact tension type as illustrated in fig. 6.1. Load line displacement was 

measured by the use of a standard Instron clip gauge mounted on inward facing 

knife edges of thickness 0.5 mm. All other aspects of the test procedure were in 

accordance with clause 8 ofBS 7448 [26]. 

Procedure for J testin&: 

The original experimental method for the detennination of J was published by 

Begley and Landes [107] in 1972 with an alternative method being proposed by 

Rice et al [108] in 1973. It is this alternative method that forms the basis of the 

method specified in BS 7448 pt 1 and ASTM E813-88. Using equation (2.22) as 

a starting point, Rice showed that for a compact tension specimen: 

2 Vc 

J = ( ) fPdvc ..... (6.2) 
BW-a o 

Equation (6.2) effectively states that: 

J - 2Uc (63) - B(W - a) ..... . 

where Ue is the area under the P - v curve owing to the introduction of the crack. 

Hence J can be detennined by examination of the load - load line displacement 

test record. However, in a J test the total displacement Vt is measured where Vt 

comprises two components Vue which is the displacement resulting from loading 

of an uncracked specimen and Ve which is the contribution that the presence of the 

crack has to total displacement. Consequently the area under the P - v curve 

represents a total energy condition Ut rather than Uc. However, owing to the fact 

that for deep cracks the energy absorption due to the presence of the crack is very 

much greater than that of an uncracked body it is normal to asswne that the 

energy contained in the cracked body Uc is equal to the total energy UI and 

equation (6.3) becomes: 

J= (2Ut 
) ..... (64) 

BW-a 
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Further to the above assumptio~ if the crack is deep v and h ·11· 
,c ence v t WI contam 

both elastic and plastic contributions. It follows, therefore, that the total energy 

U t is divided into elastic and plastic components U and U 0· I el pi respec ve y, see 
fig. 6.51. It then follows that: 

Load,P 

J = J el + J pi ..... (6.5) 

----------------------------------------

Load line displacement, v 

Fig. 6.51 Elastic and plastic energy components of 
area under P - v curve 

The relative magnitude of the elastic and plastic contributions is dependent on 

specimen geometry, in general we can write: 

J - 1JUt (66) - B(W - a) ..... . 

where Tl is a dimensionless constant dependent on geometry. By combining 

equation (6.5) and (6.6) we arrive at a general expression for J separated into 

elastic and plastic components: 
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J = 1] el U el + 1] pi U pi 

B(W - a) B(W - a) 
..... (6.7) 

As was shown in equation 2.23 for linear elastic behaviour J is equivalent to G, 

hence. 

2 
J K] 1]pl U pl 

= IF + B(W _ a) for plane stress (6.8) 

and 

J 
_ K / (1 - v 2

) 1] pi U pi . 
- E + ( ) for plane stram (6.9) 

BW-a 

Hence J can be found experimentally from the load displacement records for 

specimens of known geometry. This method forms the basis of all current 

standards for the experimental determination of J. However, the standards do 

vary in their interpretation of the results obtained. The two standards used in this 

work use essentially the same method to define crack extension and to derive J 

but differ in their deftnition of critical fracture toughness. BS 7448 pt 1 uses the 

fracture appearance of the specimen and the slope of the local displacement in 

terms of 'pop in' behaviour to defme J, whereas ASTM E813-88 uses a regression 

analysis to defme JIe as the critical J value at stable crack initiation. As stated in 

section 6.4.2 all of the results presented here, in tenns of J testing are in 

accordance with ASTM E813-88. 

The objective of the test method described in ASTM E813-88 is to determine J as 

a function of crack growth. Load versus load line displacement is recorded and 

plotted with J being calculated in accordance with equation (6.9). This calculated 

J value is then plotted against estimated or physical crack growth using at least 

four data points within specifted limits of crack growth. The resulting curve 

reflects the materials resistance to crack growth. The critical value of J at crack 

initiation, defined as JIe, can be established by approximating the crack growth 

behaviour by a best ftt power law relationship. A blunting line is calculated from 

material properties and an offset line at 0.2 rum from the blunting line is 

constructed. It is the intersection of this 0.2 rum offset line and the power law 

regression line that determines JIe, see fig. 6.52. 
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ASTM E813-88 describes two techniques that can be used to obtain J as a 

function of crack growth. The fITst technique is a multi-specimen technique 

which requires at least four identically prepared specimens to be tested to 

different crack opening displacements and plotted on a single curve to obtain the 

required power law regression plot. The actual crack growth is used as 

determined post fracture using a heat tinting method. The second technique is a 

single specimen technique and uses elastic compliance or an equivalent indirect 

method to evaluate the crack length. Elastic compliance measurements are taken 

from a series of unloading/reloading segments spaced along the load versus load 

line displacement record. 

The multi-specimens technique was used in the work presented here, mainly due 

to the fact that single specimen testing could not be undertaken with the available 

Instron control interface. 

Once the plot of J versus ~a has been constructed ASTM E813-88 required that 

some data is excluded from the determination of the power law regression line. 

Hence exclusion lines are constructed, outside of which data is not valid, as 

follows: 
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i) The blunting line is constructed in accordance with J = 2ay ~a. This 

blunting line takes account of the apparent increase in crack length due to 

crack tip blunting. 

ii) Maximum and minimum data lines are drawn parallel to the blunting line 

which intersect the crack extension axis at 1.5 mm and 0.15 mm 

respectively. 

iii) An . l' . (W - a) 0" v 
upper cappmg me IS added in accordance with J = - . 

max 15 

All of the above constructions are illustrated in fig. 6.51 together with the region 

of valid data. 

Data within the valid region must be suitably distributed in order to yield valid JIe 

results. ASTM E813-88 demands that one data point must lie within a band 

between the 0.15 mm exclusion line and an offset line 0.5 mm from the blunting 

line. Similarly one data point must lie within a band between an offset line 

1.0 mm from the blunting line and the 1.5 mm exclusion line. 

A provisional value of he can now be determined for the qualifying data by 

fmding the intersection of the power law regression line and the 0.2 mm offset 

line. The following procedure is recommended in ASTM E813-88 for accurate 

determination of JIe. 

i) An estimated JQ(l)- JQ(i) value is read for the graphical plot. 

ii) ~aci) is evaluated using: 

..... (6.10) 

iii) An interim value JQ(i + 1) is derived for the power law hardening relationship 

as follows: 
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iv) The integer i is incremented and fed back into equation (6.10) and (6.11) to 

obtain successive values of L1~i) and interim JQ(i + I) until the JQ results 

converge within ±2%. 

v) Maximum and minimum crack extensions valid for JIe qualifications are 

determined by projection down the crack extension axis of the intercepts 

between the power law curve and the 0.15 mm and 1.5 nun exclusion lines 

see fig. 6.52. 

6.4.3 TEST RESULTS 

, 

As with the aluminium specimens described in section 4.4.3, PQ was calculated by 

using the 5% offset rule specified in clause 9.2.2 ofBS 7448 [26] (see fig. 4.23) 

for all specimens subjected to a KIe test. This procedure is perfonned 

automatically within the KIe Instron program but as with the aluminium 

specimens several results were manually checked. Typical fracture surfaces are 

illustrated in fig. 6.53 for a range of plain sided and side grooved specimens. 

There was no evidence of stable crack growth in any of the specimens subjected 

to this type of test. The final fatigue pre-crack length was detennined by the use 

of a travelling microscope with digital electronic readout. Test records obtained 

from both plain and side grooved specimens were similar to those described for 

the preliminary tests in section 6.4.2 and illustrated in fig 6.50. 

For plain sided specimens Ko was calculated from PQ in accordance with equation 

(4.4) and (4.5) and post fracture validity checks were perfonned in accordance 

with Clause 10 in BS 7448 [26]. In total four full thickness specimens were 

tested from which three valid KIe results were obtained, the other specimen 

(25P2) failed the PmaxiPQ < 1.1 check but only marginally with a value of 1.14 

being obtained. Hence the average value of fracture toughness, K,e obtained was 

95.6 MPa mO.5. In the case of sub thickness specimens Ko could not be 

designated K1e due not only to the thickness requirements being met but also 

because the P maxlPQ < 1.1 condition was increasingly violated as the thickness 

reduced. Values ofPQ and Ko can be seen for all plain sided specimens in table 

6.4 and a complete set of test records can be seen in Appendix II. 
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(a) 25 Thick plain 

(c) 25 Thick side grooved 

(e) 5 Thick side grooved 

Fig. 6.53 Typical fracture surfaces -
specimens subjected to K test 

168 

(b) 10 Thick plain 

(d) 10 Thick side grooved 

(f) 2.5 Thick ide groo ed 



In the case of side grooved specimens Ko was calculated from P Q in the same way 

as for plain specimens based on the actual specimen thickness. Corrected fracture 

toughness values were then calculated by using equation (2.29) for values of 

m = 0.5 and m = 0.7. Values ofPQ, Ko and corrected Ko can be seen in table 6.4 

and a complete set of records for side grooved specimens can be seen in 

Appendix III. 

Results for plain sided specimens subjected to J testing in accordance with ASTM 

E813-88 [104] can be seen in fig. 6.54 for 5 mm thick specimens and fig. 6.55 for 

2.5 mm thick specimens. Stable crack growth was observed in all of these 

specimens and was marked by heat tinting by placing the specimens in an oven 

preheated to approximately 300°C and left for at least 20 minutes. The specimens 

were then broken open using the Instron test machine set at a rapid steady 

displacement. 
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Fig. 6.55 J - Aa for 2.5mm thick specimens 

Results obtained from the tests were JQ = 71.0 N/mm for the 5 mm thick 

specimens and JQ = 100.8 N/mm for the 2.5 mm thick specimens these results 

were then converted into Ko values using equation (2.14) to give 

1.8 

Ko = 119.2 MPa mO
.
5 for the 5 mm thick specimens and Ko = 142.0 MPa mO.5 for 

the 2.5 mm thick specimens. 

Typical fracture surfaces are illustrated in fig. 6.56 for a range of crack 

extensions. Stable crack growth was measured in the same way as for fatigue pre

crack measurement. Final Ko values were obtained from the JQ values using 

equation (6.8) and added to table 6.3. A complete set of records can be seen in 

Appendix II. None of the JQ values obtained could be designated as JIe values due 

to failure to comply with clause 9.4.1.6 of ASTM E 813-88 [104] which states 

that the two near surface crack extension measurements shall not differ from the 

centre line value by more than +/- 0.02 W. In all cases crack tunnelling prevented 

this condition being met. 

A sample of specimens, both plain and side grooved, were examined by scanning 

electron microscope with some typical results being shown in fig. 6.57. In all 

cases the failure mechanism was microvoid coalescenece. 
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(a) Specimen 5Pl (b) Specimen 5P4 

(c) Specimen 5P3 

(d) Specimen 5P2 

Fig. 6.56 Typical fracture surfaces - specimen subjected to J te t 
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(a) Fatigue crack - fracture area 

interface, magnification = 120 

(b) Fatigue crack - fracture area 

interface, magnification = 750 

(c) Ductile failure region 

magnification = 2200 

Fig. 6.57 Scanning electron microscope fractograpb 
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Specimen No Side Groove Gross Net PQ (kN) ~ (Mpa.m°.5) ~ (Mpa.mO.5
) 

Type Thickness Thickness Full thickness Based on KIC K;\o~BIB:,,Jm 

m =0.5 m=0.7 

25Pl None 25 60.5 95.4 
25P2 None 25 62.3 96.3 
25P3 None 25 60.7 95.2 
25P4 None 25 61.5 96.2 

15P3 None 15 39.6 102.5 
15P4 None 15 38.9 98.2 

lOP 1 None 10 29.7 113.3 
lOP2 None 10 26.3 99.8 
lOP3 None 10 28.4 108.3 
lOP4 None 10 27.2 103.7 

All J tests None 5 119.2 

All J tests None 2.5 142.0 

25SGI 30% Vee 25 17.5 54.0 85.96 102.74 110.34 

25SG2 30% Vee 25 17.5 44.9 73.05 87.31 93.77 

15SGI 30% Vee 15 10.5 28.1 74.95 89.58 96.21 

10SGI 30% Vee 10 7 20.9 78.9 94.30 101.28 

10SG2 30% Vee 10 7 22.2 80.5 96.22 103.33 

5SGI 30% Vee 5 3.5 9.9 79.44 94.95 101.97 

5SG2 30% Vee 5 3.5 9.6 75.62 90.38 97.07 

5SG3 30% Vee 5 3.5 11.4 90.44 108.10 116.09 

5SG4 30% Vee 5 3.5 9.2 72.94 87.18 93.63 

5SG5 30% Vee 5 3.5 10.6 83.32 99.59 106.95 

5SG6 30% Vee 5 3.5 9.2 73.26 87.56 94.04 

5SG7 30% Vee 5 3.5 9.0 71.92 85.96 92.32 

2-5SGI 30% Vee 2.5 1.75 5.2 92.41 110.45 118.62 

2-5SG2 30% Vee 2.5 1.75 5.3 8l.55 9747 104.68 

2-5SG3 30% Vee 2.5 1.75 5.8 88.12 105.32 113.11 

2-5SG4 30% Vee 2.5 1.75 4.8 73.86 88.28 94.81 

2-5SG5 30% Vee 2.5 1.75 5.6 84.11 100.53 107.96 

2-5SG6 30% Vee 2.5 1.75 5.4 81.3 97.17 104.36 

Table 6.4 Summary of experimental results 
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6.S COMPARISON OF FINITE EL EMENT AND EXPERIMENTAL RESULTS 

Comparison of fInite elem t d . en an expenmental results can only be undertaken based on 

J-Q theory due to the dominant room temperature failure mode being microvoid 

coalescence. 
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Fig. 6.58 Comparison of FE and experimental results based on J - Q theory 

Fig. 6.58 shows the experimental results superimposed on the 1-0 trajectories from figs 

6.48 and 6.49 for both plain sided and side grooved specimens. Each set of 

experimental results is plotted on the appropriate J-Q trajectory for the specimen size 

and type in question. Experimental results obtained from K1C tests have been converted 

into J values by using equation (2.23). A trend line has been added to fig. 6.58 of 

average experimental results obtained from the plain sided specimens together with 

scatter limits based on the results plotted. Consideration of fig. 6.58 illustrates the 

effectiveness of side grooving in terms of increased constraint and fracture performance 

particularly for thin specimens. J-Q trajectories for the plain sided specimens become 

progressively shallower as the thickness reduces with both the 5 nun thick and 2.5 Imn 

thick plain specimens exhibiting very shal10w J-Q trajectories together with high \alues 

of fracture toughness associated with stable crack growth. In contrast the introduction 

of side grooves produces steep J-Q trajectories and much lower mea"ured \'alues of 
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fracture toughness with no stable crack growth. The experimental fracture toughness 

values plotted for side grooved specimens in fig. 6.58 are based on m = 0.7 in equation 

(2.29). It is interesting to note that the 5 mm thick side grooved specimen performs 

better than the 10 mm thick plain sided specimen and almost as well as the 15 mm thick 

plain sided specimen. 

The intersection of the J-Q trajectory for the 5 mm thick side grooved specimen with the 

trend line based on plain sided experimental results can be used to predict the likely 

performance of the specimen under test conditions. The result of such an analysis 

would be an expected, measured, fracture toughness of 100.6 MPa mO.5. This compares 

well with the average experimental result obtained with m = 0.7 of 100.3 NIPa mO.5. It 

is, however, approximately 5% higher than the measured fracture toughness based on 

the average result obtained from full thickness specimens. 

The results obtained in this study using J-Q theory are consistent with the principles 

illustrated in fig. 3.21. 

6.6 LOWER SHELF CLEAVAGE FAILURE PREDICTION 

Prediction of the likely influence of side grooves on fracture toughness values obtained 

at lower shelf temperatures where the dominant failure mode is cleavage can be made by 

the application of the area scaling method. 

Application of area scaling is however problematic in 3D cases in that the use of 

equation 3.37 is dependent upon an appropriate choice of reference area, ho, which in 2D 

studies is normally taken to be the area associated with a Q = 0 situation. Since area 

scaling is essentially a 2D method its extension into 3D is open to some interpretation 

particularly when considering what constitutes an appropriate reference area [109]. 

Consideration of the results shown in table 6.2 indicate that for the 25 mm thick 

specimen the centre line slice area is 130.7 units2 compared to the small scale yielding 

value obtained from boundary layer analysis of 143.2 units
2

. Away from the specimen 

centre line the area decreases as indicated in fig. 6.34 giving an average area across the 

specimen of89.38 units2. Clearly the 25 mm thick specimen yields a plane strain 

fracture toughness result in accordance with the relevant standards even though the 

small scale yielding slice area, ho, is not achieved anywhere through the thickness of the 

specimen. It is with this in mind that the average area across the 25 mID thick specimen 
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was selected as the plane strain reference area, hps. Hence combining equations 3.37 

and 2.23 a constraint corrected fracture toughness value can be calculated for each 

specimen thickness in accordance with: 

..... (6.12) 

where Kps is the plane strain fracture toughness. 

It is further assumed that if the ratio obtained of Kps/ K > 1 that the specimen will fail at 

the plane strain value. TIris assumption would seem reasonable because the volume of 

material ahead of the crack tip subjected to a stress level at which cleavage fracture 

could occur will be greater than for the specimen yielding a plane strain fracture 

toughness value. Results of the finite element predictions based on equation 6.12 and 

the above assumption for cr/cro = 2 are shown in fig. 6.59. The results suggest that side 

grooving would also improve the performance of CT specimens at lower shelf 

temperatures where the dominant failure load is cleavage. 
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6.7 DISCUSSION OF RESULTS AND CLOSURE 

The results presented in this chapter suggest that crack tip constraint is sufficiently 

enhanced by the introduction of side grooves as to allow near minimum ( i.e. plane 

strain) fracture toughness values to be obtained from sub thickness fracture specimens 

under both ductile conditions where failure is by microvoid coalescence and brittle 

conditions where cleavage is the prime failure mechanism. In the case of cleavage this 

is based upon theoretical considerations alone, but in the case of microvoid coalescence 

is supported by both theoretical (finite element) and experimental evidence. 

Table 6.5 gives some key average experimental and finite element results for ductile 

fracture, as can be seen the experimental results for m = 0.7 give good agreement with 

the finite element predictions obtained by taking the intersection of the l-Q trajectory for 

each side grooved specimen thickness with the trend line based on plain sided 

experimental results. The percentage difference from the measured plane strain fracture 

toughness value of 95.6 MPa m°.5 is also given. 

Although good agreement is obtained between the experimental results for m = 0.7 and 

the fmite element results they are, in all cases, slightly elevated from the plane strain 

value obtained from the 25 mm thick specimen. As would be expected the deviation 

from the plane strain value increases as the specimen thickness reduces, the average 

value of 102.3 MPa m°.5 obtained from the 10 mm thick specimens is based on the 

results from two tests only which may explain the larger experimental deviation 

compared with the finite element prediction. All other experimental results for 5 rum 

thick and 2.5 nun thick specimens are the average of a least six results. 

Specimen Thickness K( MPamu.») 

25 mm Plain 95.6 

m=O.5 m-0.7 FE Prediction 

10 mm Side Grooved 95.26 (-0.3%) 102.3 (+7.0%) 99.12 (+3.6%) 

5 mm Side Grooved 93.38 (-2.3%) 100.29 (+4.9%) 100.6 (+5.2%) 

2.5 mm Side Grooved 99.87 (+4.5%) 107.25 (+ 11.9%) 105.8 (+ 10.6%) 

Table 6.5 
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Consideration of the 5 mm thick specimen results indicate that the expected increase in 

fracture toughness for the side grooved specimen is approximately 5% from both the 

experimental results based on m = 0.7 and finite element predictions. In comparison the 

increase in fracture toughness obtained experimentally for the plain sided specimen was 

in the order of25%. 

Although BS 7448 [26] allows the use of side grooves under certain conditions it makes 

no provision for the calculation of results based on side grooved specimens, AS TM E 

399 [27] on the other hand does make such provision in the form of equation (6.13) 

K/ = ( P
Q r'. f(~J .... {6.13) 

BBNW' W 

where the symbols have the same meaning as in equations (2.29) and (4.8). 

It is recognised that equation (6.13) is identical to equation (2.29) with m = 0.5, hence 

from the results presented in table 6.5 conservative results would be obtained for side 

grooved specimens down to 5 mm in thickness, i.e. one fifth of the recommended 

thickness required to yield plane strain results. Results obtained from the 2.5 mrn thick 

specimens proved to be non conservative even with m = 0.5. It is therefore 

recommended that, although m = 0.7 gives the best fit between experimental results and 

finite element predictions, if sub thickness side grooved specimens are used for fracture 

testing a value ofm = 0.5 should be used to ensure conservative results. This leads to a 

thickness limit for side grooved specimens based on the results presented here for EN24 

of: 

B20.s( ;; J .... (6.14} 

Although the results presented give a positive indication of the benefits of side grooving 

only one material has been investigated and the observations made here may not be 

applicable across a wide range of materials. Although results have been published in the 

open literature for side grooved specimens they are often limited to the effects of side 

grooving on full thickness specimens. Very little has been published on the effects of 
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side grooving on sub thickness specimens hence the difficulty in comparing the results 

presented here with others. This lack of published data is probably due to the fact that 

fracture testing is expensive and that the detailed 3D finite element analysis required 

demands powerful computers and long runtimes. Further work to investigate the effects 

of hardening and different material toughness characteristics would be beneficial 

particularly in consideration of the potential benefit to many industries where the 

materials employed often can not provide specimens of the standard thickness required 

by current fracture toughness test methods. 
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CHAPTER 7 

CIRCUMFERENTIALLY CRACKED ROUND BAR SPECIMENS 

7.1 INTRODUCTION 

In previous chapters side grooving of compact tension specimens has been investigated 

as a possible way of obtaining essentially plane strain fracture toughness values from sub 

thickness specimens. However the planar dimensions of such specimens can still be 

considerable and the accuracy of machining required to produce the specimens is high. 

An alternative to the compact tension and single edge notched bend specimen that is the 

subject of increasing interest is the circumferentially cracked round bar (CRB) specimen. 

Reasons for this increased interest are due to the low machining costs of the specimen 

and perceived weaker size requirement. The argument in support of this weaker size 

requirement stems around the fact that for CRB specimens the circumferential crack tip 

has no free surface and that the required crack depth and minimum diameter need only to 

ensure that the crack tip plastic zone is not influenced by the free surface of the cylinder 

or the specimen axis of symmetry. 

The work presented in this chapter aims to investigate the above claims by considering 

crack tip constraint and size requirements for this type of specimen by again using a l-Q 

approach. In this way a direct comparison can be made of the performance of the CRB 

specimen and side grooved compact tension specimens. 

Three materials have been investigated, the aluminium alloy from chapter 4, EN24 steel 

from chapters 5/6 and HY-130 steel. Material properties for the aluminium alloy and 

EN24 are as defmed previously, properties for the HY-130 steel are taken from 

published literature. 

7.1.1 AIMS AND OBJECTIVES 

The aims and objectives of the work described in this chapter are as follows: 

i) To investigate crack tip constraint provided by CRB specimens for a 

variety of diameters and crack depths. 
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ii) To defme specimen size requirements for CRB specimens in tenns of 

material properties. 

iii) To compare the effectiveness of the CRB specimen with that of side 

grooved compact tension specimen for EN24 steel. 

7.2 SPECIMEN GEOMETRY AND SIZE REQUIREMENTS 

No recognized test procedure for precracked CRB specimens exists, hence there is an 

unreliability inherent in reported fracture toughness values obtained from such tests. 

E602-81 [110] defines a test method for sharp-notched cylindrical tension specimens but 

only allows the use of two standard diameters, i.e. 1/2" and 11
/ 16" as indicated in fig. 7.1. 

Donoso and Labbe [Ill] used a modified fonn of this specimen with a diameter of 

12 mm and a notch root radius of 0.0625 mm to evaluate Q stresses and constraint 

behaviour ofbi-metallic specimens. Wilson [112], Shabara et al [113] and Toribio [114] 

also used this type of specimen but with a variety of notch radii, whilst other 

investigators Li and Bakker [115]; Itoh, Murakami and Kashiwaya[116]; Giovanola, 

Homma, Lichtenberger, Crocker and Klopp [117] have used fatigue precracked versions 

of this specimen type. 

When considering size requirements for CRB specimens the published literature presents 

conflicting views. For CT specimens it is generally accepted that the minimum size 

requirements to achieve minimum values of KIC occurs when the specimen thickness and 

uncracked ligament size are eight times the plane stress plastic zone size, see 4.2. 
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(0.018) 

L 

NoTE 1-OlmensionS are illnches and (miIine1reS). 
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111111 il. 1.060 ± 0.005 
(26.9 ± 0.13) 

0.150 ± 0.005 
(19.0 ± 0.13) 

2.13 
(64.1) 

Fig. 7.1 Standard notched specimen according to E 602-81 
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It can be argued that for CRB specimens the circumferential crack tip has no free surface 

and that the required crack depth and minimum diameter need only to ensure that the 

crack tip plastic zone is not influenced by the free surface of the cylinder or the 

specimen axis of symmetry. Ibrahim and Kotousov [l18] then used the Irwin plastic 

zone size in plane strain as given in equation (7.1) to determine the minimum specimen 

diameter based on a crack depth to radius ratio of 0.5 to be 32 ry as given by equation 

(7.2) 

ry = _1 (K1C )2 ..... (7.1) 
6" (5'y 

D232rY OrD21.7(;;)' ..... (7.2) 

Other earlier studies by Shen et al [119], Lucon et al [120] and Ibrahim et al [121] all 

suggested that less stringent size requirements were appropriate with the crack length, 

uncracked ligament required being given by: 

a, b 2 0.27 (;;)' from [120 & 121] ..... (73) 

and 

a, b 2 0.38 ( ::)' from [119] ..... (7.4) 

This leads to a specimen diameter requirement for a crack depth to radius ratio 0.5 of: 

D 21.08 ( ;;)' from [120 & 120] ..... (7.5) 

and 

D 21.52 (;;)' from [119] ..... (7.6) 
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Scibetta [122] undertook an experimental and finite element study ofCRB specimens 

but concluded that the minimum specimen size requirement is more stringent than any of 

the above and was equivalent to twice the ASTM limit for CT specimens, i.e. 

D~5( ;: J ..... (7.7) 

Scibetta's reasoning was based on both constraint loss as defined by J-Q theory [82, 83] 

and by the area scaling method of Anderson and Dodds [91]. 

The analysis matrix for this study is given in table 7.1, the specimen diameters were 

chosen to give a spread of results in the range of 0.92 (K/C)2 to 13.3 (K/C)2 for the 
O'y O'y 

EN24, alwninium alloy and cleavage dominated HY -130 steel. 
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Fig. 7.2 Scbematic of specimen 

Due to the fact that experimental results have been well published for HY-130 

information is available for both the brittle cleavage dominated low temperature regIOn 
. .' h rtunity of studying both failure 

and the ductile upper shelf regIOn thereby glvmg t e oppo 
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modes. The specimen range for ductile behaviour is from 0.18 ( K IC )2 to 0.72 ( K IC )2 
G" y G"y 

From a manufacturing point of view it was considered unlikely that specimens smaller 

than 8 mm diameter could be manufactured and successfully precracked so this was 

taken as a lower limit. A schematic of the specimen is shown in fig. 7.2. For the 

EN24 and HY-130 specimens three crack depths were considered aIR = 0.3,0.5 and 0.7 

for the aluminium alloy specimen only aIR = 0.5 was considered. 

7.3 MATERIAL PROPERTIES 

Material properties for the aluminium alloy and EN24 were taken from the experimental 

results presented in chapters 4 and 5. For EN24 a Ramberg Osgood material model as 

given by equation (5.2) had already been defined, see fig. 5.9, to have the parameters of 

n = 50, ex = 0.15, Eo = 0.0048, 0"0 = 970 MPa and E = 200 GPa. 
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Fig 7.3 Aluminium alloy stress strain curve 

184 



Material properties for the aluminium alloy, although presented in fig. 4.21 were only 

used for linear elastic finite element analysis in chapter 4. Fig. 7.3 shows the stress 

strain data from fig. 4.21 re-plotted as true stress - true strain together with the 

appropriate Ramberg Osgood material curve. The values used in the material 

description are n = 32, a = 0.02, Eo = 0.00659, ()o = 475 MPa and E = 72 GPa. 

HY-130 steel was chosen because it is well characterized in published literature [123, 

124], it is a ductile quenched and tempered steel that requires elastic-plastic fracture test 

methods at room temperature where failure is essentially by microvoid coalescence. 

Data is also available for this material at low temperatures where failure is essentially by 

cleavage. Joyce and Hasson [123] present results for a full temperature range with the 

JIC versus temperature curve from [123] being shown in fig. 7.4. Measured values from 

[123] are KIC = 51.5 to 81.3 MPa "m at -192°C and JIC = 139 to 174.7 KPa m at room 

temperature. All tests were conducted using 25 mm thick compact tension specimens 

with aIW = 0.65 and aIW = 0.8. 

11a 

50 

25 

1-
MAX. LOAD JIC --------- NO CRACK EXTE NSION 

-I : 
TRANSrTION TEMPERATURE 

VALID KIC 

A a/W·O.6~ 
o a/W-O.8 

.~~---_~I~-----_I~~~--~_~=---~o~---~~---rnIO~O----~I~o---~200 
TEMPERATURE DEGREES C 

Fig. 7.4 J 1C vs temperature HY 130 steel. 
After Joyce and Hasson [123] 

Giovanola et al [117] tested CRB specimens in a variety of materials including HY -130 

steel at room temperature. In addition to the normally expected ductile form of the 

material at room temperature which required elastic-plastic test procedures Giovanola 

also obtained the material in an embrittled form. 
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--Xl 
::1"1 

Material 
K IC (MPa mO.) 
cry (MPa) 
KId cry 

Specimen Diameter 

- - ---- -

EN24 
96 
970 
0.099 

9mm 0.92 (:~ )' 
18mm 1.83 ( :~ )' 
36mm 3.67 ( ~C J 
72mm 734 (::C J 

HY -130 jCleavage) HY -130 (Ductile) Aluminium alloy 
55 190 22 
873 873 475 
0.063 0.210 0.049 

8mm 2.00( :~ J 8mm 0.18(~C J 8mm 3.30 ( ::C J 
16mm 4.00(:~ J 16mm 036(:~ J 16mm 6.60( K 1C J 

O'y I 

32mm 800( :~ )' 32mm 0.72(:~ J 32mrn 13.3( ~C )' 

Table 7.1 



Although the reasons for embrittlement were not known the material cleaved at room 

temperature and effectively measured values of fracture toughness were similar to the 

lower shelf values obtained in [123]. Measured values from this test programme were K 

at initiation for the embrittled material of50.9 - 59.8 MPa"m without bending 

eccentricity correction and 51.1 to 61.2MPa"m with correction. Results for the ductile 

HY-130 material were J = 150-157 KPa m for a crack depth, aIR, of 0.65 and 

190 KPa m for a crack depth aIR, of 0.37. 

Giovanola et al [117] also performed finite element analysis on two of the specimens 

tested, one manufactured from the embrittled material which was 16 mm diameter and 

had a crack depth, aIR, of 0.62 and one manufactured from the ductile material which 

was 6.4 mm in diameter with aIR = 0.37. A power law fit material model was used for 

the finite element analysis of the form. 

.. ... (7.7) 

with Eo = O'JE and 0'0 = 873 MPa , n = 13.9 and a = 1.0044. 

The implementation of a true power law hardening material as in equation (7.7) is not 

possible with the ABAQUS package used for this study, hence a Ramberg Osgood 

model with the parameters ofn = 13.9, a = 1.0044, Eo = 0.0043,0'0 = 873 MPa and 

E = 200 GPa was used. The effect of this change is indicated in fig. 7.5 which shows the 

true power law hardening material model together with the Ramberg Osgood material 

model. Also indicated is the elastic slope line. As can be seen from fig. 7.5 the 

Ramberg Osgood model provides a far better fit to the elastic portion of the curve than 

the true power law hardening curve. This is important, particularly when considering 

constrained plasticity as is the case early in the loading sequence applied to the eRB 
specimens. The Ramberg Osgood model is also in reasonable agreement with the power 

law hardening model for the plastic portion of the curve. It is not clear from [117] how 

the power law hardening model was implemented in the bespoke finite element package 
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Fig. 7.5 HY-130 stress strain curve 

used, NIKE2D, it is likely that the elastic behaviour was specified elsewhere in the 

material description in which case the two curves would become virtually identical. 

7.4 FINITE ELEMENT ANALYSIS 

Again the fmite element analysis was undertaken using the ABAQUS package [99] 

together with the FEMGV graphical pre/post processor [100] and ABAQUS post [101]. 

First a modified boundary layer analysis was performed for the aluminium alloy and 

HY -130 materials as described in section 5.2 for EN24. A near crack tip region was 

modelled as a circular domain of outer radius R and initial, blunted, crack tip radius, ro, 

of 10-5 times the outer radius R. Boundary conditions were applied in accordance with 

fig. 5.1, equation (5.1) and table 5.2. The mesh was similar to that illustrated in fig. 5.2 

and had a high degree of refmement consisting of eight noded plane strain reduced 

integration elements concentric to the crack tip, the element size being arranged in an 

approximate geometric progression getting coarser away from the crack tip. As in 

chapter 5 a small strain formulation was used throughout. The small scale yielding 

results for each material were subsequently used as reference stress fields for Q stress 

evaluation. 
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Finite element modeling of the CRB specimens was done using an axisymetric model as 

shown in fig. 7.6 a symmetry boundary condition was applied along the crack tip and the 

aspect ratio of the specimen was 5: 1 in all cases. Loading was applied in the form of 

prescribed displacements on the top edge of the specimen so as to allow the analysis to 

proceed to full section plasticity without convergence difficulties. 

Specimen C L 

C"'-l 

---~ 

Symmetryb 
condition 

oundary 

, rescn e ISP P "b d d" lacement 
.. ~ .4 ~ ~~ j j ~~ , 

, 

,l'TIl () 
j7 '/// a --, 
, R 

Fig. 7.6 Finite element boundary conditions and loading 

" d " . t ly 20 load steps for all The prescribed displacements were apphe III approxuna e .. 

specimens through to full plasticity, the automatic time stepping routme m ABAQUS 

d· fficulties and this lead to the number of load was used to overcome any convergence 1 

steps being increased to 25 in some instances. 
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(b) Base region 

(c) Crack tip region 

~ 

(d) Crack tip detail 
( a) Full mesh 

Fig. 7.7 Finite element mesh 

The finite element mesh consisted of quadratic axisymetric reduced integration elements 

arranged as shown in fig. 7.7. As with the EN24 compact tension specimens the crack 

tip was modelled as being blunted with a radius of 0.005 nun. Due to the fact that the 

analysis was in 2D and would run relatively quickly a great deal of mesh refinement was 

used in the region of the crack tip. 
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7.5 FINITE ELEMENT ANALYSIS RESULTS 

The finite element analysis results will be considered for each material separately. 

7.5.1 EN24 

J integral development with load together with J-Q trajectories can be seen for the 

full range ofEN24 specimens in figs. 7.8 to 7.15. Consideration of J-Q 

trajectories for the EN24 material indicate that both crack depth and specimen size 

have a strong influence. The smallest diameter specime~ 9 mm (see fig. 7.9), 

exhibits J-Q trajectories that develop in a very shallow, almost flat, manner at low 

load but become steeper as the load is increased. For the shallow cracked 

specimen, aIR = 0.3, this steepening of the J-Q trajectory is less than for the other 

crack depths with Q becoming progressively more negative with increasing load. 

For the aIR = 0.5 specimen however a point is reached where the J-Q trajectory 

exhibits a turning point after which the trajectory becomes almost vertical for a 

significant load increase before finally returning to a trajectory where Q becomes 

progressively more negative with increased load. The aIR = 0.7 spe'cimen J-Q 

trajectory also reaches a turning point but for this specimen the value of Q 

becomes progressively more positive with increasing load. This behaviour for 

deeply cracked CRB specimens was also observed by Giovanola et al [117] for 

HY-130 specimens and by Scribetta [122] for a hypothetical Elay = 500 material. 

Similar, but less pronounced, effects are observed for all of the other specimen 

sizes as can be seen in figs. 7.11, 7.13 and 7.15. Due to the fact that these figures 

are plotted to a different horizontal, Q, axis scale it is difficult to observe the full 

effects of specimen size. 
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Fig. 7.16 provides a summary f th J Q . . 0 e - trajectory envelopes for each specimen 

diameter. Each envelope represents the range of J-Q trajectories that can be 

expected for aIR in the ran 0 3 0 7 ge . to . . When plotted on a single graph the effect 

of specimen size can be clearly h' . . seen, as t e specunen diameter increases the J-Q 

trajectory range is reduced and, most importantly, the trajectory at low load 

becomes much steeper. 

400 

300 

200 

100 

o 
0.2 o -0.2 -0.4 -0.6 -0.8 -1 

Q 

Fig. 7.16 J-Q envelopes for EN24 specimens 

-1.2 

The above observations have a fundamental effect on CRB specimen design. For 

EN24 with a fracture toughness of K1e = 95 MPa ~m, i.e. JIe = 41 N/mm an 

unacceptably low value of constraint would be provided by all of the specimens 

considered, even for the 72 mm diameter specimen Q ~ -0.2 at aiR = 0.7. Further 

consider that the load required at this level of J can be estimated from fig. 7. 14 to 

be in the order of380 kN for aiR = 0.7 and 820 kN for aIR = 0.5 then it becomes 

apparent that the CRB specimen would not be a practical proposition. However, 

for high toughness materials tested under elastic plastic conditions the use of eRB 

specimens may have some merit because of the increase in constraint particularly 

for smaller diameter specimens, as loading progresses into the fully plastic region. 
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For EN24 it is possible to estimate J at fracture for the CRB specimens under 

consideration here by using the FE and experimental data generated in chapter 6 

and plotted in fig. 6.58. Fig. 7.17 shows selected data from fig. 6.58 together with 

the J-Q trajectories for each diameter ofCRB specimen with aIR = 0.5 and 0.7. 

As can be seen the best performance could be expected from the 72 mm diameter, 

aIR = 0.7, specimen but the expected J at failure would be approximately 

55 N/mm which is considerably elevated from the plain strain fracture toughness 

value for the material. The worst performance specimen, 9 mm diameter, 

aIR = 0.5, could be expected to yield a value of J at failure of approximately 

73 N/mm. Clearly this would be unacceptable. 
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Fig. 7.17 Comparison ofCRB and CT specimen performance EN24 
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Fig. 7.18 Development of plastic zone with increasing J 
EN24 specimen 18 mm diameter aIR = 0.3 

Plastic zone development has also been studied for the EN24 specimens, figs. 7. 18 

to 7.20 show the effect of crack depth for the 18 mm diameter specimens. As can 

be seen, plastic zone sizes are large in comparison to the length of the uncracked 

ligament even for the aIR = 0.5 case, at J = 44 N/mm which is the closest contour 

available to the material fracture toughness the plastic zone stretches hal f way to 

the specimen centre line. 
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Fig. 7.19 Development of plastic zone with increasing J 
EN24 specimen 18mm diameter aIR = 0.5 

For shallow crack depths the plastic zone quickly spreads to the surface of the 

specimen and is probably the largest contributory factor in the observed loss of 

constraint. For the deeply cracked specimen, aIR = 0.7, the plastic zone quickly 

spreads to the specimen centre line, indeed at the nearest contour to the material 

fracture toughness, J = 46 N/mm, the contour has already intersected the centre 

line. Hence it is concluded that from plastic zone development view point aIR 

should be limited to say 0.45 s aIR s 0.55 if the plastic zone is to be confined to 

reasonable proportions at the crack tip. 
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Fig. 7.20 Development of plastic zone with increasing J 
EN24 specimen 18mm diameter aIR = 0.7 

This conclusion is broadly in line with the work ofScribetta [122] who estimated 

the optimum aIR range by plotting the J level at which plasticity reaches a specific 

bound for a moderately hardening material with E/cry = 500, see fig. 7.21. 
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Fig. 7.21 Plastic zone size evolution for different aIR ratios for 
E/O'y = 500. After Scribetta [122] 

1 

Scribetta concluded from these results that 0.4 ~ aIR ~ 0.6 could be an appropriate 

range, however, a slightly more conservative approach as suggested above is 

justified even when considering fig. 7.21 due to the fact that the line representing 

the J level at which the plastic zone reaches the specimen external surface and that 

representing the J level at which the ligament is fully plastic cross at 

approximately aIR = 0.45. 

Fig. 7.22 to 7.24 show the effect of specimen size on plastic zone development for 

a crack depth of aIR = 0.5 for the 9 mm,32 mm and 72 mm diameter specimens. 

By considering the contour for the J level closest to the material fracture toughness 

in each case it is observed that only the 72 mm diameter specimen provides what 

could be considered to be a suitable ratio of plastic zone size to uncracked 

ligament length for linear elastic fracture mechanics testing. 
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EN24 specimen 9mm diameter aIR = 0.5 

,., ---
~ -'- - .... +-< . -. ..... .- ---- -'- ....... 

,.........4 ........ "-

' .... , ". , 
- ','. " 

" ", " , . \ 
'. '. \ 

\ \. , 
\ \ 
\ . \ 
\ ~ , 

. I I I 
"~. '. :! I 

\\'\ I I I . I, 
\\: I' / 

\- I '.' I 
.-.1. " / \t. ,. 

r .'/ 

Crack tip 

JN/mm 
19 
42 
99 
118 
194 
296 
412 
541 
728 

Fig. 7.23 Development of plastic zone with increasing J 
EN24 specimen 32mm diameter aIR = 0.5 

202 



~ .-
" \ 

\ 

'- Crack tip 

JN/mm 
20 
40 
85 
195 
412 

Fig. 7.24 Development of plastic zone with increasing J 
EN24 specimen 72mm diameter aIR = 0.5 

7.5.2 ALUMINIUM ALLOY 

J integral development with load together with J-Q trajectories for the aluminium 

alloy specimens can be seen in figs. 7.25 and 7.26. Table 7.1 indicates that for the 

aluminium alloy under consideration the smallest, 8 mm diameter, specimen 

D = 3.3 (Kldcry)2 which is equivalent to the condition achieved by the 36 mm 

diameter EN24 specimen. Hence all of the J-Q trajectories are relatively steep in 

comparison to those obtained for EN24 at low levels of applied load. However at 

the material fracture toughness ofK1C = 22 MPa ~M, i.e. JIC = 6.1 N/mm only the 

16 mm and 32 mm diameter specimens exhibit what would be considered to be an 

acceptable level of constraint, i.e. Q ~ -0.1, with Q ~ -0.06 and Q ~ -0.01 

respectively. The performance of the 8 mm diameter specimen would be 

considered to be unacceptable at Q ~ -0.18. Further, even though the J-Q 

trajectories are steep in comparison to those obtained for the EN24 specimens they 

are shallow in comparison to the near vertical J-Q trajectory expected from a CT 

or bend specimen at the same level of applied J. 
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Hence due to the shallow nature of the J-Q trajectory even though acceptable 

levels of constraint are achieved for both the 16 mm and 32 mm diameter 

specimens this constraint can vary considerably even within the normal statistical 

scatter bands expected from fracture testing. This is illustrated by the curve for 

the 16 mm diameter specimen in particular, consider a variation on fracture 

toughness of 10% which would not be unreasonable then the value of Q could 

range from Q ~ -0.02 to Q ~ -0.1. The situation is slightly better for the 32 mm 

diameter specimen. Hence even at the largest diameter tested with 

D = 13.3 (Kldcry)2, though the level of constraint at the material fracture 

toughness could be deemed acceptable, the CRB specimen could not be relied 

upon to yield consistent results due to the shallow nature of the J-Q trajectory. 

Also for the 32 mm diameter specimen the load at failure can be estimated from 

fig. 7.23 to be in the region of60 kN in comparison to the failure load of2.97 kN 

reported in section 4.4.3 for a CT specimen. 

7.5.3 HY -130 

J integral development with load together with J-Q trajectories for the HY -130 

specimens are shown in figs. 7.27 to 7.32. The results obtained for these 

specimens are particularly interesting in that material properties are available for 

both lower and upper shelf, i.e. brittle and ductile behaviour. 

In general the results exhibit similar trends in terms of specimen size effects as 

those exhibited by the EN24 specimens, this is clearly seen in fig. 7.33, J-Q 

envelopes for the HY-130 specimens. However the HY-130 results clearly 

illustrate the difference in performance that can be expected from CRB specimens 

under linear elastic and elastic plastic test conditions. 

Both the cleavage and ductile toughness ranges from [123] are illustrated on fig.'s 

7.28, 7.30 and 7.32. The toughness ranges indicated were obtained from compact 

tension specimens and hence the scatter is due to statistical effects only and not as 

a result of changes in constraint conditions. The low levels of constraint exhibited 

by the CRB specimens under linear elastic conditions is separate from the scatter 

in the toughness range shown and will potentially lead to a further increase in the 

measured fracture toughness values under test conditions. 

205 



I 
~ 
~ 

500 

-B- aJR=O.3 

-h:-- aJR=O.5 

~aJR=O.7 

400 ? 

1 
ljJ , 
I 

ct 
300 I 

rt 

200 

100 i----tf----+-----;t---t-------411-

10 20 30 40 

Load (kN) 

Fig 7.27 J V load 8 mm diameter HY-130 specimens 

-fr- a1R=O.5 
~~----~----+~~ 

~ a1R=O.7 

o -0.2 -0.4 -0.6 

Q 

--+-------,- -- ---

-0.8 -1 

50 

-1.2 

Fig. 7.28 J - Q trajectories 8 mm diameter HY-130 specimens 

206 



500 -r------f---

-8-alR=O.3 

400 I-----rr-------l-~--J -b- aIR=O.5 
--+- aIR=O.7 

200 -j-----+-+---_----<L 

100J---~L-~---4~~- -~:;!....+----.~- -

50 100 

Load (kN) 

150 200 

I 

o 

Fig 7.29 J V load 16 mm diameter HY-130 specimens 

t-----t-\-----+----+-+---+--m---+--~-- --~-~-----

+-+----f---I- -+-__ --JL+----- --- - -- _-+-----l 

-0.1 -0.2 -0.3 -0.4 

Q 

-0.5 -0.6 -0.7 -0.8 

Fig. 7.30 J - Q trajectories 16 mm diameter HY-130 specimens 

207 



1 
~ 
~ 

500r----r---r~--~----~---,----~---

400 

300 

200 

o 

o 

~aIR=O.3 

---tr- aJR=O.5 

~aIR=O.7 

100 200 300 400 500 600 

Load (kN) 

Fig 7.31 J V load 32 mm diameter HY-130 specimens 

-0.1 -0.2 -0.3 

Q 

-e- a!R=O.3 

-fr- a!R=O.5 

~ a!R=O.7 

-0.4 

I 
I 
I 

i 
I 

--~- -t---
I 

-0.5 

700 

-0.6 

Fig. 7.32 J - Q trajectories 32 mm diameter "Y-130 specimens 

208 



o 

-, ~'-:-J~.~ - ~/;;' -.~ ,- - - ~
(iya~JQ\r ess :range ---_ ....... ,.;.. ... ---,---' ... 

O~------~O.~2-------0~.4------_-0L.6------_~O.-8-----_~1.0 

Q 

Fig 7.33 J-Q envelopes for HY 130 specimens 

In the cleavage toughness range that can be expected from this material the J-Q 

trajectories are again shallow indicating the unsuitability of the CRB specimen for 

linear elastic testing. The largest diameter specimen tested corresponded to 

D = 8 (K1dayi with a load at failure, estimated from fig. 7.31, in excess of200kN 

for aIR = 0.5. 

Under elastic plastic conditions however the J-Q trajectories presented are much 

steeper and therefore more likely to produce consistent test results. Indeed, small 

deeply cracked specimens would appear to offer the best perfonnance under these 

conditions. Consider, for example, the 8 mm diameter specimen with aIR = 0.7 

which provides a steady increase in constraint as the specimen loading increases, 

with Q ~ -0.1 within the expected ductile toughness range. This is consistent with 

the results obtained by Giovanola et al [117] who observed that, for a 16 mm 

diameter specimen of the same material with aIR = 0.62, Q increased steadily 

under conditions of full but confmed plasticity. Hence, in contrast to compact 

tension and bend specimens, where constraint levels decrease with the spread of 

plasticity, the CRB specimen appears to exhibit increased constraint with 

increasing J for small diameter deeply cracked specimens. 
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7.6 DISCUSSION OF RESULTS AND CLOSURE 

The results presented in this chapter give an indication of the perfonnance 

characteristics of CRB specimens for a range of materials. The results suggest that 

previously defmed minimum specimen size requirements from published literature 

[118 to 122] are not stringent enough to guarantee minimum values of fracture 

toughness. Indeed, the current results suggest that even the most stringent of these 

previously defined requirements due to Scribetta [122] equivalent to twice the ASTM 

limit for CT specimens of D ~ 5 (;; )

2 

is not conservative enough to guarantee 

minimum values. Comparisons made with plain sided and side grooved EN24 

specimens suggest that fracture toughness values significantly above plane strain 

values obtained from appropriately sized CT specimens would be obtained from CRB 

specimens with a diameter as high as D = 7.34 ( ;; J 
The J -Q trajectories obtained for all of the materials under consideration suggest that 

due to the shallow nature of the trajectories at low load the CRB specimen does not 

present a viable alternative to the compact tension or bend specimen for linear elastic 

fracture mechanics testing. It is observed that even within the nonnal statistical scatter 

bands expected for this type of test, constraint values can vary considerably. Although 

the J-Q trajectories do become steeper as the specimen diameter increases the test load 

required soon becomes prohibitive. 

Within the elastic plastic test range however the J-Q trajectories become much steeper 

and therefore more likely to produce consistent test results particularly for small 

diameter deeply cracked specimens. 

Hence this type of specimen, although limited for linear elastic testing, has good 

potential for elastic plastic testing and is a viable alternative to compact tension and 

bend specimens within this regime. 
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CHAPTER 8 

CONCLUSION AND FUTURE WORK 

8.1 CONCLUSION 

The work presented in this thesis has examined the validity of using sub sized fracture 

specimens to determine minim~ i.e. plane strain fracture toughness values. Two such 

approaches have been considered, firstly the use of side grooves to increase crack front 

constraint in reduced thickness compact tension specimens and secondly the use of 

circumferentially cracked round bar specimens. 

Linear elastic fracture mechanics analysis of aluminium alloy specimens was undertaken 

in order to establish the effects of side groove depth and geometry on crack front stress 

intensity factor and constraint for full thickness specimens. It was concluded that Vee 

grooves with a depth of 30% of the specimen thickness provided an optimum 

configuration, i.e. an effective thickness at the root of the side groove, BN, of 0.7 times 

the specimen thickness, B. The linear elastic investigations also gave analytical and 

experimental support to Freed and Krafft's idea of effective thickness with the actual 

material fracture toughness, KIC, being related to the nominal fracture toughness 

obtained by testing side grooved specimens, KNOM• by K Ie = K NOM ( ~ ) m. The 

exponent, m, was evaluated by finite element analysis to be between 0.62 and 0.66, and 

experimentally to be 0.71 for the specimen configuration in question. 

A two parameter elastic plastic fracture mechanics analysis was performed to investigate 

the effects of 30% Vee side grooving on sub thickness compact tension specimens 

manufactured from EN24 steel. J-Q theory was used to quantify crack tip constraint for 

various specimen thicknesses in order to predict thickness effects in plain sided 

specimens and the effects of side grooving. The reference stress field used in the 1-0 

predictions was first obtained from a modified boundary layer analysis. The results 

from this analysis indicated that side grooves were very effective at increasing the level 

of constraint along the crack front, to the extent that near minimum fracture toughness 

values could be expected from specimens of one fifth the recommended thickness 
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An experimental programme was also undertaken to investigate the effects of thickness 

and side grooving on EN24 specimens, with good agreement being fOlmd between the 

finite element predictions and experimental results for m = 0.7 in the Freed and Krafft 

equation. Fracture toughness values elevated by only 5% above the plane strain fracture 

toughness for the material were obtained from specimens of one fifth the recommended 

thickness. By using m = 0.5 in the Freed and Krafft equation, as demanded by 

ASTM E 399 the experimental results obtained were found to be conservative, being 

approximately 2% lower than plane strain results from specimens of one fifth the 

recommended thickness. It is proposed therefore that for side grooved specimens a 

thickness limit as low as B ~ O.5( ;; J could be appropriate ifm = 0.5 is used in the 

Freed and Krafft equation, this is subject to further work on other materials. 

As an alternative to side grooved compact tension specimens circumferentially cracked 

round bar specimens have also been investigated for a range of materials, these being, 

the aluminium alloy from chapter 3, EN24 and HY -130 steel. Again J-Q theory was 

used to evaluate crack tip constraint for a variety of crack depths for each material. The 

J -Q trajectories obtained for all of the materials considered suggest that due to the 

shallow nature of the trajectories at low load the CRB specimen does not present a 

viable alternative to the compact tension or bend specimen for linear elastic fracture 

mechanics testing. Comparisons made with plain sided and side grooved EN24 

specimens suggest that fracture toughness values significantly above plane strain values 

obtained from appropriately sized CT specimens would be obtained from CRB 

specimens with a specimen diameter as high as D = 7.34 ( ;: )' 

Within the elastic plastic test range however the J-Q trajectories become much steeper 

and therefore more likely to produce consistent test results particularly for small 

diameter deeply cracked specimens. Hence this type of specimen, although limited for 

linear elastic testing, has good potential for elastic plastic testing and is a viable 

alternative to compact tension and bend specimens within this regime. 
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8.2 FUTURE WORK 

The greatest potential for future work is in the area of sub thickness side grooved 

specimens. The results presented for EN24 give a positive indication of the benefits of 

side grooving but only one material has been investigated and the observations made 

here may not be applicable across a wide range of materials. Further work to 

investigate the effects of hardening and different material toughness characteristics 

would be beneficial, particularly in consideration of the potential benefit to many 

industries where the materials employed often can not provide specimens of the 

standard thickness required by current fracture toughness test methods. 

Lack of investigation in this area has almost certainly been due to two reasons: 

• That the detailed finite element analysis required demands powerful 

computers and long run times. 

• That fracture testing is expensive and to investigate tougher materials than 

those considered here large specimens and hence large testing machines will 

be required. 

With the introduction of ever more powerful computers the first restriction to further 

work is no longer a problem. However, J-Q theory although providing good 

agreement with experimental results can not be used alone as a predictive tool, the 

method relies on experimental data being available for specimens tested under 

different constraint conditions in order to develop a toughness locus for a particular 

material. Only when this toughness locus is available can specimens of differing 

constraint be evaluated, hence the real obstacle to future work is the requirement for 

large test machines and expensive muti-specimen test programmes. 

Future work on circumferentially cracked round bar specimens is really limited to their 

perfonnance under elastic plastic fracture testing conditions where they could provide 

benefits due to the simplified and less expensive machining requirements. They do not 

seem to provide any benefits for linear elastic testing. 
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APPENDIX I 

MATLAB FILES 



SORT3DPLAIN.m 

%%%%%%%%%%%%%%%o/~Io%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%Clear system 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
clear 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%Inputdata 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
% 
% lcoord(n).dat is a file containing nodal data for layer (n) 
% the format of which is: 
% [Node number, X, y, z] 
% 
% layer(n).dat is a file containing stress data for layer (n) 
% the format of which is: 
% [Node number, SP3, S 11, 822, S33] 
% 
% inp is a matrix combining lcoords and layer(n) 
% the format of which is: 
% [Node number, X, y, 8P3] 

~%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
numm=input('Enter layer number '); 
ifnumm==l 
load looord 1 .dat 
lcoords=:looord 1 ; 
load layerl.dat 
inp=[looords(:,l :3 ),layerl (:,2)]; 
end 

% 
ifnumm==2 
load looord2.dat 
lcoords=lcoord2 ; 
load layer2.dat 
inp=[lcoords(:,l :3),layer2(:,2)]; 
end 

% 
ifnumm==3 
load looord3 .dat 
lcoords=looord3 ; 
load layer3.dat 
inp=[lcoords(:,l :3),layer3(:,2)]; 
end 

% 
ifnumm==4 
load looord4.dat 
lcoords=looord4 ; 
load layer4.dat 
inp=[lcoords(:,l :3),layer4(:,2)]; 
end 

% 
ifnumm=S 
load looordS .dat 
lcoords=looordS; 
load layerS.dat 
inp=[lcoords(:,l :3),layerS(:,2)]; 
end 

% 

ifnumm==6 
load looord6.dat 
lcoords=lcoord6 ; 
load layer6.dat 
inp=[lcoords(:,l :3),layer6(:,2)); 
end 

% 

ifnumm==7 
load looord7.dat 
lcoords=lcoord7 ; 
load laycr7.dat 



inp==[lcoords(:,l :3),layer7(:,2)]; 

end 
% 
ifnumm==8 
load lcoord8.dat 
lcoords=lcoord8 ~ 
load layer8.dat 
inp=[lcoords(:,l :3),layer8(:,2)]~ 
end 

% 
ifnumm=9 
load lcoord9.dat 
lcoords==lcoord9 ~ 
load layer9.dat 
inp=[lcoords(:,l :3 ),layer9(:,2)] ~ 
end 

% 
ifnumm==l0 
load lcoordlO.dat 
lcoords=lcoord 1 0; 
load layer 10 .dat 
inp=[lcoords(:,1 :3),layerl 0(:,2)]; 
end 

% 
ifnumm==11 
load lcoordll.dat 
lcoords=lcoordl1; 
load layerll.dat 
inp=[lcoords(:,l :3),layerll(:,2)]; 
end 

% 
ifnumm==12 
load lcoord 12 .dat 
lcoords=lcoord 12; 
load layer 12 .dat 
inp=[Icoords(:,1 :3),layer12(:,2)]; 
end 

% 

ifnumm=13 
load lcoord 13 .dat 
lcoords=lcoord 13 ; 
load layer 13 .dat 
inp=[lcoords(:,l :3),layerI3(:,2)]; 
end 

% 
ifnumm==14 
load lcoordl4.dat 
lcoords=lcoord 14; 
load layer 14 .dat 
inp=[lcoords(:,l :3),layerl4(:,2)); 
end 

% 
ifnumm==IS 
load lcoord IS .dat 
lcoords=lcoord IS; 
load layer15.dat 
inp=[lcoords(:,1 : 3 ),Iayer IS( :,2)]; 
end 

% 

ifnwmn==16 
load lcoordl6.dat 
lcoords=lcoord 16; 
load layerl6.dat 
inp=[lcoords(:,l :3),layerl6(:,2)]; 
end 

% 
ifnwnm==17 
load lcoordl7.dat 
lcoords=lcoordI7; 



load layer 17 .dat 
inp=[lcoords(:,1 :3 ),layer 1 7 (:;2)]; 

end 
% 
ifnumm==18 
load lcoord 18.dat 
lcoords=lcoord 18; 
load layer18.dat 
inp=[lcoords(:,l :3),layer18(:,2)]; 
end 

% 
ifnumm=19 
load lcoord 19 .dat 
lcoords=lcoordI9; 
load layer19.dat 
inp=[lcoords(:,1 :3),layer19(:,2)]; 
end 

% 
ifnumm==20 
load lcoord20.dat 
lcoords=lcoord20; 
load layer20.dat 
inp=[lcoords(:,l :3),layer20(:,2)]; 
end 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
% 
% stinp is a matrix with the x co-ordinates multiplied by -1 in order 
% to bring the orientation of the mesh in line with the 2D template and 
% plotting convention 
% 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
stinp=[inp(:,l ),-1 *inp(:,2),inp(:,3:4)]; 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%Sort nodes into decending x order 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
% 
% length is a row vector giving the size of stimp, i.e. [rows, columns] 
% 
% maximum is a matrix which gives the maximum value in each column of 
% stinp and position is a matrix which gives the position of the 
% maximum value in each column. 
% 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

length=size(stinp); % dynamic size allocation for stinp % 
forq=I:length(I,I) % % 
\engthstinp=size(stinp); % % 
[maximum,position]=max(stinp); % gives dynamic max element and % 
if \engthstinp=[ I ,4] % position in stinp % 
position=[I,I]; % % 
end % % 

srt(q,l)=stinp«position(I,2»,I);% builds srt matrix based on posh % 
srt(q;2)=stinp«(position(l ,2»,2);% of max x entry and puts all row % 
srt(q,3)=stinp«position(I,2»,3);% associated with entry in correct % 
srt(q,4)=stinp«(position(1 ,2»,4);% position % 
dstinp=[stinp(l:(position(I;2)-I),:);stinp«(position(1,2)+1):lengthstinp,:)]; 000 0 0 000 0 000 0 0 000 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo 

% 
% dstinp is a matrix of the remainder with dynamic maximum row removed 
% 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%o/~%%%%%%%%%%%%%% 
stinp=dstinp; 

~d HOLOLOLOLo/ro/ro/ro/ro/ro/ro/ro/ro/ro/ro/r%%o/r%%%%%%%%%% 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%~07070707oooooooooo00 0 

%Identify and sort nodes with common x values according to y value 0 0 0 0 0 0 0 0 o/r o/r o/r o/r o/r o/r %%%%%%%%%%%%%% 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%YoYoYoYoYoYoYoYooooooo 

% 
% eXamine srt to identify those values ofx(P) which are the same as 

%x(P+I) . 
% and construct a matrix, temp, containing x(p)'s and associated row 

% data 



load layer 17 .dat 
inp=[lcoords(:,l :3),layer17(:,2)]; 
end 

% 
ifnumm==lS 
load lcoordlS.dat 
lcoords=lcoord 18; 
load layerl8.dat 
inp=[lcoords(:,l :3),layer18(:,2)]; 
end 

% 
ifnumm=19 
load lcoord 19 .dat 
lcoords=lcoordI9; 
load layer19.dat 
inp=[lcoords(:,l :3),layer19(:,2)]; 
end 

% 
ifnumm==20 
load lcoord20.dat 
lcoords=lcoord20; 
load layer20.dat 
inp=[lcoords(:,l :3),layer20(:,2)]; 
end 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
% 
% stinp is a matrix with the x co-ordinates multiplied by -1 in order 
% to bring the orientation of the mesh in line with the 2D template and 
% plotting convention 
% 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
stinp=[inp(:,l ),-1*inp(:,2),inp(:,3 :4)]; 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%Sort nodes into decending x order 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
% 
% length is a row vector giving the size of stimp, i.e. [rows, columns] 
% 
% maximum is a matrix which gives the maximum value in each column of 
% stinp and position is a matrix which gives the position of the 
% maximum value in each column. 
% 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%o/~%%%%%%%%%%%%%%%%%%%%%% 
length=size(stinp); % dynamic size allocation for stinp % 
forq=l:length(1,l) % % 
lengthstinp=size(stinp); % % 
[maximum,position]=max(stinp); % gives dynamic max element and % 
iflengthstinp=-[l,4) % position in stinp % 
position=[I,I); % % 
end % % 

srt(q,l )=stinp«position(1 ,2»,1 );% builds srt matrix based on pos'n % 
srt(q,2)=stinp«position(I,2»,2);% of max x entry and puts all row % 
srt(q,3)=stinp«position(1 ,2»,3);% associated with entry in correct % 
srt(q,4)=stinp«position(l,2»,4);% position %. 
dstinp=[stinp(I:(Position(I,2)-I),:);stinp«position(1,2)+1):lengthstmp}~ 0 0 0 0 0 0 o/co/co/co/co/co/co/c%%%%%%%%%%%%%%% 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%YoYoYoYoYoYoYoYoooooooo 

% 
% dstinp is a matrix of the remainder with dynamic maximum row removed 

% OOLOLo/co/co/co/co/co/co/co/c%%%%%%%%%%%%%%%%%%%%% 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%Yo707ooooooooo 

stinp=dstinp; 

end OOOLOLo/co/co/co/co/co/c%%%%%%%%%%%%%%%%%%%%%%%% 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%YoYo707ooooooo 

%Identify and sort nodes with common x values accordin~ t~L~L~~~~o/co/c%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%Yo707010 0000 

% 
% examine srt to identify those values ofx(P) which are the same as 
%x(P+1) . 
% and oonstruct a matrix, temp, containing x(p )'s and assocIated row 

% data 



% also check if x(P) equals x(p+ 1 ) but not x(p+ 2), if so then include 
%x(P+l) 
% and associated row data in temp also 
% 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%0/0/0/0/0 
length=size(srt); 0 0 0 0 0 0 OlO/OlOlOYo%%%%%%%%%%%%%%%%%%%% 

count=l; 
lcount=l; 

forp=1 :(length(l,1 )-2) 
if srt(p,2)=srt(p+ 1),2) 
temp(count,:)=srt(p,:); 
count=count+ 1 ; 
lcoWlt=lcount+ 1 ; 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%0/0/0/0/0/ 0/0/0/0/0/0/0/0/ % OlOlO/OlO/O/OlO/O/OlO~lOlO%%%%%%%%%%%% 

% temp is sorted into decending y order to form tsrt 
% 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%01010101010/0/ 0/0/ 0/0/0/ 0/0/0/01 end /0/0/0/0/0/0/0/0/0/0/0/0/0/0/0/0~0%%% 

if srt(p,2)=srt(p+ 1 ),2) & srt(p,2}-=srt(p+2),2) 
tempe count,: )=srt( (p+ 1 ),: ); 
count=COWlt+ 1 ; 
loount=lcount+ 1 ; 
len=size(temp ); 
for Fl :len(1,I) 
lentemp=size(temp ); 
[maximum,position ]=max(temp); 
iflentemp=[1,4] 
position=[1 ,1,1 ]; 
end 
tsrt(r,1 )=temp«position(1 ,3)),1); 
tsrt(r,2)=temp«position(l,3)),2); 
tsrt(r,3)=temp«position(I,3 )),3); 
tsrt(r,4)=temp«position(1,3)),4); 
dtemp=[ temp(1 :(position( 1 ,3 )-1 ),: );temp( (position(l ,3)+ 1 ):lentemp,:)] ; 
temp=dtemp; 

end 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%~Io%%%%% 
% 
% tsrt is now substituted back into srt such that common x values are 
% now sorted in decending y order 
% 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
coWlt=I; 
s=lcoWlt-l; 
n=p-(s-1 ); 
srt(n+ 1 ):(p+ I ),1 :4)=tsrt(1 :s,1 :4); 
loount=l; 

end 
end 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%~Io%%%%% 
%Input sorted 2D nodes with which the 3D nodes will be combined 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%~Io% 
load srtnode.dat 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
o/oCombine srtnode and srt to give st matrix in correct format 
%%%%%%%%%%%%%%%%%%%%%o/~Io%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
st=[ srtnode,srt(:,2 :4)]; 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

%Sort nodes back into numerical order to give matrix of correct format 
%for contour plotting 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%~Io%%%%%% 
length=size(st); 
for q=l :Iength(l, 1) 
lengthst=size( st); 
[maximum,position]=max(st); 
if lengthst=[ 1 ,4 ] 
position =(1 ,1]; 
end 



srtbk(q,1 )=st«position(1,1 »,1); 
srtbk(q,2)=st«position(1,1 »,2); 
srtbk( q,3 )=st( (position(1 ,1 »,3); 
srtbk(q,4)=st(position(1,1 »,4); 
stcoords=[ st( 1 :(position(l ,1 )-1 ),: );st( (position(l ,1 )+ 1 ):lengthst,:)]; 
st=stcoords; 
end 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%Invert matrix to give ascending node order 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
% 
% st is a matrix of format: [Node number, x, y, SP3] 

% 
%%%%%%%%%%%o/~~%%%%%%%%%%%%%%O/~~%%%%%%%%%%%%%%%%%%%O/M%%%W~%%%%%%%%% 

st=flipud (srtbk) 



CONT3DPLAIN.m 

%~h%%%%%%%%%%%%%%~%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%0/. 
%Program to calculate contour POSItiOns from PEA data 0 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
% 
o/oMay 1997 
% 
%%%%%%%%~%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%Call nodal sorting program sort3dgroove.m 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
sort3dplain 
%%%%%%%%~%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%User input of YIeld stress and J integral 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
Y=input('Enter material yield stress (MPa) ~; 
J=input('Enter J integral for layer (Nmm) '); 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%Axis scaling 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
% 
% scale x and Y coordinates to give (x)*(yield stressY(J) 
% and (y)*(yield stress)/(J) 
% 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
xsigma=(Y/J)*st(:,2); 
ysigma=(Y/J)*st(:,3 ); 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%Define nom sigma as (max principal stressy(yield stress) 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
nomsigma=st(:,4 )/Y; 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
% 
% combine the above to give a matrix I the format of which is: 
% [Node number, (x)*(yield stress)/(J), (y)*(yield stressY(J), 
% (max principal stress)/(yield stress)] 
% 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
1=[ st(:, I ),xsigma,ysigma,nomsigma] 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%User input of contour level 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
% 
% required format: (max principal stress)/CYield stress) 
% 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
sigma=input('Enter stress contour level '); 0 0 0 0 o~ 0/. 0/. 0/. 0/. 0/. 0/. 0/. 0/. 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%~~Yo~7000000000 

%Define limits of mesh area 0 0 0 0 0 0 0/0/0/. 0/. 0/. 0/. 0/. 0/. 0/. 0/. 0/. 0/. 0/. % 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%~~Yo~~Yo7070 000000000000 
% 
% set counter p to zero and defme required interpolation loops 
% in terms of predefined node numbers according to the 2D template 
% 0/0/0/0/0/0/%%%%%%%%%%%%%%%%%%%%%% %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%7070/07070700000000000 
p=o; 
for loop=I:3 

ifloop==l 
cend=7; 
elseif 100p-2 
cend=6; 
elseif 100p=3 
cend=ll; 
end 

for count=l :cend 
ifloop=l 
start=(3 S *count}34; 
finish=(3S*count)-13; 
inc=l; 



CONTJDPLAIN.m 

%%%%%%%%%%%%%%%%%~%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%0/.0/.0/.0/.00 0 
%Program to calculate contour POSitions from FEA data 0 0 0 0 Vo Vo% Vo 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%o/.owoo/wo~o/0/0/0/0/0/0/0/0/0/0/0/0/0/ 
7(7070/0/070/0/070/070/0/07070707070~00/0 

% 
%May 1997 
% 
%%%%%%%%~%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
o/oCaIl nodal sortIng progmm sort3dgroove.m 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
sort3dplain 
%%%%%%%%~%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%User input of Yield stress and J integral 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
Y=input('Enter material yield stress (MFa) ~; 
J=input('Enter J integral for layer (Nmm) '); 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%Axis scaling 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
% 
% scale x and y coordinates to give (x)*(yield stressY(J) 
% and (y)*(yield stress)/(J) 
% 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
xsigma=(Y IJ)* st(:,2); 
ysigma=(Y/J)*st(:,3); 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%Define nom sigma as (max principal stress )/(yield stress) 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
nomsigma=st(:,4 )/Y; 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
% 
% combine the above to give a matrix I the format of which is: 
% [Node number, (x)*(yield stress)/(J), (y)*(yield stress)/(J), 
% (max principal stress)/(yield stress)] 
% 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
1=[ st(:, I ),xsigma,ysigma,nomsigma] 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%User input of contour level 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
% 
% required format: (max principal stress)/(yield stress) 
% 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
sigma=input('Enter stress contour level '); 0 0 0 0 0 0/0/. 0/. 0/. 0/. 0/. 0/. 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%VOVO VOVOV07000000 0 

%Define limits of mesh area 0 0 0 0 0 0 0/0/. 0/ 0/. 0/. % % % % % % % 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%Vo%VoVoVoVoVo70070000000000 
% 
% set counter p to zero and defme required interpolation loops 
% in terms of predefmed node numbers according to the 2D template 
% 

%/%/%/o/O/o/.o/.o/.o/.o/.o/.%%o/.%%%%%~~~%%%%% %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%7070/01070701070000000000 
p:::Q; 
for loop=1:3 

ifloop==1 
cend=7; 
elseif 100p=2 
cend=6; 
elseif loop=3 
cend=l1; 
end 

for ooun1=1 :cend 
if loop= I 
start=(35 *count)-34; 
finish=(35*count)-l3; 
inc=l; 



ninc=l; 
elseifloop=2 
start=(35*count)-ll; 
finish=(35*count)-l; 
inc=l; 
nine=l; 
elseifloop=3 
start=2 ·count; 
finish=(2*count)+ 175; 
inc=35; 
ninc=35; 
end 

%%WIo%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%Searching and interpolation of contours 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
% 
% simple linear interpolation of nodal stresses to obtain coordinates 
% of points at the required stress level from which the stress contour 
% can be defmed 
% 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

for n=start:ine :fmish 
m=n+ninc; 
ifl(n,4)<sigma & 1(m,4»sigma 
p=p+l; 
xl =1(0,2 )-(1(n,2)-1(m,2 »*(1(n,4 }sigma )/(1(0,4 )-l(m, 4»; 
yl =1(o,3)-(I(n,3 )-I(m,3 »*(1(n,4 )-sigma)/(l(n,4 )-1(m,4 »; 
c(p,I)=xl ; 
c(p,2)=yl ; 
elseifl(n,4»sigma & 1(m,4)<sigma 
p=p+l; 
x2=1(o,2)-(1(n,2)-1(m,2»*(1(n,4)-sigma)/(l(n,4)-I(m,4»; 
y2=I(n,3 )-(l(n,3)-I(m,3 »*(1(n,4 )-sigma )/(1(0,4 )-1(m,4»; 
c(p,I)=x2; 
c(p,2)=y2; 
elseif len, 4 )=sigma 
p=p+l; 
x3=I(n,2); 
y3=1(n,3); 
c(p,I)=x3; 
c(p,2)=y3; 
elseif 1(m,4 )==sigma 
p=p+l; 
x4=1(m,2); 
y4=1(m,3); 
c(p,1)=x4; 
c(p,2)=y4; 
end 

end 
end 

~d vo~o~~o/!o/!o/!o/!o/!o/!o/!o/!o/!o/!%%%%%%%%%%%o/~~ 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%~07070/oooooooooo0 

%Sorting data points into decending x order 0 0 o~ o~ o~ o~ o/! o/! o/! o/! o/! o/! %%%%%%%%%%%%%%% 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%~Yo7070/07ooooooo 
% 
% lengtbc is a row vector giving the size of c, i.e. [ rows, columns] 
% 
% maximum is a matrix which gives the maximum value in each column of 
% c and position is a matrix which gives the position of the 
% maximum value in each column. 

% 0 0 0 0 0 o/! o/c o/! o/! %%%%%%%%%%%%%%%%%%%%%%% 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%Yo~YoYoYooooo 
lengtbc=size(c); % dynamic size allocation for c % 
forq=l:lengtbc(l,l) % % 
sizec=size( c); % % 
[maximum,position]=max(c); % gives dynamic max element and 
if sizec=[l ,2] % position in c then % 
position=}· % builds sc matrix based on pos'n % 

, o~ 

end % of max x entry and puts all row 70 

SC(q,l)=c(position(1,1 »,1); % associated with entry in correct % 

% 



sc(q,2)=C((position(l,1 »,2); % position 
d=[c(1 :(position(l,I)-1 ),:);c«position(l,1 )+1 ):sizec,:)]; 
c=d; 
end 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%o/,oo~o~o~%/%~o/O~O/O/OLO/O .. . /0/0 /0 /0 /0 /0 /0 /0/0/0707070 Yo%o/,OO/ 0/ 0/ OL 0/ QL 0/ 0/ O~ 0/ QL %Invert matnx to give ascendmg x order /07070707070 '0 '0/07070 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%o/,%o/,o/,%o/,O/O~O/O~O/O/0/0/0 
sortc=[tlipud(sc)] 0 0 0 0 ° 0'0/0707070/07070VO%%%%%%%%%%%% 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%0/,0/,0/, 0/,0/,0/, %0/,0/, %0/, o/,o/t %00 
%Identificationofdatapointsthatdon'tprovideasmoothcontour 0000000000000 oYoYo%%%%%%% 

%at start of contour definition 

%%%%%%%%%%%%%%%%%%%%%%%%o/~Io%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
% 
% length I is a row vector giving the size of sortc I , 
% i.e. [rows, columns] 
% 
% maximuml is a matrix which gives the maximum value in each column of 
% sortcl and position is a matrix which gives the position of the 
% maximum value in each column. 
% count! then defmes the limit of data that needs to be re-arranged 
% in y order and puts data into a matrix temp I for sorting. 
% 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
sortc I =sortc; 
length I = size( sortc 1 ); 
[maximuml ,positionl ]=max(sortcl); 
poso I =position 1(1 ,2); 
countl=O; 
for pI =1 :(lengthl (1,1)-1) 
if sortcl(pi ,2»sortcl«P 1 + 1),2)& pI <posol 

count! =pI + 1 ; 
end 

end 
templ(l :countl ,:)=sortcl(l :countl,:); 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%Sorting data points into decending y order 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
% 
% length I is a row vector redefmed to give the size oftemp 1 , 
% i.e. [rows, columns] 
% 
% maximum I is a matrix redefmed to give the maximum value in each 
% column of temp 1 and position is redefined to give the position of the 
% maximum value in each column. 
% 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
lengthtl =size(temp 1 ); -
for ql=l :\engtht! (1,1) 
sizet! =size(temp I); 
[maximuml ,position 1 ]=max(templ); 
if sizetl =[1 ,2] 
position 1 =[ 1,1]; 
end 

scl(ql,1 )=temp 1 «position 1(1,2»,1); 
scl(ql ,2)=temp I «position 1 (1 ,2»,2); 
dcl=[temp 1(1 : (position 1 (1,2)-1 ),:);temp I «position 1(1,2)+1 ):sizetI ,:)]; 
templ=dc1 ; 
end 
if count!-=O 
sorttl =[flipud(scl )]; 
sortcl(1 :countI ,:)=sorttl (1 :countI ,:); 

end 0/0/0/ 0/ o~ 0/, 0/, 0/, 0/, 0/, 0/, 0/, % % %%%%%%%%%%%%%% 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%70707070'000000000° . 

% Invert matrix to allow identification of data points that don't 
% provide a smooth contour at end of contour defmition by same 

% method as above 0 0 0 0 0 0/ % o/c % % % %%%%%%%%%%0/;'%%0 ,,0 ;,0 0° ;,", 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%YoYoYoYoY%ooooo 
% 
% lengtb2 is a row vector giving the size of sorte2, 
% i.e. [rows, colurnns] 



% 
% maximum2 is ~ ~a~ whic~ give.s the. maximum value in each column of 
% sortc2 and position IS a matrIX which gives the position of the 
% maximum value in each column. 
% count2 then defines the limit of data that needs to be re-arranged 
% in Y order and puts data into a matrix temp2 for sorting. 

% 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%o/c o/co/.o/. 0/. 0/.0/. 0 0 00 
sortc2=[flipud(sortcl»); 0 0 0 0 0 0 oVoVoYoYo%%%%%%%%%%%%%%%%%%%% 

length2=size( sortc2); 
[maximum2,positi0n2 ]=max( sortc2); 
posn2=position2(l ,2); 
count2=(); 
for p2= 1 :(length2(l ,1 )-1 ) 

ifsortc2(pl ,2»sortc2«P2+ 1 ),2)& p2<posn2 
count2=p2+ 1; 

end 
end 
temp2(l :count2,: )=sortc2(l :count2,:); 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%0/.0/.0/.0/.0/.0/.0/.0/.0/.0/.0/.0/.0/.0/. 
%Sorting data points into decending y order 0 0 0 0 0 0 0 0 0 0 0 0 0 0%%%%%%%%%%%%%% 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%0/.0/.0/0/0/0/0/0/0/0/0/0/0/0/0/0/00 % 0 0/0/0/0/0/0/0/0/07070/0/0/0/oYo~%%%% 

% length2 is a row vector redefined to give the size of temp2 
% i.e. [rows, columns] , 
% 
% maximum2 is a matrix redefmed to give the maximum value in each 
% column oftemp2 and position is redefmed to give the position of the 
% maximum value in each column. 
% 
°IVoWth~°t2~%~0/.(Ot%%o/c2°)%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
eng =Slze emp ; 
for q2=1 :lengtht2(l,I) 
sizet2=size(temp2 ); 
[maximum2,position2 ]=max(temp2); 
if sizet2=[ 1 ,2] 
position2=[ I ,1 ]; 
end 

sc2(q2,l )=temp2«position2(1 ,2»,1); 
sc2( q2,2)=temp2«position2(I,2»,2); 
dc2=[temp2(1 :(position2(1 ,2)-1 ),:);temp2«position2(1 ,2)+1 ):sizet2,:)]; 
temp2=dc2; 
end 
ifcount2-=O 
sortt2=[flipud(sc2)] ; 
sortc2(1 :count2,:)=sortt2(1 :count2,:); 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

%Invert matrix to give ascending y order 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

sortc=[ flipud( sortc2 )]; 
end 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

% Graph plotting using normalised coordinates 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

lx=1(:,2); 
1y=1(:,3); 
cx=sortc( :,1); 
cy:::sortc( :,2); 
figure 
plot(cx,cy,'c·' cx cy) 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

% Graph plotting using original coordinates 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

sortca=sortc· J/Y; 
cxx=sortca(:,l ); 
cyy=sortca(:,2); 
figure 
plot(cxx cyy 'c·' c . c ) , , , xx, yy 0/ OLo/OLO/ OLOLo/co/co/c 0;.0;' 0/, O/, 0;' 0' 0·' 0, 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%/0/U70/U/0/0/0 000 000 0 0/000 

%Area calculation using trapezoidal rule - nonnalised coordinates 



%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
lengt=lengthc-l ; 
for row= 1 :lengt 
area(row)=(sortc«row+ 1),1 )-sortc(row, 1 ))*(sortc«row+ I ),2)+sortc(row,2)Y2; 

end 
carea=sum( area); 
disp('The normalised contour area is: '),disp(carea) 
%o/#~%%%%%%%%%%%%%%%%%%%%%%o/~Io%%%o/~Io%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%Area calculation - original coordinates 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
careaa=carea *( JIY)/\2; 
disp(,The originalcontour area is: '),disp(careaa) 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%WIoWIo 
%Save data to ASCI files 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%o/M%WIo%%%%%%%W10%%%%%%%%% 
if numm= 1 
save contl .dat sortc -ascii -tabs 
save contI a.dat sortca -ascii -tabs 
end 
ifnumm=2 
save cont2.dat sortc -ascii -tabs 
save cont2adat sortca -ascii -tabs 
end 
ifnumm=3 
save cont3 .dat sortc -ascii -tabs 
save cont3a.dat sortca -ascii -tabs 
end 
ifnumm=4 
save cont4.dat sortc -ascii -tabs 
save cont4a.dat sortca -ascii -tabs 
end 

ifnumm=5 
save contS .dat sortc -ascii -tabs 
save contSa.dat sortca -ascii -tabs 
end 
ifnumm=6 
save cont6.dat sortc -ascii -tabs 
save cont6a.dat sortca -ascii -tabs 
end 
ifnumm=7 
save cont7.dat sortc -ascii -tabs 
save cont7a.dat sortca -ascii -tabs 
end 
ifnumm=8 
save cont8.dat sortc -ascii -tabs 
save contSa.dat sortca -ascii -tabs 
end 
ifnumm=9 
save cont9.dat sortc -ascii -tabs 
save cont9adat sortca -ascii -tabs 
end 
if numm=1 0 
save contIO.dat sortc -ascii -tabs 
save contI Oa.dat sortca -ascii -tabs 
end 
ifnumm=11 
save contll.dat sortc -ascii -tabs 
save contI 1 a.dat sortca -ascii -tabs 
end 
ifmunm=12 
save contI2.dat sortc -ascii -tabs 
save contI 2a.dat sortca -ascii -tabs 
end 
ifnumm=I3 
save cont 13 .dat sortc -ascii -tabs 
save contI3a.dat sortca -ascii -tabs 
end 
ifnwnm=14 
save contl4.dat sortc -ascii -tabs 



save contl4a.dat sortea -ascii -tabs 
end 
ifnumm=lS 
save contl S.dat sortc -ascii -tabs 
save contl Sa.dat sortca -ascii -tabs 
end 
ifnumm=16 
save contl6.dat sortc -ascii -tabs 
save contI6a.dat sortca -ascii -tabs 
end 
if numm= I 7 
save contI 7 .dat sortc -ascii -tabs 
save cont17a.dat sortca -ascii -tabs 
end 
ifnwnm=18 
save contI8.dat sortc -ascii -tabs 
save contl8a.dat sortca -ascii -tabs 
end 

if nunun= I 9 
save contl9.dat sortc -ascii -tabs 
save contl9a.dat sortea -ascii -tabs 
end 
ifnunun=20 
save cont20.dat sortc -ascii -tabs 
save cont20a.dat sortca -ascii -tabs 
end 



Q3DPLAIN.m 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
% 
%Programme to calculate qstress 
% 
%July1997 
% 
%%%%%%%%%%%%%%%%%o/~~%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%Ctear system 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
clear 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%Inputdata 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
% 
% lcoord(n).dat is a file containing nodal data for layer (n) 
% the format of which is: 
% [Node number, x, y, z] 
% 
% layer(n).dat is a file containing stress data for layer (n) 
% the format of which is: 
% [Node number, SP3, Sl1, S22, S33] 
% 
% iop is a matrix combining lcoords and layer(n) 
% the format of which is: 
% [Node number, x, y, S22] 

~%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
nurnm=input('Enter layer number '); 

if numm== 1 
load lcoord 1 .dat 
lcoords=lcoord 1 ; 
load layerl.dat 
iop=[lcoords(:,l :3),layerl (:,4)]; 
end 

% 
ifnumm=2 
load lcoord2.dat 
lcoords=lcoord2 ; 
load layer2.dat 
inp=[lcoords(:, I :3),layer2(:,4)]; 
end 

% 
ifnumm==3 
load lcoord3 .dat 
lcoords;::lcoord3 ; 
load layer3.dat 
inp=[lcoords( :,1 : 3 ),layer3 (:,4)]; 
end 

% 
ifnumm==4 
load lcoord4.dat 
lcoords=lcoord4 ; 
load layer4.dat 
iop=[lcoords(:,l :3 ),layer4(:, 4)]; 
end 

% 
ifnumm==S 
load lcoordS .dat 
lcoords= lcoordS ; 
load layerS.dat 
inp=[lcoords(:,l :3),layerS(:,4)]; 
end 

% 
ifnumm==6 
load lcoord6.dat 
lcoords=lcoord6 ; 
load layer6.dat 



inp=[lcoords(:,1 :3),layer6(:,4»); 
end 

% 
ifnumm==7 
load lcoord7.dat 
lcoords=lcoord7 ; 
load layer7.dat 
inp=[lcoords(:,1 :3),layer7(:,4»); 
end 

% 
ifnumm==8 
load lcoord8.dat 
lcoords=lcoord8 ; 
load layer8.dat 
inp=[lcoords(:,l :3),layer8(:,4)]; 
end 

% 
ifnumm==9 
load lcoord9.dat 
lcoords=lcoord9; 
load layer9.dat 
inp=[lcoords(:,1 :3),layer9(:,4)]; 
end 

% 
if numm== 10 
load lcoordlO.dat 
lcoords=lcoord 10; 
load layerlO.dat 
inp=[lcoords(:,1 :3),layerl 0(:,4)]; 
end 

% 
if numm== 11 
load lcoord 11.dat 
lcoords=lcoord 11 ; 
load layerll.dat 
inp=[lcoords(:,l:3),layerll(:,4)]; 
end 

% 
ifnumm==12 
load lcoordl2.dat 
lcoords=lcoord 12; 
load layer 12 .dat 
inp=[lcoords(:,1 :3 ),Iayer 12( :,4)]; 
end 

% 
ifnumm==13 
load lcoord 13 .dat 
lcoords=lcoord 13; 
load layer13.dat 
inp=[lcoords(:,1 :3),layerI3(:,4)]; 
end 

% 
ifnumm==14 
load lcoordl4.dat 
lcoords=lcoordI4; 
load layer 14 .dat 
inp=[lcoords(:, I :3),layerI4(:,4»); 
end 

% 
ifnumm==IS 
load lcoord IS .dat 
lcoords=lcoordIS; 
load layer 1 S .dat 
inp=[lcoords(:,1 :3),layerlS(:,4)]; 
end 

% 
ifnumm==16 
load lcoordl6.dat 
lcoords=lcoord 16; 
load layer 16 .dat 



inp=[lcoords(:, I :3),layer16(:,4)]; 
end 

% 
if numm== 1 7 
load lcoord 17 .dat 
lcoords=lcoordI7; 
load layer 17 .dat 
inp=[lcoords(:, I : 3 ),layer I 7 (:,4)]; 
end 

% 
ifnumm==18 
load lcoord 18.dat 
lcoords=lcoord 18; 
load layerlS.dat 
inp=[lcoords(:, I :3 ),layer 1 8(:,4 )]; 
end 

% 
ifnumm==19 
load lcoordl9.dat 
lcoords=lcoord 19; 
load layer 19 .dat 
inp=[lcoords(:,1 :3),layerI9(:,4)]; 
end 

% 
ifmnnm==20 
load lcoord20.dat 
lcoords=lcoord20; 
load layer20.dat 
inp=[lcoords(:,1 :3),layer20(:,4)]; 
end 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
% 
% stinp is a matrix with the x co-ordinates multiplied by -1 in order 
% to bring the orientation of the mesh in line with the 2D template and 
% plotting convention 
% 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
stinp=[inp(:,1 ),-1 *inp(:,2),inp(:,3 :4)]; 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%Sort nodes into decending x order 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
% 
% length is a row vector giving the size of stimp, i.e. [rows, columns] 
% 
% maximum is a matrix which gives the maximum value in each column of 
% stinp and position is a matrix which gives the position of the 
% maximum value in each column. 
% 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
Jength=size(stinp); % dynamic size allocation for stinp % 
forq=I:Jength(l,I) % % 
lengthstinp=size(stinp); % % 
[maximum,position]=max(stinp); % gives dynamic max element and % 
iflengthstinp=[ 1,4] % position in stinp % 
position =[ I , I ]; % % 
end % % 

srt(q,l )=stinp«(position(l ,2», I );% builds srt matrix based on pos'n % 
srt(q,2)=stinp«(position(l ,2»,2);% of max x entry and puts all row % 
srt(q,3)=stinp«(position(l ,2»,3);% of max x entry and puts all row % 
srt(q,4)=stinp«position(l ,2»,4);% position % 
dstinp=[stinp(l:(position(I,2)-I),:);stinp«(position(l,2)+1):1engthstinp,:)]; 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 ° 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%o/~~%%%%%%%%%%%%%%%%YoYoYoYoYo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo 

% 
% dstinp is a matrix of the remainder with dynamic maximum row removed 
% 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

stinp=dstinp; 

end 01 %%% %%% %0;' % % 0;. 0;' 0;'0;' 0;. 0;' 0;' 0;' 0/ 0 /
0 %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%700000000000000000000 

%Identify and sort nodes with common x values according to y value 



%%%%%%%%%%%%%%%%%%%%%%%%%%~~~~~~~~oo % ooooooooYoYo%%%%%%%%%%%%%%%%%%%%%%%%~o/cQ/~ 
0/ . • 0 07070 

70 examme srt to ldentify those values ofx(P) which are the 
% x(p+ 1) same as 

% and construct a matrix, temp, containing x(P)'s and asso ·at d % data Cl e row 

% also check if x(P) equals x(p+ 1) but not x(P+2) if so th . Iud 
%X(P+l) , en mc e 

% and associated row data in temp also 
% 
%%%%~%%%%%%%%%%%%%%%%%%%%%%%%%%%~~~~~oooooo length=size(srt); 0 Q 0 0 oYoYoYoYoYoYo%%%%%%%%%%%%%%%%%%%%% 

oount=l ; 
lcount=l; 
for p=1 :(length(l,1 )-2) 
if srt(p,2)==srt«p+ 1 ),2) 
temp(count,:)=srt(p,:); 
count=count+ 1 ; 
loount=lcount+l; 
~%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

% temp is sorted into decending y order to form tsrt 
% 
~:~%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

if srt(p,2)==srt( (p+ 1 ),2) & srt(p,2 )-=srt( (p+ 2 ),2) 
tempe count,: )=srt( (p+ 1 ),:); 
oount=count+ 1 ; 
lcount=1count+ 1 ; 
len=size(temp ); 
for r= 1 :len(1 ,1) 
lentemp=size(temp ); 
~ maximum,position ]=max(temp); 
Iflentemp==[1,4] 
position=[1 ,1 ,1 J; 
end 
tsrt(r,1 )=temp«position(1 ,3»,1); 
tsrt( r,2 )=tempe (position(l ,3»,2); 
tsrt( r,3 )=tempe (position(1 ,3»,3); 
tsrt(r,4)=temp«position(1,3»,4); 
dtemp=[temp(l :(position(l ,3)-1 ),:);temp«position(1 ,3)+ 1 ):Ientemp,:)]; 
temp=dtemp; 

end 
~%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

% tsrt is now substituted back into srt such that common x values are 
% now sorted in decending y order 
% 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

oount=l ; 
s=lcount-l; 
n=p-(s-l ); 
srt«n+ 1 ):(p+ 1 ),1 :4)=tsrt(1 :s, 1 :4); 
Icount=l; 

end 
end 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

%In.put sorted 2D nodes with which the 3D nodes will be combined 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

load srtnode.dat 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

%Combine srtnode and srt to give st matrix in correct format 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

st=[ srtnode,srt(:,2:4)]; %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

%Sort nodes back into nwnerical order to give matrix of correct format 

%for contour plotting %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

length=size(st); 
for q=1 :length(I,I) 



lengthst=size(st); 
[mBXimum,position]=max(st); 
iflengthst=[1,4] 
position=[ I, I ]; 
end 

srtbk(q,l )=st«position(I,1 ),1); 
srtbk(q,2)=st«position(I,1 ),2); 
srtbk( q,3 )=st«position(1 , 1 »,3); 
srtbk(q,4)=st«position(l,1 »,4); 
stcoords=[ st(l :(position(l,I)-1 ),:);st«position(1, l}+-l ):lengthst,:)]; 
st=stcoords; 
end 
%%%%%%~%%~%%%%~%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%Invert matnx to gtve ascendmg node order 
~%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

% st is a matrix of format: [Node number, X, y, 822] 
% 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%o/~~oo/coo'oo~oO/O'O/O'O'O~O~O~O~O~O'O/O/O/O~ st=flipud (srtbk) ,( II /( 70 70 7070707070,070,0 70 70 70 70 ,0 

~%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

% Q stress begins 
% 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
% 
% SET VALUE OF ssy HERE!!!!!!!! 
% user input of stress levels for ssy analysis to allow Q calculation 
% from difference field 
% 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
ssyq=2.9403 
ssyql=3.110 
ssyq5=2.567 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%User input of yield stress and J integral 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
Y=input('Enter material yield stress (MPa) '); 
J=input('Enter J integral for layer (Nmm.) '); 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%Axis scaling 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
% 
% scale x and y coordinates to give (x)*(yield stressY(J) 
% and (y)*(yield stress)/(J) 
% 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
xsigma=(Y /J)*st( :,2); 
ysigma=(Y /J)*st(:,3); 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%Define nom sigma as (stress in y direction)l(yield stress) 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
nomsigma=st(:,4)/Y; 0 0 0 0 0 0 0 0 0 
%%%%%%%%%%%%%%%%%%o/~Io%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%~%~~~~~~~~% 
% 
% combine the above to give a matrix 1 the format of which is: 
% [Node number, (x)*(yield stress)/(J), (y)*(yield stressY(J), 
% (stress in y direction)/(yield stress)] 
% 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

1=[st(:,1 ),xsigma,ysigma,nomsigma] 0 0 0/ o~ o/c 0" o/c o/c o/c o/c 'Vi o/c o/c o/c 'Vi o/c % % %%o/c 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%~~7070070000000000000 0 

% 
o/oDefine vectors x and s to allow graph plotting and Q evaluation 
% o"wo"O~O"O"%o/c%o/co/co/co/co/co/co/~%o/c%%%%%%%%% %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%70707070707000 000 000 0 O. 0 

x=l1(211 :233,2)]; 
8=[1(211 :233,4)]; O"O/o/cO"O/C% %%o/co/co/co/c o/c o/c%%%%%%%%%%%% 
%%%%%%%%%%%%%%%%%%%%o/~I0%%%%%%%%%%%%%%%%70700/000000000 00 

% 



%Interpolation of stress profiles to allow Q evaluation 
% 
%%%%%%%%%%%o/~Io%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%~oO'O'o,o,O~O~O/O'O'O~O~O/O~O'O'O/O~O~O~O" 
. [] 707070 707070,0 ,0,0 ,0 70,0,07070,0,0,07070 
mter= x,s ; 
for n=I:1 :22 
m=n+l; 

ifinter(n,l)<2 & inter(m,1»2 
sigmaq=inter(n,2)+(inter(m,2)-inter(n,2)*(2-inter(n, 1 )Y(inter(m, 1 )-inter(n,I» 
end 
ifinter(n,l)<l & inter(m,l» 1 
sigmaq 1 =inter(n,2)+(inter(m,2)-inter(n,2»*(1-inter(n, 1 »)I(inter(m, 1 )-inter(n,l» 
end 
ifinter(n,l)<S & inter(m,l»S 
sigmaqS=inter(n,2)+(inter(m,2)-inter(n,2) )*(S-inter(n, I »)/(inter(m, 1 )-inter(n, 1» 
end 

end 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
% 
% Evaluation of Q, Q 1, QS and Q' by consideration of difference field 
% withh ssy solution. 
% 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%o/~Io%%%%%%%%%%%%%%%%%%%% 
Q=(sigmaq-ssyq) 
Ql =(sigmaq I-ssyq 1) 
QS=(sigmaqS-ssyqS) 
QDASH=(QS-Q 1)/4 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
% Graph plotting using normalised coordinates 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
figure 
plot(x,s) 
axis([O 5 1.5 3.5)) 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%Save data to ASCI files 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
ifnumm=l 
save qstsl.dat inter -ascii -tabs 
end 
ifnumm==2 
save qsts2.dat inter -ascii -tabs 
end 
ifnurnm=3 
save qsts3 .dat inter -ascii -tabs 
end 
ifnurnm==4 
save qsts4.dat inter -ascii -tabs 
end 
ifnumm=S 
save qstsS.dat inter -ascii -tabs 
end 
ifnumm=6 
save qsts6.dat inter -ascii -tabs 
end 
ifnumm=7 
save qsts7.dat inter -ascii -tabs 
end 
ifnumm=8 
save qsts8.dat inter -ascii -tabs 
end 
ifnumm=9 
save qsts9.dat inter -ascii -tabs 
end 
ifnumm=lO 
save qstsl O.dat inter -ascii -tabs 
end 
ifnumm=11 
save qstsll.dat inter -ascii -tabs 
end 
if nUIlllU= 1 2 



save qsts12.dat inter -ascii -tabs 
end 
if numm= 13 
save qsts13.dat inter -ascii -tabs 
end 
if numm= 1 4 
save qsts14.dat inter -ascii -tabs 
end 
ifnumm=15 
save qsts15.dat inter -ascii -tabs 
end 
ifnumm=16 
save qsts16.dat inter -ascii -tabs 
end 
ifnumm=17 
save qsts17.dat inter -ascii -tabs 
end 
if numm= 1 8 
save qsts18.dat inter -ascii -tabs 
end 
ifnumm=19 
save qsts19.dat inter -ascii -tabs 
end 
ifnumm=20 
save qsts20.dat inter -ascii -tabs 
end 



APPENDIX II 

TEST RECORDS - PLAIN SPECIMENS 



Specimen Data 

Specimen Thickness: 
Specimen Width: 
Material: 
Yield Stress: 
Specimen No: 
Side Groove Type: 
Side Groove Depth: 
Effective Thickness: 

Distfrom Crack 
edge length 
1.0% 29.50 
12.5% 29.90 
25.0% 30.25 
37.5% 30.25 
50.0% 30.25 
62.5% 30.25 
75.0% 30.25 
87.5% 29.60 
99.0% 28.90 
Ave 29.99 

-Z 
.lI:: 

Fracture Toughness Test Data - K1c Test 

25 mm 
60 mm 

EN24 
970 MPa 

25P1 
None 

o mm 
25 mm 

Post Fracture Data 

Precracking Data 

Initial Cycles 
Mean Load: 
Amplitude: 
Max Load: 
No Cycles: 
Force Ratio: 
Final Cycles 
Mean Load: 
Amplitude: 
Max Load: 
No Cycles: 
Force Ratio: 

Ka = [Fa/(BW·5)].f(alW) 

14 kN 
13 kN 
27 kN 

4000 
0.04 

13 kN 
11 kN 
24 kN 

7000 
0.08 

where f(a/W) is given by 9.2.3.2 of BS7448:pt1 

FQ = 60.48 kN (from Instron) 

B= 25 mm 
W= 60 mm 

alW= 0.4999 
f(a/W) = 9.6560 

KQ= 95.37 MPa.mA O.5 

Load - COD Plot 

80.00 --r-------;-----,----r-----, 

70.00 ~---+----I 

60.00 -I-----f--

50.00 -+----------; 

'I I 

;- 40.00 +-----
- ~--I ---- ---------- -t ------------

as o 
..J 

30.00 +----

1 0.00 -+----+-

0.00 -lL---+---+---+----
so 0.00 0.20 0.40 0.60 O. 

COD (mm) 



Specimen Data 

Specimen Thickness: 
Specimen Width: 
Material: 
Yield Stress: 
Specimen No: 
Side Groove Type: 
Side Groove Depth: 
Effective Thickness: 

Distfrom Crack 
edge length 
1.0% 29.20 
12.5% 29.40 
25.0% 29.60 
37.5% 29.80 
50.0% 29.90 
62.5% 29.80 
75.0% 29.60 
87.5% 29.45 
99.0% 29.20 
Ave 29.59 

-Z 
~ 

Fracture Toughness Test Data - K.c Test 

25 mm 
60 mm 

EN24 
970 MPa 

25P2 
None 

o mm 
25 mm 

Post Fracture Data 

Precracking Data 

Initial Cycles 
Mean Load: 
Amplitude: 
Max Load: 
No Cycles: 
Force Ratio: 
Final Cycles 
Mean Load: 
Amplitude: 
Max Load: 
No Cycles: 
Force Ratio: 

Ka = [Fa/(SW·5)].f(aIW) 

14 kN 
13 kN 
27 kN 

5700 
0.04 

13 kN 
11 kN 
24 kN 

3000 
0.08 

where f(aIW) is given by 9.2.3.2 of BS7448:pt1 

FQ = 62.3 kN (from Instron) 

B= 25 mm 
W= 60 mm 

aIW= 0.4932 
f(a/W) = 9.4612 

KQ= 96.25 MPa.mA O.5 

Load - COD Plot 

80.00 -...-----;----r-----,----, 

70.00 +-----f----t--------:::. 

60.00 ---'------+------t----T'---------t--

50.00 l.-----+---rt--- -1--
;- 40.00 -I----------j-
as o 
..J 30.00 --I---------r, 

20.00 -

10.00 

I 

- I-

i 

0.20 0.40 0.60 

COD (mm) 



Fracture Toughness Test Data - K1c Test 

Specimen Data Precracking Data 

Specimen Thickness: 25 mm 
60 mm 

EN24 

Initial Cycles 
Mean Load: 14 kN 

13 kN 
27 kN 

Specimen Width: 
Material: 
Yield Stress: 
Specimen No: 
Side Groove Type: 
Side Groove Depth: 
Effective Thickness: 

Dist from Crack 
edge length 
1.0% 29.50 
12.5% 29.70 
25.0% 30.20 
37.5% 30.25 
50.0% 30.20 
62.5% 30.10 
75.0% 30.00 
87.5% 29.50 
99.0% 29.10 
Ave 29.91 

-Z 
~ 

970 MPa 
25P3 
None 

Omm 
25 mm 

Post Fracture Data 

Amplitude: 
Max Load: 
No Cycles: 
Force Ratio: 
Final Cycles 
Mean Load: 
Amplitude: 
Max Load: 
No Cycles: 
Force Ratio: 

Ko = [FQ/(BW,s)].f(aIW) 

5850 
0.04 

13 kN 
11 kN 
24 kN 

3750 
0.08 

where f(a/W) is given by 9.2.3.2 of BS7448:pt1 

FQ = 60.67 kN (from Instron) 
B= 25 mm 

W= 60 mm 
aIW= 0.4984 

f(aIW} = 9.6128 
KQ= 95.24 MPa.mA O.5 

Load - COD Plot 

80.00 -r----;-----,------r-----, 

70.00 +--------r--~---+----_r___--~ 

50.00 -+---_-_-----t-------:-/--L+----t----, 

:;:; 40.00 
co o 
..J 30.00 +-----nV~ 

L ---------- j----------- -- --

::::: ~==I_-________ r--__ (------____ -------;1------

V o.ooo.J!o~o --0-.2~0---0+.4-0 --0-+.6-0---0.80 

COD (mm) 



Specimen Data 

Specimen Thickness: 
Specimen Width: 
Material: 
Yield Stress: 
Specimen No: 
Side Groove Type: 
Side Groove Depth: 
Effective Thickness: 

Distfrom Crack 
edge length 
1.0% 29.30 
12.5% 29.60 
25.0% 30.00 
37.5% 30.00 
50.0% 30.00 
62.5% 30.00 
75.0% 30.00 
87.5% 29.70 
99.0% 29.40 
Ave 29.83 

-Z 
.lI: 

Fracture Toughness Test Data - K,c Test 

25 mm 
60 mm 

EN24 
970 MPa 

25P4 
None 

o mm 
25 mm 

Post Fracture Data 

Precracking Data 

Initial Cycles 
Mean Load: 
Amplitude: 
Max Load: 
No Cycles: 
Force Ratio: 
Final Cycles 
Mean Load: 
Amplitude: 
Max Load: 
No Cycles: 
Force Ratio: 

Ka = [Fa/(BW·5)].f(alW) 

14 kN 
13 kN 
27 kN 

5100 
0.04 

13 kN 
11 kN 
24 kN 

4200 
0.08 

where f(aIW) is given by 9.2.3.2 of BS7448:pt1 

FQ = 61.5 kN (from Instron) 

B= 25 mm 
W= 60 mm 

aIW= 0.4972 
f(aIW) = 9.5761 

KQ= 96.17 MPa.mA O.5 

Load ~ COD Plot 

80.00 -r------,------,----r----, 

70.00 L--~-+---___1---_t__--1 

60.00 L---+-----+--/--~---t--I 

50.00 

:; 40.00 -!--~-~---t~--r-~--r---~-~t---

.3 30.00 --1-----_ .----t----~ ---.- L------- ---
1 

20.00 .+---

------- -~-

10.00 ~+-

~--~--~----~---0.00 
0.00 0.20 0.40 0.60 0.80 

COD (mm) 



Fracture Toughness Test Data - Ktc Test 

ipecimen Data 
Precracking Data 

Specimen Thickness: 15 mm 
60 mm 

EN24 

Initial Cycles 
Mean Load: 9 kN 

8 kN 
17 kN 

3800 
0.06 

Specimen Width: 
Material: 
Yield Stress: 
Specimen No: 
Side Groove Type: 
Side Groove Depth: 
Effective Thickness: 

Distfrom Crack 
edge length 
1.0% 28.70 
12.5% 29.40 
25.0% 30.00 
37.5% 30.10 
50.0% 30.10 
62.5% 29.90 
75.0% 29.70 
87.5% 29.50 
99.0% 29.20 
Ave 29.71 

970 MPa 
15P3 
None 

o mm 
15 mm 

Post Fracture Data 

Amplitude: 
Max Load: 
No Cycles: 
Force Ratio: 
Final Cycles 
Mean Load: 
Amplitude: 
Max Load: 
No Cycles: 
Force Ratio: 

Ka = [Fa/(BW·5)].f(aIW) 

7 kN 
6 kN 

13 kN 
1000 
0.08 

where f(a/W) is given by 9.2.3.2 of BS7448:pt1 

FQ= 39.6 kN (from Instron) 
B= 15 mm 

W= 60 mm 
a1W= 0.4951 

f(aIW} = 9.5153 
KQ= 102.55 MPa.mA O.5 

Note:- Part of precrack was due to quenching rather than fatigue 

Load - COD Plot 

60.00 --.-------r------r----r--~ 

50.00 l------+--------1f---~!~ 

40.00 -l-------+-----t----r=-------I--~-----

-Z 
~ , 

;- 30.00 --+-----r-r--~-- - -j --

ca o 
..J 

20.00 -1----

10.00 

0.000.-¥0~0 --0~.2-0---0.41-0---0 ...... 6-0--0~.80 
COD (mm) 



Specimen Data 

Specimen Thickness: 
Specimen Width: 
Material: 
Yield Stress: 
Specimen No: 
Side Groove Type: 
Side Groove Depth: 
Effective Thickness: 

Distfrom Crack 
edge length 
1.0% 29.40 
12.5% 29.40 
25.0% 29.40 
37.5% 29.30 
50.0% 29.20 
62.5% 29.20 
75.0% 29.10 
87.5% 29.00 
99.0% 28.50 
Ave 29.19 

-Z 
~ 

Fracture Toughness Test Data - Ktc Test 

15 mm 
60 mm 

EN24 
970 MPa 

15P4 
None 

o mm 
15 mm 

Post Fracture Data 

Precracking Data 

Initial Cycles 
Mean Load: 
Amplitude: 
Max Load: 
No Cycles: 
Force Ratio: 
Final Cycles 
Mean Load: 
Amplitude: 
Max Load: 
No Cycles: 
Force Ratio: 

Ka = [FQ/(BW·5)].f(a/W) 

9 kN 
8 kN 

17 kN 
4600 
0.06 

7 kN 
6 kN 

13 kN 
1300 
0.08 

where f(a/W) is given by 9.2.3.2 of BS7448:pt1 

FQ = 38.9 kN (from Instron) 

B= 15 mm 
W= 60 mm 

a/W= 0.4866 
f(a/W) = 9.2728 

KQ= 98.17 MPa.mA O.5 

Load - COD Plot 

60.00 ~----r------'---""'------' 

50.00 -I-----T---~----+------
I 

40. 00 --l---------j--~ 

:; 30.00 -i-----t
ca o 
..J 

20.00 -+----

10.00 +---------/ 

0.20 0.40 0.60 

U-__ ~---4----+---~ 
0.00 

0.00 
0.80 

COD (mm) 



Specimen Data 

Specimen Thickness: 
Specimen Width: 
Material: 
Yield Stress: 
Specimen No: 
Side Groove Type: 
Side Groove Depth: 
Effective Thickness: 

Distfrom Crack 
edge length 
1.0% 28.90 
12.5% 29.30 
25.0% 29.50 
37.5% 29.50 
50.0% 29.40 
62.5% 29.45 
75.0% 29.30 
87.5% 29.25 
99.0% 29.20 
Ave 29.34 

Fracture Toughness Test Data - K1c Test 

10 mm 
60 mm 

EN24 
970 MPa 

10P1 
None 

o mm 
10 mm 

Post Fracture Data 

Precracking Data 

Initial Cycles 
Mean Load: 
Amplitude: 
Max Load: 
No Cycles: 
Force Ratio: 
Final Cycles 
Mean Load: 
Amplitude: 
Max Load: 
No Cycles: 
Force Ratio: 

Ka = [Fa/(BW·5)].f(aIW) 

6 kN 
5 kN 

11 kN 
6000 
0.09 

4.5 kN 
4 kN 

8.5 kN 
3200 
0.06 

where f(aIW) is given by 9.2.3.2 of BS7448:pt1 

FQ= 29.7 kN (from Instron) 
B= 10 mm 

W= 60 mm 
aIW= 0.4891 

f(aIW} = 9.3427 
KQ= 113.28 MPa.mA O.5 

Load - COD Plot 

50.00 ------r-----r-----,---~ 

45.00 

40.00 -+-----

35.00 -1-----

----...I£---~--- ----

Z 30.00 
.lI:: 

:;- 25.00 
as 
o 
..J 20.00 ~----+-r-

15. 00 -I------j'---t----~---

10.00 -1----+---

5.00 -

0.000.
1
0-0 --0~.5~0---1 +.0-0 --1-+.5-0--~2.00 

COD (mm) 



Specimen Data 

Specimen Thickness: 
Specimen Width: 
Material: 
Yield Stress: 
Specimen No: 
Side Groove Type: 
Side Groove Depth: 
Effective Thickness: 

Dist from Crack 
edge length 
1.0% 29.20 
12.5% 29.30 
25.0% 29.40 
37.5% 29.40 
50.0% 29.30 
62.5% 29.30 
75.0% 29.20 
87.5% 29.00 
99.0% 28.80 
Ave 29.24 

Fracture Toughness Test Data - K1c Test 

10 mm 
60 mm 

EN24 
970 MPa 

10P2 
None 

o mm 
10 mm 

Post Fracture Data 

Precracking Data 

Initial Cycles 
Mean Load: 
Amplitude: 
Max Load: 
No Cycles: 
Force Ratio: 
Final Cycles 
Mean Load: 
Amplitude: 
Max Load: 
No Cycles: 
Force Ratio: 

Ko = [FQ/(BW·5)].f(aIW) 

6 kN 
5 kN 

11 kN 
5900 
0.09 

4.5 kN 
4 kN 

8.5 kN 
2600 
0.06 

where f(a/W) is given by 9.2.3.2 of BS7448:pt1 

50.00 

45.00 

40.00 

35.00 

FQ = 26.3 kN 
8= 10 mm 

W= 60 mm 
aIW= 0.4873 

f(a/W) = 9.2931 
KQ= 99.78 MPa.mA O.5 

Load - COD Plot 

L 
/' -

'" 

(from Instron) 

Z 30.00 
/ 

1/ 

T ~ 

:; 25.00 
as o 
...J 20.00 

/ 
/ 

/ 
15.00 

10.00 

5.00 

0.00 

0.00 

V 

t-~~~ - -

------- - --- ---~ -----
i 

t--_J_-~ _-
- - - -- --- . +-- -~------

I 

i 

0.50 1.00 1.50 2.00 

COD (mm) 



Fracture Toughness Test Data - Ktc Test 

Specimen Data 
Precracking Data 

Specimen Thickness: 10 mm 
60 mm 

EN24 

Initial Cycles 
Mean Load: 6 kN 

5 kN 
11 kN 

6000 
0.09 

Specimen Width: 
Material: 
Yield Stress: 
Specimen No: 
Side Groove Type: 
Side Groove Depth: 
Effective Thickness: 

Distfrom Crack 
edge length 
1.0% 29.10 

12.5% 29.20 
25.0% 29.40 
37.5% 29.45 
50.0% 29.50 
62.5% 29.40 
75.0% 29.40 
87.5% 29.30 
99.0% 29.10 
Ave 29.34 

970 MPa 
10P3 
None 

o mm 
10 mm 

Post Fracture Data 

Amplitude: 
Max Load: 
No Cycles: 
Force Ratio: 
Final Cycles 
Mean Load: 
Amplitude: 
Max Load: 
No Cycles: 
Force Ratio: 

Ko = [Fo/(BW·s)].f(aIW) 

4.5 kN 
4 kN 

8.5 kN 
3500 
0.06 

where f(aIW) is given by 9.2.3.2 of BS7448:pt1 

FQ = 28.4 kN (from Instron) 
B= 10 mm 

W= 60 mm 
a/W= 0.4891 

f(a/W) = 9.3427 
KQ= 108.32 MPa.mA O.5 

Load - COD Plot 

50.00 --.------r-----r-----,------, 
45.00 -l----+----+-----t--~ 

40.00 -i----+----+---i--, /----- .... 35.00 L----+-Z~-/-+----I~-I 

Z 30.00 r 

i ::::: .~.-. -1-- -- -1--~~ -~-t___---~--
15.00 -; --- ,-

10.00 / , -----r-----.~~l~~---
5.00 V I 

I 
0.00 L--+----+---+---- 0 

0.00 0.50 1.00 1.50 2.0 

COD (mm) 



Specimen Data 

Specimen Thickness: 
Specimen Width: 
Material: 
Yield Stress: 
Specimen No: 
Side Groove Type: 
Side Groove Depth: 
Effective Thickness: 

Distfrom Crack 
edge length 
1.0% 29.00 
12.5% 29.20 
25.0% 29.40 
37.5% 29.45 
50.0% 29.50 
62.5% 29.45 
75.0% 29.40 
87.5% 29.20 
99.0% 29.00 
Ave 29.33 

Fracture Toughness Test Data - Ktc Test 

10 mm 
60 mm 

EN24 
970 MPa 

10P4 
None 

o mm 
10 mm 

Post Fracture Data 

Precracking Data 

Initial Cycles 
Mean Load: 
Amplitude: 
Max Load: 
No Cycles: 
Force Ratio: 
Final Cycles 
Mean Load: 
Amplitude: 
Max Load: 
No Cycles: 
Force Ratio: 

Ka = [Fo/(BW·5)].f(aIW) 

6 kN 
5 kN 

11 kN 
7000 
0.09 

4.5 kN 
4 kN 

8.5 kN 
500 

0.06 

where f(a/W) is given by 9.2.3.2 of BS7448:pt1 

50.00 

45.00 

40.00 

35.00 

FQ = 27.2 kN 
B= 10 mm 

W= 60 mm 
a/W= 0.4888 

f(alW) = 9.3340 
KQ= 103.65 MPa.mA O.5 

Load - COD Plot 

/ 
/" .......... 

(from Instron) 

Z 30.00 
~ 

V 
~ 

:; 25.00 

~ 

/ 

/ 
..J 20.00 

15.00 

10.00 

5.00 

0.00 

0.00 

-/ 
/ 

/ -- -

--t-----

V 
0.50 1.00 1.50 

COD (mm) 

--~-

----

2.00 



Specimen Data 

Specimen Thickness: 
Specimen Width: 
Material: 
Yield Stress: 
Specimen No: 
Side Groove Type: 
Side Groove Depth: 
Effective Thickness: 

Distfrom Crack 
edge length 
1.0% 29.62 
12.S% 29.74 
25.0% 29.86 
37.5% 29.93 
50.0% 30.00 
62.S% 30.05 
7S.0% 30.10 
87.5% 30.0S 
99.0% 30.00 
Ave 29.94 

-z 
.:tI! -'tJ ca 
0 
...J 

Fracture Toughness Test Data - J 1C Test 

S mm 
60 mm 

EN24 
970 MPa 
SP1 

None 
o mm 
5 mm 

Post Fracture Data 

Precracking Data 

Initial Cycles 
Mean Load: 
Amplitude: 
Max Load: 
No Cycles: 
Force Ratio: 
Final Cycles 
Mean Load: 
Amplitude: 
Max Load: 
No Cycles: 
Force Ratio: 

3 kN 
2.6 kN 
5.6 kN 

2200 
0.07 

2.6 kN 
2.3 kN 
4.9 kN 

SOOO 
0.06 

Stable J ={[F/(BW·5)].f(aIW)}2 [(1-v2)/E]+[(llpUp)/B(W-a)] 
Crack 

where f(aIW) is given by 9.2.3.2 of BS7448:pt1 
0 
0 and IIp = 2+0.S22.(1-alW) 

0 
0.73 F= 14.7 kN IIp = 2.2615 

0.73 B= S mm up = 0.970813 

0.43 W= 60 mm 
0.18 aIW= 0.4990 

0 f(a/W) = 9.6307 

0 J= 75.40 N/mm 

0.259 

Load - q Plot 

22.00 

20.00 ---r----------

18.00 

16.00 

14.00 

12.00 

10.00 

8.00 

6.00 

4.00 

2.00 

I' 
IT est stopped 

I 
V ' 

Z 
------~---~ -t-

-~l-----. 

/ I --~--t-- --r----------
f-- V 

J ---+-~ - -- ~-- --- ---- ;-- -- - -
- -

~ 
I , 

I 
, 

I 

I 

f- - --- ---- -- - ~-

!----+--~--

, 

0.00 60 
0.00 0.20 0.40 0.60 0.80 1.00 1.20 1.40 1. 

q (mm) 



Specimen Data 

Specimen Thickness: 
Specimen Width: 
Material: 
Yield Stress: 
Specimen No: 
Side Groove Type: 
Side Groove Depth: 
Effective Thickness: 

Distfrom Crack 
edge length 
1.0% 30.05 
12.5% 30.25 
25.0% 30.30 
37.5% 30.30 
50.0% 30.30 
62.5% 30.30 
75.0% 30.25 
87.5% 30.25 
99.0% 30.15 
Ave 30.26 

-z 
.¥: -"C 
ca 
0 
...J 

Fracture Toughness Test Data - J 1C Test 

5 mm 
60 mm 

EN24 
970 MPa 
5P2 

None 
o mm 
5 mm 

Post Fracture Data 

Precracking Data 

Initial Cycles 
Mean Load: 
Amplitude: 
Max Load: 
No Cycles: 
Force Ratio: 
Final Cycles 
Mean Load: 
Amplitude: 
Max Load: 
No Cycles: 
Force Ratio: 

3 kN 
2.6 kN 
5.6 kN 

2200 
0.07 

2.6 kN 
2.3 kN 
4.9 kN 

5000 
0.06 

Stable J =([F/(BWl5)].f(aIW)}2 [(1-v2)/E]+[(YlpUp)/B(W-a)] 
Crack 

0.00 
where f(alW) is given by 9.2.3.2 of BS7448:pt1 

0.85 and YIp = 2+0.522.(1-alW) 

1.90 
2.85 F= 20.5 kN YIp = 2.258771 

3.55 B= 5 mm Up = 10.85327 

3.15 W= 60 mm 

2.40 alW= 0.5043 
1.30 f(aIW) = 9.7875 
0.00 J= 286.96 N/mm 

2.000 

Load - q Plot 
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Specimen Data 

Specimen Thickness: 
Specimen Width: 
Material: 
Yield Stress: 
Specimen No: 
Side Groove Type: 
Side Groove Depth: 
Effective Thickness: 

Distfrom Crack 
edge length 
1.0% 29.70 
12.5% 30.00 
25.0% 30.15 
37.5% 30.25 
50.0% 30.25 
62.5% 30.25 
75.0% 30.15 
87.5% 30.15 
99.0% 29.90 
Ave 30.13 

-z 
.lII: -'a as 
0 
...J 

Fracture Toughness Test Data - J IC Test 

5 mm 
60 mm 

EN24 
970 MPa 
5P3 

None 
o mm 
5 mm 

Post Fracture Data 

Precracking Data 

Initial Cycles 
Mean Load: 
Amplitude: 
Max Load: 
No Cycles: 
Force Ratio: 
Final Cycles 
Mean Load: 
Amplitude: 
Max Load: 
No Cycles: 
Force Ratio: 

3 kN 
2.6 kN 
5.6 kN 

2200 
0.07 

2.6 kN 
2.3 kN 
4.9 kN 

5000 
0.06 

Stable J =([F/(BW·5)).f(aIW)}2 [(1-v2)/E)+[(l1pUp)/B(W-a)) 
Crack 

where f(aIW) is given by 9.2.3.2 of BS7448:pt1 
0.00 
0.15 and IIp = 2+0.522.(1-alW) 

0.70 
1.85 F= 20 kN IIp = 2.259913 

2.50 B= 5 mm Up= 6.04 

2.50 W= 60 mm 

1.45 aIW= 0.5021 

0.40 f(a/W) = 9.7213 

0.00 J= 206.05 N/mm 
1.194 

Load - q Plot 
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Specimen Data 

Specimen Thickness: 
Specimen Width: 
Material: 
Yield Stress: 
Specimen No: 
Side Groove Type: 
Side Groove Depth: 
Effective Thickness: 

Dist from Crack 
edge length 
1.0% 30.10 
12.5% 30.20 
25.0% 30.35 
37.5% 30.35 
50.0% 30.35 
62.5% 30.30 
75.0% 30.15 
87.5% 30.15 
99.0% 30.00 
Ave 30.24 

-z 
~ -'C as 
0 
..J 

Fracture Toughness Test Data - J 1C Test 

5 mm 
60 mm 

EN24 
970 MPa 
5P4 

None 
o mm 
5 mm 

Post Fracture Data 

Precracking Data 

Initial Cycles 
Mean Load: 
Amplitude: 
Max Load: 
No Cycles: 
Force Ratio: 
Final Cycles 
Mean Load: 
Amplitude: 
Max Load: 
No Cycles: 
Force Ratio: 

3 kN 
2.6 kN 
5.6 kN 

2200 
0.07 

2.6 kN 
2.3 kN 
4.9 kN 

5000 
0.06 

Stable J =([F/(BW·5)].f(aIW)f [(1-v2)/E]+[(TlpUp)/B(W-a)] 
Crack 

0.00 
where f(aIW) is given by 9.2.3.2 of BS7448:pt1 

0.30 and IIp = 2+0.522.(1-a/W) 

0.90 
1.45 F= 17.1 kN TIp = 2.258934 

1.70 B= 5 mm Up = 2.272313 

1.45 W= 60 mm 

0.90 aIW= 0.5040 

0.15 f(aIW) = 9.7780 

0.00 J= 119.30 N/mm 

0.856 

Load - q Plot 
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Specimen Data 

Specimen Thickness: 
Specimen Width: 
Material: 
Yield Stress: 
Specimen No: 
Side Groove Type: 
Side Groove Depth: 
Effective Thickness: 

Distfrom Crack 
edge length 
1.0% 30.20 
12.5% 30.55 
25.0% 30.55 
37.5% 30.55 
50.0% 30.20 
62.5% 30.15 
75.0% 30.00 
87.5% 29.95 
99.0% 29.80 
Ave 30.24 

-z 
~ --0 
co 
0 
-I 

Fracture Toughness Test Data - J,c Test 

5 mm 
60 mm 

EN24 
970 MPa 
5PS 

None 
o mm 
5 mm 

Post Fracture Data 

Precracking Data 

Initial Cycles 
Mean Load: 
Amplitude: 
Max Load: 
No Cycles: 
Force Ratio: 
Final Cycles 
Mean Load: 
Amplitude: 
Max Load: 
No Cycles: 
Force Ratio: 

3 kN 
2.6 kN 
5.6 kN 

2200 
0.07 

2.6 kN 
2.3 kN 
4.9 kN 

5000 
0.06 

Stable J =([F/(BW·5)].f(aJW)}2 [(1-v2)/E]+[(llpUp)/B(W-a)] 
Crack 

0.00 
where f(a/W) is given by 9.2.3.2 of BS7448:pt1 

0.05 and IIp = 2+0.522.(1-aJW) 

0.35 
0.65 F= 15.3 kN IIp = 2.258879 

0.90 8= 5 mm Up = 1.224208 

1.05 W= 60 mm 
0.65 aJW= 0.5041 
0.00 f(alW) = 9.7811 
0.00 J= 86.52 N/mm 

0.456 

Load - q Plot 
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Specimen Data 

Specimen Thickness: 
Specimen Width: 
Material: 
Yield Stress: 
Specimen No: 
Side Groove Type: 
Side Groove Depth: 
Effective Thickness: 

Distfrom Crack 
edge length 
1.0% 29.95 
12.5% 30.15 
25.0% 30.25 
37.5% 30.30 
50.0% 30.35 
62.5% 30.35 
75.0% 30.30 
87.5% 30.25 
99.0% 30.05 
Ave 30.24 

-z 
~ -"C 
CI 
0 
..J 

Fracture Toughness Test Data - J 1C Test 

5 mm 
60 mm 

EN24 
970 MPa 
5P6 

None 
o mm 
5 mm 

Post Fracture Data 

Precracking Data 

Initial Cycles 
Mean Load: 
Amplitude: 
Max Load: 
No Cycles: 
Force Ratio: 
Final Cycles 
Mean Load: 
Amplitude: 
Max Load: 
No Cycles: 
Force Ratio: 

3 kN 
2.6 kN 
5.6 kN 

2200 
0.07 

2.6 kN 
2.3 kN 
4.9 kN 

5000 
0.06 

Stable 
J ={[F/(BW·5)].f(aIW)f [(1-v2)/E]+[(llpUp)/B(W-a)] 

Crack 
0.00 where f(aIW) is given by 9.2.3.2 of BS7448:pt1 

0.00 and IIp = 2+0.522.(1-aIW) 

0.55 
0.90 F= 16.4 kN IIp = 2.258879 
1.15 B= 5 mm Up = 1.943818 
1.00 W= 60 mm 
0.50 alW= 0.5041 
0.00 f(aIW} = 9.7811 
0.00 J= 107.56 N/mm 

0.513 

Load - q Plot 
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Specimen Data 

Specimen Thickness: 
Specimen Width: 
Material: 
Yield Stress: 
Specimen No: 
Side Groove Type: 
Side Groove Depth: 
Effective Thickness: 

Distfrom Crack 
edge length 
1.0% 29.72 
12.5% 29.96 
25.0% 30.12 
37.5% 30.25 
50.0% 30.38 
62.5% 30.39 
75.0% 30.48 
87.5% 30.48 
99.0% 30.28 
Ave 30.26 

-z 
~ -
" ca 
0 
..J 

Fracture Toughness Test Data - J,c Test 

5 mm 
60 mm 

EN24 
970 MPa 
5P7 

None 
o mm 
5 mm 

Post Fracture Data 

Precracking Data 

Initial Cycles 
Mean Load: 
Amplitude: 
Max Load: 
No Cycles: 
Force Ratio: 
Final Cycles 
Mean Load: 
Amplitude: 
Max Load: 
No Cycles: 
Force Ratio: 

3 kN 
2.6 kN 
5.6 kN 

2200 
0.07 

2.6 kN 
2.3 kN 
4.9 kN 

5000 
0.06 

Stable 
J ={[F/(BW·

5
)].f(alW)f [(1-v2)/E]+[(llpUp)/B(W-a)] Crack 

0.040 where f(alW} is given by 9.2.3.2 of BS7448:pt1 

0.100 and IIp = 2+0.522.(1-a/W) 

0.670 
1.460 F= 15.4 kN IIp = 2.25876 
1.340 B= 5 mm Up = 
1.350 W= 60 mm 
0.600 a1W= 0.5043 
0.020 f(aIW) = 9.7881 
0.000 J= 91.78 N/mm 

0.695 

Load - q Plot 
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Specimen Data 

Specimen Thickness: 
Specimen Width: 
Material: 
Yield Stress: 
Specimen No: 
Side Groove Type: 
Side Groove Depth: 
Effective Thickness: 

Distfrom Crack 
edge length 

1.0% 29.93 

12.S% 30.11 

25.0% 30.15 

37.S% 30.18 
SO.O% 30.19 

62.5% 30.12 
75.0% 30.09 
87.S% 29.97 
99.0% 29.79 
Ave 30.08 

-z 
~ -"'CJ as 
0 
..J 

Fracture Toughness Test Data - J1C Test 

S mm 
60 mm 

EN24 
970 MPa 
SP8 

None 
o mm 
S mm 

Post Fracture Data 

Precracking Data 

Initial Cycles 
Mean Load: 
Amplitude: 
Max Load: 
No Cycles: 
Force Ratio: 
Final Cycles 
Mean Load: 
Amplitude: 
Max Load: 
No Cycles: 
Force Ratio: 

3 kN 
2.6 kN 
S.6 kN 

2200 
0.07 

2.6 kN 
2.3 kN 
4.9 kN 

SOOO 
0.06 

Stable J ={[F/(SW'·5)].f(aIW)}2 [(1-v2)/E]+[(llpUp)/B(W-a)] 
Crack 

0.000 
where f(aIW) is given by 9.2.3.2 of BS7448:pt1 

0.070 and IIp = 2+0.S22.(1-aIW) 

O.SSO 
1.010 F= 16 kN IIp = 

1.030 B= S mm up = 
1.100 W= 60 mm 

O.SOO a/W= 0.S014 

0.120 f(a/W) = 9.7007 

0.040 J= 95.87 N/mm 

0.550 

Load - q Plot 
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Specimen Data 

Specimen Thickness: 
Specimen Width: 
Material: 
Yield Stress: 
Specimen No: 
Side Groove Type: 
Side Groove Depth: 
Effective Thickness: 

Distfrom Crack 
edge length 
1.0% 29.39 
12.5% 29.56 
25.0% 29.71 
37.5% 29.78 
50.0% 29.86 
62.5% 29.92 
75.0% 29.89 
87.5% 29.83 
99.0% 29.69 
Ave 29.76 

-z 
.lII:: -,., 
as 
0 
..J 

Fracture Toughness Test Data - J1C Test 

Precracking Data 

5 mm 
60 mm 

EN24 
970 MPa 
5P9 

None 

Initial Cycles 
Mean Load: 
Amplitude: 
Max Load: 
No Cycles: 
Force Ratio: 

3 kN 
2.6 kN 
5.6 kN 

2200 
0.07 

o mm 
5 mm 

Final Cycles 
Mean Load: 
Amplitude: 
Max Load: 

2.6 kN 
2.3 kN 
4.9 kN 

Stable 
Crack 

0.030 
0.270 
1.100 
1.670 
2.060 
1.900 
0.990 
0.330 
0.060 

1.046 

No Cycles: 
Force Ratio: 

Post Fracture Data 

5000 
0.06 

J =([F/(BW-5)].f(aIW)}2 [(1-v2)/E]+[(llpUp)/B(W-a)] 

where f(aIW) is given by 9.2.3.2 of BS7448:pt1 

and IIp = 2+0.522.(1-alW) 

F= 17 kN IIp = 
B= 5 mm Up = 

W= 60 mm 
a/W= 0.4960 

f(a/W) = 9.5420 
J= 104.11 N/mm 

Load - q Plot 
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Specimen Data 

Specimen Thickness: 
Specimen Width: 
Material: 
Yield Stress: 
Specimen No: 
Side Groove Type: 
Side Groove Depth: 
Effective Thickness: 

Dist from Crack 
edge length 
1.0% 29.62 
12.5% 29.83 
25.0% 29.96 
37.5% 29.98 
50.0% 30.03 
62.5% 30.02 
75.0% 30.00 
87.5% 29.94 
99.0% 29.78 
Ave 29.93 

-z 
.l&:: -"C 
CG 
0 
..J 

Fracture Toughness Test Data - J,c Test 

5 mm 
60 mm 

EN24 
970 MPa 

5P10 
None 

o mm 
5 mm 

Post Fracture Data 

Precracking Data 

Initial Cycles 
Mean Load: 
Amplitude: 
Max Load: 
No Cycles: 
Force Ratio: 
Final Cycles 
Mean Load: 
Amplitude: 
Max Load: 
No Cycles: 
Force Ratio: 

3 kN 
2.6 kN 
5.6 kN 

2200 
0.07 

2.6 kN 
2.3 kN 
4.9 kN 

5000 
0.06 

Stable J =([F/(BW·5)].f(aIW)}2 [(1-v2)/E]+[(llpUp)/B(W-a)] 
Crack 

where f(aIW) is given by 9.2.3.2 of BS7448:pt1 
0.040 
0.480 and IIp = 2+0.522.(1-alW) 

1.460 
2.880 F= 18 kN IIp = 2.261587 

3.330 B= 5 mm Up = 3.14 

2.920 W= 60 mm 

1.300 aIW= 0.4989 
0.290 f(aIW) = 9.6257 

0.040 J= 138.30 N/mm 

1.588 

Load - q Plot 
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Specimen Data 

Specimen Thickness: 
Specimen Width: 
Material: 
Yield Stress: 
Specimen No: 
Side Groove Type: 
Side Groove Depth: 
Effective Thickness: 

Distfrom Crack 
edge length 
1.0% 29.91 
12.5% 30.07 
25.0% 30.13 
37.5% 30.14 
50.0% 30.10 
62.5% 30.06 
75.0% 30.03 
87.5% 29.92 
99.0% 29.75 
Ave 30.04 

-z 
~ -~ ca 
0 

.-oJ 

Fracture Toughness Test Data - J 1C Test 

5 mm 
60 mm 

EN24 
970 MPa 

5P11 
None 

o mm 
5 mm 

Post Fracture Data 

Precracking Data 

Initial Cycles 
Mean Load: 
Amplitude: 
Max Load: 
No Cycles: 
Force Ratio: 
Final Cycles 
Mean Load: 
Amplitude: 
Max Load: 

3 kN 
2.6 kN 
5.6 kN 

2200 
0.07 

2.6 kN 
2.3 kN 
4.9 kN 

No Cycles: 5000 
Force Ratio: 0.06 

Stable J =([F/(BW·5)].f(aIW)}2 [(1-v2)/E]+[(l1pUp)/B(W-a)] 
Crack 

where f(aIW) is given by 9.2.3.2 of BS7448:pt1 
0.040 
0.520 and l1p = 2+0.522.(1-a/W) 

1.200 
2.160 F= 19 kN l1p = 

2.650 B= 5 mm Up = 

1.970 W= 60 mm 

0.570 aIW= 0.5006 
0.200 f(aIW) = 9.6764 

0.000 J= 152.58 N/mm 

1.161 

Load - q Plot 
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Specimen Data 

Specimen Thickness: 
Specimen Width: 
Material: 
Yield Stress: 
Specimen No: 
Side Groove Type: 
Side Groove Depth: 
Effective Thickness: 

Distfrom Crack 
edge length 
1.0% 29.16 
12.5% 29.34 
25.0% 29.48 
37.5% 29.61 
50.0% 29.64 
62.5% 29.68 
75.0% 29.69 
87.5% 29.63 
99.0% 29.54 
Ave 29.55 

-z 
~ -"C 
CI 
0 
...I 

Fracture Toughness Test Data - J1C Test 

5 mm 
60 mm 

EN24 
970 MPa 

5P12 
None 

o mm 
5 mm 

Post Fracture Data 

Precracking Data 

Initial Cycles 
Mean Load: 
Amplitude: 
Max Load: 
No Cycles: 
Force Ratio: 
Final Cycles 
Mean Load: 
Amplitude: 
Max Load: 
No Cycles: 
Force Ratio: 

3 kN 
2.6 kN 
5.6 kN 

2200 
0.07 

2.6 kN 
2.3 kN 
4.9 kN 

5000 
0.06 

Stable J ={[F/(BWO·5)].f(aIW)}2 [(1-v2)/E]+[(llpUp)/B(W-a)] 
Crack 

where f(a/W) is given by 9.2.3.2 of BS7448:pt1 
0.000 
0.280 and IIp = 2+0.522.(1-alW) 

0.850 
2.170 F= 20 kN IIp = 2.264893 

2.680 B= 5 mm Up = 3.798867 

2.070 W= 60 mm 
0.890 a/W= 0.4925 
0.260 f(a/W) = 9.4415 

0.100 J= 164.68 N/mm 

1.156 

Load - q Plot 
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Specimen Data 

Specimen Thickness: 
Specimen Width: 
Material: 
Yield Stress: 
Specimen No: 
Side Groove Type: 
Side Groove Depth: 
Effective Thickness: 

Distfrom Crack 
, edge length 

1.0% 29.96 
12.5% 30.10 
25.0% 30.17 
37.5% 30.18 
50.0% 30.11 
62.5% 30.03 
75.0% 29.98 
87.5% 29.92 
99.0% 29.70 
Ave 30.04 

-z 
~ -"C 
as 
0 
..J 

Fracture Toughness Test Data - J 1C Test 

5 mm 
60 mm 

EN24 
970 MPa 

5P13 
None 

o mm 
5 mm 

Post Fracture Data 

Precracking Data 

Initial Cycles 
Mean Load: 
Amplitude: 
Max Load: 
No Cycles: 
Force Ratio: 
Final Cycles 
Mean Load: 
Amplitude: 
Max Load: 
No Cycles: 
Force Ratio: 

3 kN 
2.6 kN 
5.6 kN 

2200 
0.07 

2.6 kN 
2.3 kN 
4.9 kN 

5000 
0.06 

Stable J ={[F/(BW·5)].f(aIW)}2 [(1-v2)/E]+[(TlpUp)/B(W-a)] 
Crack 

0.000 
where f(a/W) is given by 9.2.3.2 of BS7448:pt1 

0.220 and IIp = 2+0.522.(1-alW) 

0.800 
1.310 F= 15 kN TIp = 2.260652 

1.580 B= 5 mm Up = 

1.270 W= 60 mm 

0.600 aIW= 0.5007 

0.130 f(aIW} = 9.6789 

0.000 J= 82.07 N/mm 

0.739 

Load - q Plot 
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Specimen Data 

Specimen Thickness: 
Specimen Width: 
Material: 
Yield Stress: 
Specimen No: 
Side Groove Type: 
Side Groove Depth: 
Effective Thickness: 

Distfrom Crack 
edae length 
1.0% 29.53 
12.5% 29.68 
25.0% 29.81 
37.5% 29.85 
50.0% 29.87 
62.5% 29.91 
75.0% 29.86 
87.5% 29.80 
99.0% 29.63 
Ave 29.80 

-z 
.liI:: -"C 
as 
0 
..J 

Fracture Toughness Test Data - J 1C Test 

5 mm 
60 mm 

EN24 
970 MPa 

5P14 
None 

o mm 
5 mm 

Post Fracture Data 

Precracking Data 

Initial Cycles 
Mean Load: 
Amplitude: 
Max Load: 
No Cycles: 
Force Ratio: 
Final Cycles 
Mean Load: 
Amplitude: 
Max Load: 
No Cycles: 
Force Ratio: 

3 kN 
2.6 kN 
5.6 kN 

2200 
0.07 

2.6 kN 
2.3 kN 
4.9 kN 

5000 
0.06 

Stable J =([F/(BW·s)].f(aIW)}2 [(1-v2)/E]+[(l1pUp)/B(W-a)] 
Crack 

0.000 
where f(aIW) is given by 9.2.3.2 of BS7448:pt1 

0.000 and YIp = 2+0.522.(1-alW) 

0.450 
0.830 F= 16.5 kN TIp = 
0.760 B= 5 mm Up = 
0.740 W= 60 mm 
0.300 aIW= 0.4966 

0.030 f(aIW) = 9.5584 

0.000 J= 94.93 N/mm 
0.389 

Load - q Plot 
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Specimen Data 

Specimen Thickness: 
Specimen Width: 
Material: 
Yield Stress: 
Specimen No: 
Side Groove Type: 
Side Groove Depth: 
Effective Thickness: 

Distfrom Crack 
edAe length 
1.0% 29.51 
12.5% 29.67 
25.0% 29.73 
37.5% 29.86 
50.0% 29.91 
62.5% 29.93 
75.0% 29.94 
87.5% 29.91 
99.0% 29.87 
Ave 29.83 

-z 
.lII: -"C ca 
0 
...J 

Fracture Toughness Test Data - J1C Test 

5 mm 
60 mm 

EN24 
970 MPa 

5P15 
None 

o mm 
5 mm 

Post Fracture Data 

Precracking Data 

Initial Cycles 
Mean Load: 
Amplitude: 
Max Load: 
No Cycles: 
Force Ratio: 
Final Cycles 
Mean Load: 
Amplitude: 
Max Load: 

3 kN 
2.6 kN 
5.6 kN 

2200 
0.07 

2.6 kN 
2.3 kN 
4.9 kN 

No Cycles: 5000 
Force Ratio: 0.06 

Stable 
J ={[F/(BW·5)].f(aIW)}2 [(1-v2)/E]+[(llpUp)/B(W-a)] 

Crack 
0.000 

where f(a/W) is given by 9.2.3.2 of BS7448:pt1 

0.280 and IIp = 2+0.522.(1-alW) 

1.060 
2.290 F= 17.5 kN IIp = 

2.540 B= 5 mm Up = 
1.670 W= 60 mm 

0.600 a1W= 0.4972 
0.030 f(aIW) = 9.5755 

0.020 J= 117.63 N/mm 

1.060 

Load - q Plot 
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Specimen Data 

Specimen Thickness: 
Specimen Width: 
Material: 
Yield Stress: 
Specimen No: 
Side Groove Type: 
Side Groove Depth: 
Effective Thickness: 

Dist from Crack 
edge length 
1.0% 29.54 
12.5% 29.68 
25.0% 29.87 
37.5% 29.89 
50.0% 29.92 
62.5% 29.96 
75.0% 29.91 
87.5% 29.89 
99.0% 29.70 
Ave 29.84 

-z 
~ -"C 
ftS 
0 
...I 

Fracture Toughness Test Data - J 1C Test 

5 mm 
60 mm 

EN24 
970 MPa 

5P16 
None 

o mm 
5 mm 

Post Fracture Data 

Precracking Data 

Initial Cycles 
Mean Load: 
Amplitude: 
Max Load: 
No Cycles: 
Force Ratio: 
Final Cycles 
Mean Load: 
Amplitude: 
Max Load: 
No Cycles: 
Force Ratio: 

3 kN 
2.6 kN 
5.6 kN 

2200 
0.07 

2.6 kN 
2.3 kN 
4.9 kN 

5000 
0.06 

Stable J ={[F/{BW·5)].f(alW)}2 [(1-v2)/E]+[(TlpUp)/B(W-a)] 
Crack 

0.180 
where f(alW) is given by 9.2.3.2 of BS7448:pt1 

0.150 and TIp = 2+0.522.(1-aIW) 

0.350 
0.760 F= 18.5 kN TIp = 2.26237 

1.330 B= 5 mm Up = 2.223625 

1.370 W= 60 mm 

0.830 a/W= 0.4974 
0.800 f(aIW) = 9.5816 

0.830 J= 128.67 N/mm 

0.762 

Load - q Plot 
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Specimen Data 

Specimen Thickness: 

Specimen Width: 
Material: 
Yield Stress: 
Specimen No: 
Side Groove Type: 
Side Groove Depth: 
Effective Thickness: 

Distfrom Crack 
edge length 
1.0% 28.80 

12.5% 28.89 

25.0% 29.00 

37.5% 29.09 

50.0% 29.15 

62.5% 29.19 

75.0% 29.25 

87.5% 29.27 

99.0% 29.14 

Ave 29.10 

-z 
.lI:: -
" ca 
0 
...J 

Fracture Toughness Test Data - J1C Test 

5 mm 
60 mm 

EN24 
970 MPa 

5P17 
None 

o mm 
5 mm 

Post Fracture Data 

Precracking Data 

Initial Cycles 
Mean Load: 
Amplitude: 
Max Load: 
No Cycles: 
Force Ratio: 
Final Cycles 
Mean Load: 
Amplitude: 
Max Load: 
No Cycles: 
Force Ratio: 

3 kN 
2.6 kN 
5.6 kN 

2200 
0.07 

2.6 kN 
2.3 kN 
4.9 kN 

5000 
0.06 

Stable J ={[F/(BW·5)].f(aIW)}2 [(1-v2)/E]+[(llpUp)/B(W-a)] 
Crack 

0 
where f(aIW) is given by 9.2.3.2 of BS7448:pt1 

0.37 
and IIp = 2+0.S22.(1-alW) 

1.06 
1.87 F= 19.5 kN IIp = 
2.61 B= 5 mm Up = 
2.19 W= 60 mm 

1.22 a/W= 0.4850 

0.32 f(a/W) = 9.2301 

0 J= 148.84 N/mm 

1.205 

Load - q Plot 
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Specimen Data 

Specimen Thickness: 
Specimen Width: 
Material: 
Yield Stress: 
Specimen No: 
Side Groove Type: 
Side Groove Depth: 
Effective Thickness: 

Dist from Crack 
edae length 
1.0% 29.38 
12.5% 29.47 
25.0% 29.50 
37.5% 29.49 
50.0% 29.47 
62.5% 29.49 
75.0% 29.44 
87.5% 29.38 
99.0% 29.25 
Ave 29.44 

-z 
.lII:: -"C 
ca 
0 
..J 

Fracture Toughness Test Data - J1C Test 

2.5 mm 
60 mm 

EN24 
970 MPa 

2-5P3 
None 

o mm 
2.5 mm 

Post Fracture Data 

Precracking Data 

Initial Cycles 
Mean Load: 
Amplitude: 
Max Load: 
No Cycles: 
Force Ratio: 
Final Cycles 
Mean Load: 
Amplitude: 
Max Load: 
No Cycles: 
Force Ratio: 

1.5 kN 
1.3 kN 
2.8 kN 

2200 
0.07 

1.3 kN 
1.15 kN 
2.45 kN 
5000 
0.06 

Stable J ={[F/(BWO·5)].f(aIW)}2 [(1-v2)/E]+[(TlpUp)/B(W-a)] 
Crack 

0 
where f(alW) is given by 9.2.3.2 of BS7448:pt1 

0.03 and IIp = 2+0.522.(1-alW) 

0.32 
0.61 F= 8.5 kN TIp = 
0.68 B= 2.5 mm Up = 
0.41 W= 60 mm 

0.14 alW= 0.4907 

0.11 f(aIW) = 9.3901 

0.04 J= 99.61 N/mm 
0.290 

Load - q Plot 
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Specimen Data 

Specimen Thickness: 
Specimen Width: 
Material: 
Yield Stress: 
Specimen No: 
Side Groove Type: 
Side Groove Depth: 
Effective Thickness: 

Dist from Crack 
edge length 
1.0% 29.56 
12.5% 29.66 
25.0% 29.74 
37.5% 29.76 
50.0% 29.77 
62.5% 29.79 
75.0% 29.75 
87.5% 29.72 
99.0% 29.63 
Ave 29.72 

-z 
~ -"0 
ca 
0 
..J 

Fracture Toughness Test Data - J,c Test 

2.5 mm 
60 mm 

EN24 
970 MPa 

2-5P4 
None 

o mm 
2.5 mm 

Post Fracture Data 

Precracking Data 

Initial Cycles 
Mean Load: 
Amplitude: 
Max Load: 
No Cycles: 
Force Ratio: 
Final Cycles 
Mean Load: 
Amplitude: 
Max Load: 
No Cycles: 
Force Ratio: 

1.5 kN 
1.3 kN 
2.8 kN 

2200 
0.07 

1.3 kN 
1.15 kN 
2.45 kN 
5000 
0.06 

Stable J ={[F/(BW·5)].f(aIW)}2 [(1-v2)/E]+[(llpUp)/B(W-a)] 
Crack 

where f(a/W) is given by 9.2.3.2 of BS7448:pt1 
0 

and IIp = 2+0.522.(1-alW) 
0.02 
0.46 
0.98 F= 9 kN IIp = 2.263409 

0.98 B= 2.5 mm Up = 

0.6 W= 60 mm 

0.33 aIW= 0.4954 
0.13 f(aIW) = 9.5235 

0 J= 115.69 N/mm 

0.438 

Load - q Plot 
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Specimen Data 

Specimen Thickness: 
Specimen Width: 
Material: 
Yield Stress: 
Specimen No: 
Side Groove Type: 
Side Groove Depth: 
Effective Thickness: 

Dist from Crack 
edge length 
1.0% 29.92 
12.5% 30.05 
25.0% 30.13 
37.5% 30.15 
50.0% 30.16 
62.5% 30.17 
75.0% 30.12 
87.5% 30.03 
99.0% 29.93 
Ave 30.09 

-z 
~ -
" ca 
0 
..J 

Fracture Toughness Test Data - J 1C Test 

2.5 mm 
60 mm 

EN24 
970 MPa 

2-5P5 
None 

o mm 
2.5 mm 

Post Fracture Data 

Precracking Data 

Initial Cycles 
Mean Load: 
Amplitude: 
Max Load: 
No Cycles: 
Force Ratio: 
Final Cycles 
Mean Load: 
Amplitude: 
Max Load: 
No Cycles: 
Force Ratio: 

1.5 kN 
1.3 kN 
2.8 kN 

2200 
0.07 

1.3 kN 
1.15 kN 
2.45 kN 
5000 
0.06 

Stable 
J ={[F/(BW·5)].f(afW)}2 [(1-v2)/E]+[(llpUp)/B(W-a)] 

Crack 
where f(afW) is given by 9.2.3.2 of BS7448:pt1 

0.05 
0.09 and IIp = 2+0.522.(1-afW) 

0.3 
0.83 F= 9.5 kN IIp = 

1.16 B= 2.5 mm Up = 

0.92 W= 60 mm 
0.43 alW= 0.5015 
0.04 f(afW) = 9.7048 

0 J= 143.10 N/mm 

0.474 

Load - q Plot 
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12.00 
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2.260201 
1.322042 



Specimen Data 

Specimen Thickness: 
Specimen Width: 
Material: 
Yield Stress: 
Specimen No: 
Side Groove Type: 
Side Groove Depth: 
Effective Thickness: 

Dist from Crack 
edge length 
1.0% 29.13 
12.5% 29.27 
25.0% 29.36 
37.5% 29.48 
50.0% 29.53 
62.5% 29.57 
75.0% 29.58 
87.5% 29.55 
99.0% 29.45 
Ave 29.45 

-z 
~ -
" ca 
0 
...J 

Fracture Toughness Test Data - J1C Test 

2.5 mm 
60 mm 

EN24 
970 MPa 

2-5P6 
None 

o mm 
2.5 mm 

Post Fracture Data 

Precracking Data 

Initial Cycles 
Mean Load: 
Amplitude: 
Max Load: 
No Cycles: 
Force Ratio: 
Final Cycles 
Mean Load: 
Amplitude: 
Max Load: 
No Cycles: 
Force Ratio: 

1.5 kN 
1.3 kN 
2.8 kN 

2200 
0.07 

1.3 kN 
1.15 kN 
2.45 kN 
5000 
0.06 

Stable 
J ={[F/(B~P5)].f(a/W)}2 [(1-v2)/E]+[(llpUp)/B(W-a)] 

Crack 
0.08 

where f(a/W) is given by 9.2.3.2 of BS7448:pt1 

0.31 and IIp = 2+0.522.(1-a/W) 

0.55 
0.89 F= 10 kN IIp = 

1.02 8= 2.5 mm Up = 

0.78 W= 60 mm 

0.46 alW= 0.4909 
0.21 f(a/W) = 9.3946 
0.05 J= 154.76 N/mm 

0.536 

Load - q Plot 

14.00 

12.00 

IT est stopped l 
J /1 10.00 
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q (mm) 

2.265752 
1.606667 



Specimen Data 

Specimen Thickness: 
Specimen Width: 
Material: 
Yield Stress: 
Specimen No: 
Side Groove Type: 
Side Groove Depth: 
Effective Thickness: 

Dist from Crack 
edge length 
1.0% 29.67 
12.5% 29.79 
25.0% 29.92 
37.5% 29.95 
50.0% 29.96 
62.5% 29.94 
75.0% 29.94 
87.5% 29.91 
99.0% 29.77 
Ave 29.89 

-z 
.lII: -"0 
CG 
0 
-I 

Fracture Toughness Test Data - J,c Test 

2.5 mm 
60 mm 

EN24 
970 MPa 

2-5P7 
None 

o mm 
2.5 mm 

Post Fracture Data 

Precracking Data 

Initial Cycles 
Mean Load: 
Amplitude: 
Max Load: 
No Cycles: 
Force Ratio: 
Final Cycles 
Mean Load: 
Amplitude: 
Max Load: 
No Cycles: 
Force Ratio: 

1.5 kN 
1.3 kN 
2.8 kN 

2200 
0.07 

1.3 kN 
1.15 kN 
2.45 kN 

5000 
0.06 

Stable J =([F/(BW·5)].f(aIW)}2 [(1-v2)/E)+[(l1pUp)/B(W-a)] 
Crack 

where f(a/W) is given by 9.2.3.2 of BS7448:pt1 
0.15 

and IIp = 2+0.522.(1-alW) 0.16 
0.33 
1.21 F= 10.5 kN IIp = 2.261946 

1.3 B= 2.5 mm Up = 

1.08 W= 60 mm 

0.18 a/W= 0.4982 
0.12 f(a/W) = 9.6054 

0.12 J= 194.18 N/mm 

0.564 

Load - q Plot 
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Specimen Data 

Specimen Thickness: 
Specimen Width: 
Material: 
Yield Stress: 
Specimen No: 
Side Groove Type: 
Side Groove Depth: 
Effective Thickness: 

Dist from Crack 
edge length 
1.0% 29.54 
12.5% 29.62 
25.0% 29.68 
37.5% 29.68 
50.0% 29.67 
62.5% 29.64 
75.0% 29.61 
87.5% 29.53 
99.0% 29.42 
Ave 29.61 

-z 
..¥: -"0 
as 
0 
..J 

Fracture Toughness Test Data - J 1C Test 

2.5 mm 
60 mm 

EN24 
970 MPa 

2-5P8 
None 

o mm 
2.5 mm 

Post Fracture Data 

Precracking Data 

Initial Cycles 
Mean Load: 
Amplitude: 
Max Load: 
No Cycles: 
Force Ratio: 
Final Cycles 
Mean Load: 
Amplitude: 
Max Load: 
No Cycles: 
Force Ratio: 

1.5 kN 
1.3 kN 
2.8 kN 

2200 
0.07 

1.3 kN 
1.15 kN 
2.45 kN 
5000 
0.06 

Stable J =([F/(BW·s)].f(aIW)}2 [(1-v2)/E]+[(llpUp)/B(W-a)] 
Crack 

where f(a/W) is given by 9.2.3.2 of BS7448:pt1 
0.1 

0.48 and YIp = 2+0.522.(1-alW) 

0.81 
1.44 F= 11 kN IIp = 

1.79 B= 2.5 mm Up = 

1.32 W= 60 mm 

1.02 aIW= 0.4936 
0.31 f(aIW) = 9.4708 

0.18 J= 215.18 N/mm 
0.914 

Load - q Plot 

14.00 

/ 
V r Test stopped J 

12.00 

10.00 V 
/ 

v 8.00 

/ 
7 6.00 

/ ! 

.J....- -- - <---- - --
-

/ ! 
I 

! I 

4.00 

/ --\--- -
- ~ 

2.00 
I 
, i 

! 
i V 

0.000.00 0.20 0.40 0.60 0.80 1.00 1.20 1.40 1.60 

q (mm) 

2.26436 
2.801 



Specimen Data 

Specimen Thickness: 
Specimen Width: 
Material: 
Yield Stress: 
Specimen No: 
Side Groove Type: 
Side Groove Depth: 
Effective Thickness: 

Dist from Crack 
edge le~th 

1.0% 29.45 
12.5% 29.61 
25.0% 29.74 
37.5% 29.77 
50.0% 29.76 
62.5% 29.69 
75.0% 29.62 
87.5% 29.58 
99.0% 29.44 
Ave 29.65 

-z 
~ -"C 
cu 
0 
-oJ 

Fracture Toughness Test Data - J 1C Test 

2.5 mm 
60 mm 

EN24 
970 MPa 

2-5P9 
None 

o mm 
2.5 mm 

Post Fracture Data 

Precracking Data 

Initial Cycles 
Mean Load: 
Amplitude: 
Max Load: 
No Cycles: 
Force Ratio: 
Final Cycles 
Mean Load: 
Amplitude: 
Max Load: 
No Cycles: 
Force Ratio: 

1.5 kN 
1.3 kN 
2.8 kN 

2200 
0.07 

1.3 kN 
1.15 kN 
2.45 kN 
5000 
0.06 

Stable J =([F/(8Wl5)].f(a/W)}2 [(1-v2)/E]+[(llpUp)/B(W-a)] 
Crack 

where f(a/W) is given by 9.2.3.2 of BS7448:pt1 
0 
0 and IIp = 2+0.522.(1-a/W) 

0 
0.3 F= 8 kN IIp = 

0.45 B= 2.5 mm Up = 

0.31 W= 60 mm 

0.22 aIW= 0.4942 

0.04 f(aIW) = 9.4891 

0.05 J= 83.71 N/mm 
0.168 

Load - q Plot 

14.00 

12.00 

10.00 I 

iT est stopped J 

IL i 

/ -- ----r----

/ I 

8.00 

6.00 

4.00 

2.00 I 
I 
I I 

0.000.00 0.20 0.40 0.60 0.60 1.00 1.20 1.40 1.60 

q (mm) 

2.264029 
0.462167 



Specimen Data 

Specimen Thickness: 
Specimen Width: 
Material: 
Yield Stress: 
Specimen No: 
Side Groove Type: 
Side Groove Depth: 
Effective Thickness: 

Distfrom Crack 
edge length 
1.0% 29.04 

12.5% 29.07 
25.0% 29.09 
37.5% 29.12 
50.0% 29.12 
62.5% 29.12 
75.0% 29.10 
87.5% 29.06 
99.0% 29.00 
Ave 29.09 

-z 
~ -"C 
CG 
0 
-I 

Fracture Toughness Test Data - J,c Test 

2.5 mm 
60 mm 

EN24 
970 MPa 

2-5P10 
None 

o mm 
2.5 mm 

Post Fracture Data 

Precracking Data 

Initial Cycles 
Mean Load: 
Amplitude: 
Max Load: 
No Cycles: 
Force Ratio: 
Final Cycles 
Mean Load: 
Amplitude: 
Max Load: 
No Cycles: 
Force Ratio: 

1.5 kN 
1.3 kN 
2.8 kN 

2200 
0.07 

1.3 kN 
1.15 kN 
2.45 kN 

5000 
0.06 

Stable J =([F/(BW·5)].f(alW)}2 [(1-v2)/E]+[(TlpUp)/B(W-a)] 
Crack 

where f(aIW) is given by 9.2.3.2 of BS7448:pt1 
0 
0 

and TIp = 2+0.522.(1-alW) 

0.11 
0.25 F= 8.5 kN TIp = 2.268939 

0.35 B= 2.5 mm Up = 
0.26 W= 60 mm 

0.08 aIW= 0.4848 
0 f(alW) = 9.2238 

0 J= 88.90 N/mm 
0.131 

Load - q Plot 

14.00 

12.00 

10.00 

8.00 

6.00 

4.00 

L 
IT est stopped I 

V .-

j ---

/ 

2.00 / - - , 
, 

I 

I V 
0.000.00 0.20 0.40 0.60 0.80 1.00 1.20 1.40 1.60 

q (mm) 

0.487667 

-



Specimen Data 

Specimen Thickness: 
Specimen Width: 
Material: 
Yield Stress: 
Specimen No: 
Side Groove Type: 
Side Groove Depth: 
Effective Thickness: 

Dist from Crack 
edge length 
1.0% 29.45 

12.5% 29.56 
25.0% 29.56 
37.5% 29.62 
50.0% 29.68 
62.5% 29.69 
75.0% 29.66 
87.5% 29.59 
99.0% 29.51 
Ave 29.61 

-z 
.lie: -"'C 
cu 
0 

-.oJ 

Fracture Toughness Test Data - J,c Test 

2.5 mm 
60 mm 

EN24 
970 MPa 

2-5P11 
None 

o mm 
2.5 mm 

Post Fracture Data 

Precracking Data 

Initial Cycles 
Mean Load: 
Amplitude: 
Max Load: 
No Cycles: 
Foree Ratio: 
Final Cycles 
Mean Load: 
Amplitude: 
Max Load: 
No Cycles: 
Foree Ratio: 

1.5 kN 
1.3 kN 
2.8 kN 

2200 
0.07 

1.3 kN 
1.15 kN 
2.45 kN 
5000 
0.06 

Stable J ={[F/(BW<>·5)].f(aIW)}2 [(1-v2)/E]+[(TlpUp)/B(W-a)] 
Crack 

where f(aIW) is given by 9.2.3.2 of BS7448:pt1 
0.060 
0.160 and IIp = 2+0.522.(1-alW) 

0.840 
1.320 F= 9 kN TIp = 2.264437 

1.240 B= 2.5 mm Up = 
1.000 W= 60 mm 
0.510 aIW= 0.4934 
0.110 f(a/W) = 9.4666 
0.000 J= 124.85 N/mm 

0.651 

Load - q Plot 

14.00 

12.00 

10.00 

/ I Test stopped J 

.~ I 
--1--- -

I 

~ I 

- -

V 
! 

B.OO 

6.00 

4.00 

L , 

-- - . - -

I 
2.00 

I ! 
I 

i I V , 

0.000.00 0.20 0.40 0.60 0.80 1.00 1.20 1.40 1.60 

q (mm) 

1.234 



Specimen Data 

Specimen Thickness: 
Specimen Width: 
Material: 
Yield Stress: 
Specimen No: 
Side Groove Type: 
Side Groove Depth: 
Effective Thickness: 

Dist from Crack 
ed9_e length 
1.0% 29.71 
12.5% 29.83 
25.0% 29.93 
37.5% 30.02 
50.0% 30.04 
62.5% 30.05 
75.0% 30.05 
87.5% 29.99 
99.0% 29.98 
Ave 29.97 

-z 
~ -"0 ca 
0 

....I 

Fracture Toughness Test Data - J,c Test 

2.5 mm 
60 mm 

EN24 
970 MPa 

2-5P12 
None 

o mm 
2.5 mm 

Post Fracture Data 

Precracking Data 

Initial Cycles 
Mean Load: 
Amplitude: 
Max Load: 
No Cycles: 
Force Ratio: 
Final Cycles 
Mean Load: 
Amplitude: 
Max Load: 
No Cycles: 
Force Ratio: 

1.5 kN 
1.3 kN 
2.8 kN 

2200 
0.07 

1.3 kN 
1.15 kN 
2.45 kN 
5000 
0.06 

Stable J ={[F/(BW·5)].f(aIW)f [(1-v2)/E]+[(llpUp)/B(W-a)] 
Crack 

where f{aIW) is given by 9.2.3.2 of BS7448:pt1 
0.000 
0.130 and IIp = 2+0.522.(1-alW) 

0.660 
0.960 F= 9.5 kN IIp = 

0.970 B= 2.5 mm Up = 

0.590 W= 60 mm 
0.310 alW= 0.4995 
0.180 f(alW) = 9.6439 
0.000 J= 143.28 N/mm 

0.475 

Load - q Plot 

14.00 

12.00 

IT est stopped J 

V 
Ii 

1 , 

-o-

f I i 
i 

10.00 

8.00 

6.00 

4.00 

L 
I 

.--- - - -

2.00 
! 

I ! V , 

0.000.00 0.20 0.40 0.60 0.80 1.00 1.20 1.40 1.60 

q (mm) 

2.261266 
1.375708 



Specimen Data 

Specimen Thickness: 
Specimen Width: 
Material: 
Yield Stress: 
Specimen No: 
Side Groove Type: 
Side Groove Depth: 
Effective Thickness: 

Dist from Crack 
ed~e length 
1.0% 29.21 
12.5% 29.30 
25.0% 29.38 
37.5% 29.44 
50.0% 29.49 
62.5% 29.48 
75.0% 29.44 
87.5% 29.38 
99.0% 29.28 
Ave 29.39 

-z 
~ -"C ca 
0 
..J 

Fracture Toughness Test Data - J1C Test 

Precracking Data 

2.5 mm 
60 mm 

EN24 
970 MPa 

2-5P13 
None 

o mm 
2.5 mm 

Post Fracture Data 

Initial Cycles 
Mean Load: 
Amplitude: 
Max Load: 
No Cycles: 
Force Ratio: 
Final Cycles 
Mean Load: 
Amplitude: 
Max Load: 
No Cycles: 
Force Ratio: 

1.5 kN 
1.3 kN 
2.8 kN 

2200 
0.07 

1.3 kN 
1.15 kN 
2.45 kN 
5000 
0.06 

Stable J ={[F/(BW,s)].f(aIW)f [(1-v2)/E]+[(YJpUp)/B(W-a)] 
Crack 

where f(aIW) is given by 9.2.3.2 of BS7448:pt1 
0.030 

and IIp = 2+0.522.(1-alW) 0.130 
0.350 
0.660 F= 10 kN YJp = 

0.970 B= 2.5 mm Up = 

0.760 W= 60 mm 
0.330 alW= 0.4899 

0.030 f(aIW) = 9.3665 

0.000 J= 146.99 N/mm 

0.406 

Load - q Plot 

14.00 

12.00 . t-----+ -----+ --

I 

IT est stopped ------
[---

V 
I 

.-

L I 

----,---

10.00 

8.00 

6.00 

/ ! 

--
. -

--

f--

V i 
I 

4.00 
I 

/ i I 

i + -, -

2.00 

: V 
0.000.00 0.20 0.40 0.60 0.80 1.00 1.20 1.40 1.60 

q (mm) 

2.266269 
1.368667 



APPENDIX III 

TEST RECORDS - SIDE GROOVED SPECIMENS 



Fracture Toughness Test Data - K1c Test 

Specimen Data 

Specimen Thickness: 
Specimen Width: 
Material: 
Yield Stress: 
Specimen No: 
Side Groove Type: 
Side Groove Depth: 
Groove Base Thickness' 

Distfrom 
edge 
1.0% 
12.5% 
25.0% 
37.5% 
50.0% 
62.5% 
75.0% 
87.5% 
99.0% 
Ave 

Crack 
length 
29.95 
30.10 
30.23 
30.29 
30.28 
30.28 
30.23 
30.09 
29.90 
30.18 

80.00 

70.00 

60.00 

50.00 -Z 
~ 

:; 40.00 
as o 
.J 30.00 

20.00 

10.00 

Precracking Data 

25 mm 
60 mm 

EN24 
970 MPa 

25SG1 
Vee 
3.75 mm 
17.5 mm 

Post Fracture Data 

Initial Cycles 
Mean Load: 
Amplitude: 
Max Load: 
No Cycles: 
Force Ratio: 
Final Cycles 
Mean Load: 
Amplitude: 
Max Load: 
No Cycles: 
Force Ratio: 

Ka = [Fa/(BW·5)].f(alW) 

14 kN 
13 kN 
27 kN 

12000 
0.04 

13 kN 
11 kN 
24 kN 

8000 
0.08 

where f(alW) is given by 9.2.3.2 of BS7448:pt1 

FQ = 54 kN (from Instron) 

B= 25 mm 
W= 60 mm 

a1W= 0.5030 
f(alW) = 9.7480 

KQ= 85.96 MPa.m"O.5 

Load - COD Plot 

........ --

/ 
,/ ~r--

-

.~. 

_.--- - ---

j --

! . -- - . -

V 0.00 

0.00 0.20 0.40 0.60 0.80 

COD (mm) 



Fracture Toughness Test Data - K1c Test 

Specimen Data 

Specimen Thickness: 
Specimen Width: 
Material: 
Yield Stress: 
Specimen No: 
Side Groove Type: 
Side Groove Depth: 
Groove Base Thickness' 

Dist from Crack 
edge length 
1.0% 30.44 
12.5% 30.52 
25.0% 30.66 
37.5% 30.72 
50.0% 30.70 
62.5% 30.66 
75.0% 30.64 
87.5% 30.49 
99.0% 30.33 
Ave 30.60 

80.00 

70.00 

60.00 

50.00 -Z 
~ 

:;; 40.00 

~ 
..J 30.00 

20.00 

10.00 

25 mm 
60 mm 

EN24 
970 MPa 

25SG2 
Vee 
3.75 mm 
17.5 mm 

Post Fracture Data 

Precracking Data 

Initial Cycles 
Mean Load: 
Amplitude: 
Max Load: 
No Cycles: 
Force Ratio: 
Final Cycles 
Mean Load: 
Amplitude: 
Max Load: 
No Cycles: 
Force Ratio: 

Ka = [Fa/(BW·5)].f(aIW) 

14 kN 
13 kN 
27 kN 

9000 
0.04 

13 kN 
11 kN 
24 kN 

7000 
0.08 

where f(aIW) is given by 9.2.3.2 of BS7448:pt1 

FQ = 44.9 kN (from Instron) 
B= 25 mm 

W= 60 mm 
alW= 0.5099 

f(a/W) = 9.9626 . 
KQ= 73.05 MPa.mA O.5 

Load - COD Plot 

~---

~ 
.--. - --

.-

7 

~-----

I----~ 
.-l-----.---~ 

-._-----
, 

V 0.00 
0.00 0.20 0.40 0.60 0.80 

COD (mm) 



Specimen Data 

Specimen Thickness: 
Specimen Width: 
Material: 
Yield Stress: 
Specimen No: 
Side Groove Type: 
Side Groove Depth: 

Fracture Toughness Test Data - K1c Test 

15 mm 
60 mm 

EN24 
970 MPa 

15SG1 

Precracking Data 

Initial Cycles 
Mean Load: 
Amplitude: 
Max Load: 
No Cycles: 
Force Ratio: 
Final Cycles 
Mean Load: 

9 kN 
8 kN 

17 kN 
10000 

0.06 

Groove Base Thickness' 

Vee 
2.25 mm 
10.5 mm Amplitude: 

7 kN 
6 kN 

13 kN 
7000 
0.08 

Distfrom 
edge 
1.0% 
12.5% 
25.0% 
37.5% 
50.0% 
62.5% 
75.0% 
87.5% 
99.0% 
Ave 

Crack 
length 
29.82 
30.00 
30.14 
30.25 
30.38 
30.48 
30.48 
30.45 
30.42 
30.29 

60.00 

50.00 

40.00 

-Z 
.lII:: 

:; 30.00 

"" o 
..J 

20.00 

10.00 

0.00 
0.00 

Max Load: 
No Cycles: 
Force Ratio: 

Post Fracture Data 

Ka = [Fa/(BW·5)].f(aIW) 
where f(aIW) is given by 9.2.3.2 of BS7448:pt1 

FQ = 28.09 kN (from Instron) 

B= 15 mm 
W= 60 mm 

alW= 0.5048 
f(aIW) = 9.8033 

KQ= 74.95 MPa.m"O.5 

Load - COD Plot 

/ . -- -. 

7 .. _.--.-

- -. ----.---

! 

0.20 0.40 0.60 0.80 

COD (mm) 



Specimen Data 

Specimen Thickness: 
Specimen Width: 
Material: 
Yield Stress: 
Specimen No: 
Side Groove Type: 
Side Groove Depth: 

Fracture Toughness Test Data - K1c Test 

10 mm 
60 mm 

EN24 
970 MPa 

10SG1 
Vee 

Precracking Data 

Initial Cycles 
Mean Load: 
Amplitude: 
Max Load: 
No Cycles: 
Force Ratio: 
Final Cycles 
Mean Load: 

6 kN 
5 kN 

11 kN 
10000 

0.09 

Groove Base Thickness· 
1.5 mm 

7 mm Amplitude: 
4.5 kN 

4 kN 
8.5 kN 

7000 
0.06 

Max Load: 
No Cycles: 
Force Ratio: 

Post Fracture Data 
Dist from Crack 

Ka = [FQ/(BW'·s)].f(a/W) edge lenjlth 
1.0% 29.10 where f(a/W) is given by 9.2.3.2 of BS7448:pt1 

12.5% 29.12 
25.0% 29.14 
37.5% 29.15 FQ = 20.91 kN (from Instron) 

50.0% 29.16 B= 10 mm 

62.5% 29.16 W= 60 mm 

75.0% 29.14 alW= 0.4855 

87.5% 29.12 f(a/W) = 9.2434 

99.0% 29.00 KQ= 78.91 MPa.mA O.5 

Ave 29.13 

Load - COD Plot 

30.00 --.-------,-----r-------"I 

25.00 -J-----+----~ 

20.00 

-Z 
.lII:: - 15.00 
" co 
0 
..J 

10.00 

___ J 
5.00 

~----+-----~--~ 0.00 

0.00 0.20 0.40 0.60 

COD (mm) 



Specimen Data 

Specimen Thickness: 
Specimen Width: 
Material: 
Yield Stress: 
Specimen No: 
Side Groove Type: 
Side Groove Depth: 

Fracture Toughness Test Data - Ktc Test 

10 mm 
60 mm 

EN24 
970 MPa 

10SG2 
Vee 

Precracking Data 

Initial Cycles 
Mean Load: 
Amplitude: 
Max Load: 
No Cycles: 
Force Ratio: 
Final Cycles 
Mean Load: 

6 kN 
5 kN 

11 kN 
10000 

0.09 

Groove Sase Thickness' 
1.5 mm 

7 mm Amplitude: 
4.5 kN 

4 kN 
8.5 kN 

7000 
0.06 

Max Load: 
No Cycles: 
Force Ratio: 

Post Fracture Data 
Dist from Crack 

Ko = [Fa/(SW·5)].f(aIW) edge length 
1.0% 28.20 where f(aIW) is given by 9.2.3.2 of BS7448:pt1 

12.5% 28.27 
25.0% 28.28 
37.5% 28.32 FQ = 22.24 kN (from Instron) 

50.0% 28.32 B= 10 mm 

62.5% 28.33 W= 60 mm 

75.0% 28.30 alW= 0.4714 

87.5% 28.29 f(alW) = 8.8658 

99.0% 28.10 KQ= 80.50 MPa.mA O.5 

Ave 28.28 

Load - COD Plot 

30.00 --------,-----r------, 

25.00 L-----+------t-~=___----"1 

20.00 

-Z 
~ - 15.00 "C cu 
0 
..J 

10.00 

5.00 ...L-.~'-------r--

~----~-----+----~ 0.00 
0.00 0.20 0.40 0.60 

COD (mm) 



Specimen Data 

Specimen Thickness: 
Specimen Width: 
Material: 
Yield Stress: 
Specimen No: 
Side Groove Type: 
Side Groove Depth: 

Fracture Toughness Test Data - K1c Test 

5 mm 
60 mm 

EN24 
970 MPa 

5SG1 
Vee 

Precracking Data 

Initial Cycles 
Mean Load: 
Amplitude: 
Max Load: 
No Cycles: 
Force Ratio: 
Final Cycles 
Mean Load: 

3 kN 
2.6 kN 
5.6 kN 

11000 
0.07 

Groove Base Thickness' 
0.75 mm 

3.5 mm Amplitude: 
2.6 kN 
2.3 kN 
4.9 kN 

Dist from Crack 
edge length 
1.0% 30.24 

12.5% 30.27 
25.0% 30.26 
37.5% 30.27 
50.0% 30.29 
62.5% 30.27 
75.0% 30.19 
87.5% 30.16 
99.0% 30.15 
Ave 30.24 

-z 
~ -
" C'G 
0 
.J 

Max Load: 
No Cycles: 
Force Ratio: 

Post Fracture Data 

Ka = [Fa/(BW·5)].f(aIW) 

9000 
0.06 

where f(aIW) is given by 9.2.3.2 of BS7448:pt1 

FQ = 9.95 kN (from Instron) 

B= 5 mm 
W= 60 mm 

a1W= 0.5040 
f(aIW) = 9.7783 

KQ= 79.44 MPa.mA O.5 

Load - COD Plot 

14.00 --------,.-----r-----, 

12.00 L---~--·--+~__:_7\___J 

10.00 

8.00 

6.00 

4.00 

2.00 

k-----~----~--~ 0.00 
0.00 0.20 0.40 0.60 

COD (mm) 



Specimen Data 

Specimen Thickness: 
Specimen Width: 
Material: 
Yield Stress: 
Specimen No: 
Side Groove Type: 
Side Groove Depth: 

Fracture Toughness Test Data - K1c Test 

5 mm 
60 mm 

EN24 
970 MPa 

5SG2 
Vee 

Precracking Data 

Initial Cycles 
Mean Load: 
Amplitude: 
Max Load: 
No Cycles: 
Force Ratio: 
Final Cycles 
Mean Load: 

3 kN 
2.6 kN 
5.6 kN 

11000 
0.07 

Groove Base Thickness' 
0.75 mm 

3.5 mm Amplitude: 
2.6 kN 
2.3 kN 
4.9 kN 

Distfrom Crack 
edge length 
1.0% 29.65 
12.5% 29.74 
25.0% 29.83 
37.5% 29.87 
50.0% 29.94 
62.5% 29.96 
75.0% 30.00 
87.5% 30.01 
99:0% 29.99 
Ave 29.90 

-z 
.lII:: -'C 
ca 
0 
..J 

Max Load: 
No Cycles: 
Force Ratio: 

Post Fracture Data 

Ka = [Fa/(BWO·5)].f(a/W) 

9000 
0.06 

where f(a/W) is given by 9.2.3.2 of BS7448:pt1 

FQ = 9.64 kN 
B= 5 mm 

W= 60 mm 
alW= 0.4983 

f(a/W) = 9.6079 
KQ= 75.62 MPa.mA O.5 

Load - COD Plot 

14.00 

12.00 
~ 

17" 

10.00 

8.00 

/ 
/ 

7 
6.00 

4.00 
/ 

I 2.00 

V 
0.00 

0.00 

--l---- --- ~ -- , 
i 

I 

I 

0.20 0.40 0.60 

COD (mm) 

(from Instron) 

--

._-

--

---

-- ~. --

0.80 



Specimen Data 

Specimen Thickness: 
Specimen Width: 
Material: 
Yield Stress: 
Specimen No: 
Side Groove Type: 
Side Groove Depth: 

Fracture Toughness Test Data - K.c Test 

5 mm 
60 mm 

EN24 
970 MPa 

5SG3 
Vee 

Precracking Data 

Initial Cycles 
Mean Load: 
Amplitude: 
Max Load: 
No Cycles: 
Force Ratio: 
Final Cycles 
Mean Load: 

3 kN 
2.6 kN 
5.6 kN 

11000 
0.07 

Groove Base Thickness' 
0.75 mm 

3.5 mm Amplitude: 
2.6 kN 
2.3 kN 
4.9 kN 

Distfrom Crack 
edge length 
1.0% 29.98 
12.5% 30.03 
25.0% 30.05 
37.5% 30.10 
50.0% 30.10 
62.5% 30.10 
75.0% 30.13 
87.5% 30.12 
99.0% 30.07 
Ave 30.08 

-z 
~ -"0 
ns 
0 
..J 

Max Load: 
No Cycles: 
Force Ratio: 

Post Fracture Data 

Ka = [Fa/(BW·5)].f(aIW) 

9000 
0.06 

where f(aIW} is given by 9.2.3.2 of BS7448:pt1 

FQ = 11.42 kN (from Instron) 

B= 5 mm 
W= 60 mm 

aIW= 0.5014 
f(aIW) = 9.6998 

p 

KQ= 90.44 MPa.mA O.5 

Load - COD Plot 

14.00 -------,-----,-----1 
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Specimen Data 

Specimen Thickness: 
Specimen Width: 
Material: 
Yield Stress: 
Specimen No: 
Side Groove Type: 
Side Groove Depth: 

Fracture Toughness Test Data - K1c Test 

5 mm 
60 mm 

EN24 
970 MPa 

5SG4 
Vee 

Precracking Data 

Initial Cycles 
Mean Load: 
Amplitude: 
Max Load: 
No Cycles: 
Force Ratio: 
Final Cycles 
Mean Load: 

3 kN 
2.6 kN 
5.6 kN 

11000 
0.07 

Groove Base Thickness' 
0.75 mm 

3.5 mm Amplitude: 
2.6 kN 
2.3 kN 
4.9 kN 

Dist from Crack 
edae length 
1.0% 30.05 

12.5% 30.04 
25.0% 30.05 
37.5% 30.04 
50.0% 30.03 
62.5% 30.01 
75.0% 29.99 

87.5% 29.99 

99.0% 29.92 

Ave 30.02 

-z 
~ -"'C 
C'G 
0 
..J 

14.00 

12.00 

10.00 

8.00 

6.00 

Max Load: 
No Cycles: 
Force Ratio: 

Post Fracture Data 

Ka = [Fa/(BW·5)].f(aIW) 

9000 
0.06 

where f(aIW) is given by 9.2.3.2 of BS7448:pt1 

FQ = 9.24 kN (from Instron) 

B= 5 mm 

W= 60 mm 

aIW= 0.5003 
f(aIW) = 9.6674 

KQ= 72.94 MPa.mA O.5 

Load - COD Plot 
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Specimen Data 

Specimen Thickness: 
Specimen Width: 
Material: 
Yield Stress: 
Specimen No: 
Side Groove Type: 
Side Groove Depth: 

Fracture Toughness Test Data - K,c Test 

5 mm 
60 mm 

EN24 
970 MPa 

5SG5 
Vee 

Precracking Data 

Initial Cycles 
Mean Load: 
Amplitude: 
Max Load: 
No Cycles: 
Force Ratio: 
Final Cycles 
Mean Load: 

3 kN 
2.6 kN 
5.6 kN 

11000 
0.07 

Groove Base Thickness' 
0.75 mm 

3.5 mm Amplitude: 
2.6 kN 
2.3 kN 
4.9 kN 

Dist from Crack 
edge length 
1.0% 29.56 
12.5% 29.61 
25.0% 29.63 
37.5% 29.76 
50.0% 29.82 
62.5% 29.84 
75.0% 29.87 
87.5% 29.90 
99.0% 29.89 
Ave 29.77 

-z 
~ -
" ca 
0 
..J 

14.00 

12.00 

10.00 

8.00 

6.00 

Max Load: 
No Cycles: 
Force Ratio: 

9000 
0.06 

Post Fracture Data 

Ka = [Fa/(BW·5)].f(alW) 
where f(aIW) is given by 9.2.3.2 of BS7448:pt1 

FQ = 10.69 kN (from Instron) 

B= 5 mm 
W= 60 mm 

alW= 0.4962 
f(aIW) = 9.5459 

KQ= 83.32 MPa.mA O.5 

Load - COD Plot 

/""""... 

V'/ "' 
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Specimen Data 

Specimen Thickness: 
Specimen Width: 
Material: 
Yield Stress: 
Specimen No: 
Side Groove Type: 
Side Groove Depth: 

Fracture Toughness Test Data - K1c Test 

5 mm 
60 mm 

EN24 
970 MPa 

5SG6 
Vee 

Precracking Data 

Initial Cycles 
Mean Load: 
Amplitude: 
Max Load: 
No Cycles: 
Foree Ratio: 
Final Cycles 
Mean Load: 

3 kN 
2.6 kN 
5.6 kN 

11000 
0.07 

Groove Base Thickness' 
0.75 mm 

3.5 mm Amplitude: 
2.6 kN 
2.3 kN 
4.9 kN 

Dist from Crack 
edge length 
1.0% 30.06 
12.5% 30.09 
25.0% 30.15 
37.5% 30.27 
50.0% 30.31 
62.5% 30.34 
75.0% 30.36 
87.5% 30.42 
99.0% 30.39 
Ave 30.27 

-z 
~ -~ cu 
0 
..J 

14.00 

12.00 

10.00 

8.00 

6.00 

Max Load: 
No Cycles: 
Foree Ratio: 

Post Fracture Data 

Ka = [Fa/(BW,s)].f(aIW) 

9000 
0.06 

where f(a/W) is given by 9.2.3.2 of BS7448:pt1 

FQ = 9.16 kN (from Instron) 

B= 5 mm 
W= 60 mm 

a/W= 0.5045 
f(a/W) = 9.7947 

KQ= 73.26 MPa.mA O.5 

Load - COD Plot 
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Specimen Data 

Specimen Thickness: 
Specimen Width: 
Material: 
Yield Stress: 
Specimen No: 
Side Groove Type: 
Side Groove Depth: 

Fracture Toughness Test Data - K1c Test 

5 mm 
60 mm 

EN24 
970 MPa 

5SG7 
Vee 

Precracking Data 

Initial Cycles 
Mean Load: 
Amplitude: 
Max Load: 
No Cycles: 
Force Ratio: 
Final Cycles 
Mean Load: 

3 kN 
2.6 kN 
5.6 kN 

11000 
0.07 

Groove Base Thickness' 
0.75 mm 

3.5 mm Amplitude: 
2.6 kN 
2.3 kN 
4.9 kN 

Dist from Crack 
edae length 
1.0% 30.25 

12.5% 30.29 
25.0% 30.30 
37.5% 30.29 
50.0% 30.30 
62.5% 30.29 
75.0% 30.23 
87.5% 30.19 
99.0% 30.08 
Ave 30.26 

-z 
~ -"'0 co 
0 
...I 

14.00 

12.00 

10.00 

8.00 

6.00 

Max Load: 
No Cycles: 
Force Ratio: 

Post Fracture Data 

Ka = [Fa/(BWO·5)].f(aIW) 

9000 
0.06 

where f(aIW) is given by 9.2.3.2 of BS7448:pt1 

FQ = 9 kN (from Instron) 

B= 5 mm 
W= 60 mm 

a/W= 0.5043 
f(a/W) = 9.7876 

KQ= 71.92 MPa.mA O.5 

Load - COD Plot 
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Specimen Data 

Specimen Thickness: 
Specimen Width: 
Material: 
Yield Stress: 
Specimen No: 
Side Groove Type: 
Side Groove Depth: 

Fracture Toughness Test Data - K,c Test 

2.5 mm 
60 mm 

EN24 
970 MPa 

2-5SG1 

Precracking Data 

Initial Cycles 
Mean Load: 
Amplitude: 
Max Load: 
No Cycles: 
Force Ratio: 
Final Cycles 
Mean Load: 

1.5 kN 
1.25 kN 
2.75 kN 

11000 
0.09 

Groove Base Thickness' 

Vee 
0.375 mm 

1.75 mm Amplitude: 
1.3 kN 

1.15 kN 
2.45 kN 

6000 
0.06 

Dist from 
edge 
1.0% 

12.5% 
25.0% 
37.5% 
50.0% 
62.5% 
75.0% 
87.5% 
99.0% 
Ave 

Crack 
length 
32.24 
32.28 
32.29 
32.28 
32.28 
32.27 
32.18 
32.13 
32.08 
32.23 

8.00 

7.00 

6.00 

5.00 -Z 
"'" -"0 4.00 

C\'S o 
..I 

3.00 

2.00 

1.00 

0.00 

0.00 

Max Load: 
No Cycles: 
Force Ratio: 

Post Fracture Data 

Ka = [Fa/(BWO·5)).f(aIW) 

where f(aIW) is given by 9.2.3.2 of BS7448:pt1 

FQ = 5.2 kN (from Instron) 

B= 2.5 mm 
W= 60 mm 

aIW= 0.5372 
f(a/W) = 10.8827 

KQ= 92.41 MPa.mA O.5 

Load - COD Plot 
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Specimen Data 

Specimen Thickness: 
Specimen Width: 
Material: 
Yield Stress: 
Specimen No: 
Side Groove Type: 
Side Groove Depth: 

Fracture Toughness Test Data - K1c Test 

2.5 mm 
60 mm 

EN24 
970 MPa 

2-5SG2 

Precracking Data 

Initial Cycles 
Mean Load: 
Amplitude: 
Max Load: 
No Cycles: 
Force Ratio: 
Final Cycles 
Mean Load: 

1.5 kN 
1.25 kN 
2.75 kN 

11000 
0.09 

Groove Base Thickness' 

Vee 
0.375 mm 

1.75 mm Amplitude: 
1.3 kN 

1.15 kN 
2.45 kN 

6000 
0.06 

Distfrom 
edge 
1.0% 

12.5% 
25.0% 
37.5% 
50.0% 
62.5% 
75.0% 
87.5% 
99.0% 
Ave 

Max Load: 
No Cycles: 
Force Ratio: 

Post Fracture Data 
Crack 

Ka = [Fa/(BW·5)].f(aIW) length 
29.64 where f(alW) is given by 9.2.3.2 of BS7448:pt1 

29.69 
29.76 
29.77 FQ = 5.25 kN (from Instron) 

29.77 B= 2.5 mm 
29.71 W= 60 mm 

29.65 aIW= 0.4950 

29.63 f(aIW) = 9.5123 . 
29.60 KQ= 81.55 MPa.mA O.5 

29.70 

Load - COD Plot 
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Specimen Data 

Specimen Thickness: 
Specimen Width: 
Material: 
Yield Stress: 
Specimen No: 
Side Groove Type: 
Side Groove Depth: 

Fracture Toughness Test Data - K1c Test 

2.5 mm 
60 mm 

EN24 
970 MPa 

2-5SG3 

Precracking Data 

Initial Cycles 
Mean Load: 
Amplitude: 
Max Load: 
No Cycles: 
Force Ratio: 
Final Cycles 
Mean Load: 

1.5 kN 
1.25 kN 
2.75 kN 

11000 
0.09 

Groove Base Thickness' 

Vee 
0.375 mm 

1.75 mm Amplitude: 
1.3 kN 

1.15 kN 
2.45 kN 

6000 
0.06 

Dist from 
edge 
1.0% 
12.5% 
25.0% 
37.5% 
50.0% 
62.5% 
75.0% 
87.5% 
99.0% 
Ave 

Crack 
length 
29.38 
29.42 
29.45 
29.47 
29.46 
29.45 
29.43 
29.40 
29.39 
29.43 

8.00 

7.00 

6.00 

5.00 -Z 
,:,t. 

;- 4.00 
as o 
-' 3.00 

Max Load: 
No Cycles: 
Force Ratio: 

Post Fracture Data 

Ka = [Fa/(BW·5)].f(aIW) 
where f(aIW} is given by 9.2.3.2 of BS7448:pt1 

FQ = 5.75 kN (from Instron) 

B= 2.5 mm 
W= 60 mm 

aIW= 0.4906 
f(aIW} = 9.3848 

KQ= 88.12 MPa.mA O.5 

Load - COD Plot 
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Specimen Data 

Specimen Thickness: 
Specimen Width: 
Material: 
Yield Stress: 
Specimen No: 
Side Groove Type: 
Side Groove Depth: 

Fracture Toughness Test Data - K1c Test 

2.5 mm 
60 mm 

EN24 
970 MPa 

2-5SG4 

Precracking Data 

Initial Cycles 
Mean Load: 
Amplitude: 
Max Load: 
No Cycles: 
Force Ratio: 
Final Cycles 
Mean Load: 

1.5 kN 
1.25 kN 
2.75 kN 

11000 
0.09 

Groove Base Thickness' 

Vee 
0.375 mm 

1.75 mm Amplitude: 
1.3 kN 

1.15 kN 
2.45 kN 

6000 
0.06 

Dist from 
edge 
1.0% 

12.5% 
25.0% 
37.5% 
50.0% 
62.5% 
75.0% 
87.5% 
99.0% 
Ave 

Max Load: 
No Cycles: 
Force Ratio: 

Post Fracture Data 
Crack 

Ka = [Fa/(BW·5)].f(a/W) length 
29.33 where f(a/W) is given by 9.2.3.2 of BS7448:pt1 

29.33 
29.37 
29.37 FQ = 4.84 kN (from Instron) 

29.35 B= 2.5 mm 

29.36 W= 60 mm 

29.36 alW= 0.4891 

29.34 f(a/W) = 9.3451 

29.29 KQ= 73.86 MPa.mA O.5 

29.35 

Load - COD Plot 
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Specimen Data 

Specimen Thickness: 
Specimen Width: 
Material: 
Yield Stress: 
Specimen No: 
Side Groove Type: 
Side Groove Depth: 

Fracture Toughness Test Data - K1c Test 

2.5 mm 
60 mm 

EN24 
970 MPa 

2-5SG5 

Precracking Data 

Initial Cycles 
Mean Load: 
Amplitude: 
Max Load: 
No Cycles: 
Force Ratio: 
Final Cycles 
Mean Load: 

1.5 kN 
1.25 kN 
2.75 kN 

11000 
0.09 

Groove Base Thickness' 

Vee 
0.375 mm 

1.75 mm Amplitude: 
1.3 kN 

1.15 kN 
2.45 kN 

6000 
0.06 

Dist from 
edge 
1.0% 

12.5% 
25.0% 
37.5% 
50.0% 
62.5% 
75.0% 
87.5% 
99.0% 
Ave 

Crack 
length 
28.85 
28.82 
28.89 
28.92 
28.87 
28.84 
28.85 
28.83 
28.74 
28.85 

B.OO 

7.00 

6.00 

5.00 -z 
~ 

:; 4.00 
ca 
o 

...J 

Max Load: 
No Cycles: 
Force Ratio: 

Post Fracture Data 

Ka = [Fa/(BW·5)].f(alW) 

where f(a/W) is given by 9.2.3.2 of BS7448:pt1 

FQ = 5.65 kN (from Instron) 

B= 2.5 mm 
W= 60 mm 

a/W= 0.4809 
f(alW) = 9.1166 

KQ= 84.11 MPa.mA O.5 

Load - COD Plot 
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Specimen Data 

Specimen Thickness: 
Specimen Width: 
Material: 
Yield Stress: 
Specimen No: 
Side Groove Type: 
Side Groove Depth: 

Fracture Toughness Test Data - K1c Test 

2.5 mm 
60 mm 

EN24 
970 MPa 

2-5SG6 

Precracking Data 

Initial Cycles 
Mean Load: 
Amplitude: 
Max Load: 
No Cycles: 
Force Ratio: 
Final Cycles 
Mean Load: 

1.5 kN 
1.25 kN 
2.75 kN 

11000 
0.09 

Groove Base Thickness' 

Vee 
0.375 mm 

1.75 mm Amplitude: 
1.3 kN 

1.15 kN 
2.45 kN 

6000 
0.06 

Distfrom 
edge 
1.0% 
12.5% 
25.0% 
37.5% 
50.0% 
62.5% 
75.0% 
87.5% 
99.0% 
Ave 

Crack 
length 
29.11 
29.11 
29.12 
29.13 
29.12 
29.14 
29.04 
28.96 
28.90 
29.08 

8.00 

7.00 

6.00 

5.00 -Z 
~ 

~--" 4.00 
CG 
o 
-' 3.00 

2.00 

1.00 

0.00 

0.00 

Max Load: 
No Cycles: 
Force Ratio: 

Post Fracture Data 

Ka = [Fa/(BW·5)].f(aIW) 
where f(aIW) is given by 9.2.3.2 of BS7448:pt1 

FQ = 5.4 kN (from Instron) 
B= 2.5 mm 

W= 60 mm 
aIW= 0.4846 

f(alW) = 9.2195 
KQ= 81.30 MPa.mA O.5 

Load - COD Plot 
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Specimen Data 

Specimen Thickness: 
Specimen Width: 
Material: 
Yield Stress: 
Specimen No: 
Side Groove Type: 
Side Groove Depth: 

Fracture Toughness Test Data - K,c Test 

2.5 mm 
60 mm 

EN24 
970 MPa 

2-5SG6 

Precracking Data 

Initial Cycles 
Mean Load: 
Amplitude: 
Max Load: 
No Cycles: 
Force Ratio: 
Final Cycles 
Mean Load: 

1.5 kN 
1.25 kN 
2.75 kN 

11000 
0.09 

Groove Base Thickness' 

Vee 
0.375 mm 

1.75 mm Amplitude: 
1.3 kN 

1.15 kN 
2.45 kN 

6000 
0.06 

Distfrom 
edge 
1.0% 

12.5% 
25.0% 
37.5% 
50.0% 
62.5% 
75.0% 
87.5% 
99.0% 
Ave 

Crack 
length 
29.11 
29.11 
29.12 
29.13 
29.12 
29.14 
29.04 
28.96 
28.90 
29.08 

8.00 

7.00 

6.00 

5.00 -Z 
.¥: 

;- 4.00 
CG o 
-I 

Max Load: 
No Cycles: 
Force Ratio: 

Post Fracture Data 

Ka = [Fa/(BW·5)].f(aJW) 

where f(aJW) is given by 9.2.3.2 of BS7448:pt1 

FQ = 5.4 kN (from Instron) 

B= 2.5 mm 
W= 60 mm 

alW= 0.4846 
f(alW) = 9.2195 

KQ= 81.30 MPa.mA O.5 

Load - COD Plot 
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