







































































































































































































































































































































































































































































































































































6.6

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 mtersection 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 m®°. This compares
well with the average experimental result obtained with m = 0.7 of 100.3 MPa m®®. 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.

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, hy, 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 units’ compared to the small scale yielding
value obtained from boundary layer analysis of 143.2 units>. Away from the specimen
centre line the area decreases as indicated in fig. 6.34 giving an average area across the
specimen of 89.38 units®>. 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, Ay, is not achieved anywhere through the thickness of the

specimen. It is with this in mind that the average area across the 25 mm 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:

hps (o) /o
K=K /—ES————— (’0) ..... 6.12
1 h (0'1/0'0) ( )

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. This 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 /0, = 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.

2.2

K/ Kps
=

’/E

|

|

x

\\ |
1.2 - o l
| \\\f\,,\ . |
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0.8 ‘
0 02 0.4 0.6 0.8 1

t/ tes

Fig. 6.59 Finite element predictions for cleavage failure based on area scaling
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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 J-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®’ is also given.

Although good agreement is obtained between the experimental results for m = 0.7 and
the finite 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®’ 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 mm

thick and 2.5 mm thick specimens are the average of a least six results.

Specimen Thickness K (MPam™)
25 mm Plain 95.6
m=0.5 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 of 25%.

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, ASTM E

399 [27] on the other hand does make such provision in the form of equation (6.13)

P
K, =W.f(—;}-) ..(6.13)

where the symbols have the same meaning as in equations (2.29) and (4.8).

It 1s recognised that equation (6.13) 1s 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 S mm in thickness, i.e. one fifth of the recommended
thickness required to yield plane strain results. Results obtained from the 2.5 mm 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 of m = 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:

2
B> 0.5(&9) ..(6.14)
Oy

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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7.1

CHAPTER 7

CIRCUMFERENTIALLY CRACKED ROUND BAR SPECIMENS

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 J-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 defined 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:

1) To investigate crack tip constraint provided by CRB specimens for a

variety of diameters and crack depths.
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1i) To define specimen size requirements for CRB specimens in terms 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. '/,” and 1'/;” as indicated in fig. 7.1.
Donoso and Labbe [111] used a modified form 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 of bi-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 K¢ occurs when the specimen thickness and

uncracked ligament size are eight times the plane stress plastic zone size, see 4.2.

250
!
--D -d-
R= 0.0007
(0.018)
L |

|

—Dimensions are in inches and (m‘&netres)..
NNg: ;— d must be concentric with D within 0.001 in. (0.025 mm).

Nominal Size D d L. minkmum
0.500 + 0.005 0.353 + 0.005 100
o (127013 (8962019 (25.4)
13
1.060 % 0.005 0.750 + 0.005 21
Pheln (2%6.3 +0.13) (19.0 % 0.13) (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 [118] 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)

2
D>32r, or D217 (&) ..... (7.2)
Oy

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:

2
a,b>027 (&9) from[120 & 121] ... (7.3)
Oy

and

a,b>038 LEIQ) from[119] .....(7.4)

Oy

This leads to a specimen diameter requirement for a crack depth to radius ratio 0.5 of:

2
DZI.OS(E—’Q) from[120 & 120] .....(7.9)

Oy

and

DZI.SZ(ELC—] from[119] .....(7.6)

Oy
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Scibetta [122] undertook an experimental and finite element study of CRB 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, 1.e.

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

2 2
. K K
chosen to give a spread of results in the range of 0.92 [—5) to 13.3 [—’QJ for the
oy oy

EN24, aluminium alloy and cleavage dominated HY-130 steel.

i

L/2

Fig. 7.2 Schematic 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

and the ductile upper shelf region thereby giving the opportunity of studying both failure
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7.3

2 2
modes. The specimen range for ductile behaviour is from 0.18 [EI—C—J to 0.72 [ﬁ] .
Gy oy

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 a/R = 0.3, 0.5 and 0.7

for the aluminium alloy specimen only a/R = 0.5 was considered.

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=150, a=0.15, ¢, = 0.0048, 6, = 970 MPa and E = 200 GPa.

600
500 ]
400 A _ |
g ;
g 300 y i L L
4 |
i 1
: |
200 / - ‘
/ ‘
1
100 —
---B- - - Experimental data | .
—e— Ramberg Osgood J 5
0 | [

0 0.002 0.004 0.006  0.008 0.01 0.012 0.014

True strain

Fig 7.3 Aluminium alloy stress strain curve
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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, €, = 0.00659, 6, = 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 Vm 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 /W = 0.65 and a/W =0.8.

200,
st
10 o CURVE JIC
i R S S
-] MAX. LOAD JIC
g | NO CRACK EXTENSION
Tom A a/W-0.65
* 0 a/W=0.8
ot T ) TRANSITION TEMPERATURE
‘ 1
]
2 VALID KIC |
-goo -I‘SO -|$0 k-SlO 6 SlO 100 150 200

TEMPERATURE DEGREES C

Fig. 7.4 Jic 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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vyt

Material EN24 HY-130 (Cleavage) HY-130 (Ductile) Aluminium alloy
Kic (MPa m”?) 96 55 190 22
oy (MPa) 970 873 873 475
Kic/oy 0.099 0.063 0.210 0.049
2 (K \2 / \2 (K 2
O9mm | 0.92 (—IC} 8mm | 2.00| —& 8mm | 0.18 &- 8mm | 3.30 —£9J
Oy Oy ) \ Oy J \ Oy
2 2 2 2
K A (K \
18mm 1.83(K’C 16mm | 4.00| — 16mm | 0.36| — 16mm | 6.60 Kic
) . Oy \ Oy ) \ Or J \ Oy
Specimen Diameter < ¥ r ¥ e z © >
36mm 3.67( Ic 32mm | 8.00| —< | |32mm | 0.72| =X 32mm 13.3( ’Cj
Oy ) \ Or J \ Oy / Oy
2
72mm 7.34(K1C
Oy

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 of 50.9 — 59.8 MPavm without bending
eccentricity correction and 51.1 to 61.2MPavm with correction. Results for the ductile

HY-130 material were J = 150-157 KPa m for a crack depth, a/R, of 0.65 and
190 KPa m for a crack depth a/R, 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, a/R, of 0.62 and one manufactured from the ductile material which
was 6.4 mm in diameter with a/R = 0.37. A power law fit material model was used for

the finite element analysis of the form.

with &, = 6,/E and 6, =873 MPa, n=13.9 and o = 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 of n = 13.9, o = 1.0044, g, = 0.0043, 5, = 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 CRB
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.

FINITE ELEMENT ANALYSIS

Again the finite element analysis was undertaken using the ABAQUS package [99]
together with the FEMGYV 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, r.,
of 10” 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 refinement 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.

; Prescribed displacement
Specimen CL ———— T T T f

‘ .

L/2

X

Symmetry boundary .
condition ' R

Fig. 7.6 Finite element boundary conditions and loading

The prescribed displacements were applied in approximately 20 load steps for all
specimens through to full plasticity, the automatic time stepping routine in ABAQUS

: : : d
was used to overcome any convergence difficulties and this lead to the number of loa

steps being increased to 25 in some instances.
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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 mm. 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 of EN24 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 specimen, 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, a/R = 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 a/R = 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 a/R = 0.7 specimen 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 E/oy = 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 of the J -Q trajectory envelopes for each specimen
diameter. Each envelope represents the range of J-Q trajectories that can be
expected for a/R in the range 0.3 to 0.7. When plotted on a single graph the effect
of specimen size can be clearly seen, as the specimen diameter increases the J-Q

trajectory range is reduced and, most importantly, the trajectory at low load
becomes much steeper.

400

300

200

J (N/mm)

100

0.2 -1.2

Q
Fig. 7.16 J-Q envelopes for EN24 specimens

The above observations have a fundamental effect on CRB specimen design. For
EN24 with a fracture toughness of Kic= 95 MPa Vm, i.e. Jic = 41N/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 /R = 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 of 380 kN for a/R = 0.7 and 820 kN for a/R = 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 CRB

specimens may have some merit because of the increase in constraint. particularly

for smaller diameter specimens, as loading progresses into the fully plastic region.

196



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 of CRB specimen with a/R = 0.5 and 0.7.
As can be seen the best performance could be expected from the 72 mm diameter,
a/R = 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,

a/R = 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. 7.18 Development of plastic zone with increasing J
EN24 specimen 18 mm diameter a/R = 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 a/R = 0.5 case, at J = 44 N/mm which is the closest contour

available to the material fracture toughness the plastic zone stretches half way to

the specimen centre line.
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Fig. 7.19 Development of plastic zone with increasing J
EN24 specimen 18mm diameter a/R = 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, a/R = 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 a/R

should be limited to say 0.45 < a/R < 0.55 if the plastic zone is to be confined to

reasonable proportions at the crack tip.
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Specimen centre line

Fig. 7.20 Development of plastic zone with increasing J
EN24 specimen 18mm diameter a/R = 0.7

This conclusion is broadly in line with the work of Scribetta [122] who §stimated
the optimum a/R range by plotting the J level at which plasticity reaches a specific
bound for a moderately hardening material with E/oy = 500, see fig. 7.21.
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Fig. 7.21 Plastic zone size evolution for different a/R ratios for
E/oy = 500. After Scribetta [122]

Scribetta concluded from these results that 0.4 < a/R < 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 a/R = 0.45.

Fig. 7.22 to 7.24 show the effect of specimen size on plastic zone development for
a crack depth of a/R = 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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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=33 (K[d()'y)z 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 of Kjc = 22 MPa VM, 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, 1.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 froma 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 =133 (Ki/ O'Y)Z, 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 of 60 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.
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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 (Kldcry)2 with a load at failure, estimated from fig. 7.31, in excess of 200kN
for a/R =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 performance under these
conditions. Consider, for example, the 8 mm diameter specimen with a/R = 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 a/R = 0.62, Q increased steadily

under conditions of full but confined 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 performance
characteristics of CRB specimens for a range of materials. The results suggest that
previously defined 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
K

limit for CT specimens of D > 5 (
Oy

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

2
specimens with a diameter as high as D = 7.34 (&) .
Oy

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 normal 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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8.1

CHAPTER 8

CONCLUSION AND FUTURE WORK

CONCLUSION

The work presented in this thesis has examined the validity of using sub sized fracture
specimens to determine minimum, i.¢. 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, By, 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

. . BY
obtained by testing side grooved specimens, Knom, by K;c =K you b The

N

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 J-Q

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 found 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

2

. . K

thickness limit as low as B > 0.5(—"7) could be appropriate if m = 0.5 is used in the
Oy

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

2
K

specimens with a specimen diameter as high as D =734 (7‘—’9] .

Y

Within tlie 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.



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:

e That the detailed finite element analysis required demands powerful

computers and long run times.

e 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

performance 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 1
MATLAB FILES



SORT3DPLAIN.m

9%%%%%%%%%% % %% %% %% % %% %% % % %% % %% % % %% % %% % % %% %% %% Y %% %% % Y % % % %% Y% % % %% %%
%Clear system
%%%%%%%% %% %% %% % %% %%0% %% %% %% %0 %% % % %% % %% Y6 % %% % %% %% %% %% % % %% % % % %% % Y% %% Y% Y%
clear
%%%%%%6%%% %% %% %% %% %6%%:%%% % %% %% %% %% %% %% % % %% % %% % % %% %% % % %% Y% % Y% % Y% Y% %% %Y,
%Input data
%%&)%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%
% 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, S11, 822, §33]
%
% inp is a matrix combining lcoords and layer(n)
% the format of which is:
% [Node number, x, y, SP3]
%
%%%% %% %%%6% %% %% % %% %6%6%%%6%%%6%6%6%6%6%0%6 %% %% %6% %6 %% %% %% % %% %% %% %% %% %% % %% %% %%
numm=input(‘Enter layer number  );
if numm==1
load lcoord] dat
leoords=icoordl;
load layer1.dat
inp={lcoords(:,1:3) layerl(:,2)];
end
%
if numm==
load lcoord2 dat
lcoords=lcoord2;
load layer2.dat
inp={lcoords(:,1:3),layer2(:,2)};
end
%
if numm==
load Icoord3.dat
lcoords=lcoord3;
load layer3.dat
mp=[lcoords(:,1:3),layer3(:,2)];
end
%
if numm==
load lcoord4 dat
looords=lcoord4;
load layer4.dat
inp=[lcoords(:,1:3),layer4(:,2)];
end
%
if numm==5
load leoord5.dat
leoords=lcoord5;
load layer5.dat
inp={lcoords(:,1:3),layer5(:,2)];
end
%
if numm==6
load lcoord6 dat
leoords=lcoord6;
load layer6.dat
inp=[lcoords(:,1:3),layer6(:,2)];
end
%
if numm==
load lcoord7 dat
leoords=lcoord7,
load layer7.dat



inp=[Icoords(:,1:3),Jayer7(:,2)];
end

%
if numm==8
toad lcoord8.dat
lcoords=lcoord8;
load layer8.dat
inp={lcoords(:,1:3) layer8(:,2)};
end

%
if numm==9
load lcoord9.dat
leoords=lcoord9;
load layer9.dat
inp=[Icoords(:,1:3),layer9(:,2)};
end

%
if numm==10
load leoord10.dat
lcoords=lcoord10;
load layer10.dat
inp=[lcoords(:,1:3),layer1 0(:,2)};
end

%
if numm==11
Joad lcoordl1.dat
leoords=lcoord11;
load layer11 .dat
inp=[lcoords(;,1:3),layer1 1(:,2)];
end

%
if numm==12
load lcoord12.dat
lcoords=lcoord12;
load layer12 dat
inp=[lcoords(:,1:3),layer1 2(:,2)};
end

%

if numm==13
load lcoord 13 .dat
lcoords=lcoord13;
load layer13 .dat
inp={leoonds(:,1:3),layer] 3(:,2)};
end
%
if numm==14
load lcoord14.dat
lcoords=lcoord14;
load layer14.dat
inp=({lcoords(:,1:3),layerl 4(:,2}};
end
%
if numm==15
load lcoord15.dat
leoords=lcoord15;
load layer15 .dat
inp=[lcoords(:,1:3),layerl 5(:,2)];
end
%
ifnumm==16
load Icoord16.dat
lcoords=lcoord16;
load layer16.dat
inp={lcoords(:,1:3),layer1 6(;,2)};
end
%
if numm==17
load lcoord17.dat
leoords=lcoord17,



load layer17 dat
inp=[lcoords(:,1:3),layer17(:,2)];
end
%
ifni ==18
load Icoord18.dat
Jeoords=lcoord18;
load layer18.dat
inp=[lcoords(:,1:3) layer1 8(:,2)];
end
%
if pumm==19
load Icoord19.dat
Icoords=lcoord19;
load layer19.dat
inp={lcoords(:,1:3),layer1 9(:,2)];
end
%
if numm==20
load lcoord20.dat
Ieoords=lcoord20;
load layer20.dat
inp=[lcoords(:,1:3),layer20(:,2)];
end
:/A;%" 0%%%%%%6%%% %% % %% %% % %% %% %% % %% % %% %% %% %6 % % %Y %% %% % % % % % % % %% %0% % % % Yo % %% % Y%
0
% 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
%
%%%%%%%%%%% % %% %% %% %6 %% %% % %6%6% %% %% %%6%6% %% %% %% %% %% %% %6 %% %% %0 % % %% %% %% %% %%
stinp={inp(:,1),-1*inp(:,2),inp(:,3:4)];
%%%%% %% % %% % %% % %% % % %% %% % % %% %% % % %% % % % %% % %% %% %0% % %% %% %% % %0 %% % % %% % %% %%
%Sort nodes into decending x order
:fﬂ 0% % %% %% %% %% %% %% %% %6%6%%6%0 %% %% %6%0% %% %% % %% %% %% %% %% % %% % %% % %% %% % %% % % %% %%
0
% 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.
%

S YY AU YoYo YoY% Yo Yo Yo Ve Vo Yo% Ye Yo Yo% %o YoY% % Yo to o6 Yoo 6% %o oo %% %o %o %% %% %o %o % Yo Yo% Yo ho %% % %6 %%
length=size(stinp), % dynamic size allocation for stinp %
for g=1:length(1,1) % %
lengthstinp=size(stinp); % %
[maximum,position]=max(stinp), % gives dynamic max elementand %
if lengthstinp==[1,4] % position in stinp %
position=[1,1]; % %
end % %

stt(q, 1 )=stinp((position(1,2)),1);% builds srt matrix based on posn %

stt(q,2 )=stinp((position(1,2)),2);% of max x entry and puts all row %

st(q,3 )=stinp((position(1,2)),3);% associated with entry in correct %

SIt(‘(1,4)=stinp((position(1 ,2)),4);% position % .

dstinp=[stinp(1 :(position(1 2)-1),:);stinp((position(1,2*+1):lengthstinp, )},

%% %Y %% %% %% % % % %% % %% %6 %% %%6%0 %% %% %0 %Y 6% %% %% %% %% %% %% %Y % %% %% % %% % %% % %% % %% %% %
%

% dstinp is a matrix of the remainder with dynamic maximum row removed

%

e eV KoY TR YoV Le LYY Yo Vo T YoV Yo Ho Ko SISV KoY 6% %66
stinp=dstinp;

md 0/,0/.0/0/0, Q, 0/ 0,
Y e Ye Ve Ve U N e U Yo UVeYeTo Yoo Ve oYKV Yo Ve N Yo Yo 6% 6% %6676 3/6%%%Y%e% % %% %%
%Identify and sort nodes with common x values according to y value

%%%%"Z,%*VOOA,O/OOA,%%%%%%%%%%%%0 R R T s L L B U UL
%

% examine srt to identify those values of x(p) which are the same as

% x(p+1)

% and construct a matrix, temp, containing X(p)'s and associated row

% data



load layer17 dat
inp=[lcoords(:,1:3),layer1 7(: 2)];
end
%
if numm==18
load Icoord18.dat
leoords=1coord18;
load layer18 dat
inp=[lcoords(:,1:3),layerl 8(:,2)};
end
%
if numm==19
load lcoord19.dat
Ieoords=lcoord19;
load layer19.dat
inp=[lcoords(:,1:3) layerl 9(:,2)];
end
%
if numm==20
load lcoord20.dat
fcoords=lcoord20;
load layer20.dat
inp={lcoords(:,1:3),layer20(:,2)];
end
0/0, 0,
o//: %6%%%%%%0%6%%%%% % %% % %% %% %% %% % %% % %% %% %% % % % Y% % % %% % % Y% % % % % % % %% % %% % % % % %Y
% stinp is a mattix 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
%
%%%%%%6%%6%% %% %% % %6%6%6%0%%0%0%% %% %6%6%6% %% %% % %% % %% % %% %% %% %% % %% %% %% %% % % % % % Y%
stinp={inp(:,1),-1*inp(:,2),inp(:,3:4)];
%%%%6%%% %% % % %% % %% % %% %% %% % % % % %% % %% % % % %% % % % % % % % % %% % % % % %% % % % %% % % %% %%
%Sort nodes into decending x order
:ﬁﬁ 6%% V%% % Y% %Yo %%V %e% %% % Yo% %% % Yo% Yo% Yo % Yo Yo% % Yo% Yo Yo %% VoY% YoY% Ve % % %% %% % % %% % %% %%
0
:fs length is a row vector giving the size of stimp, i.e. [rows, columns]
0
% 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.
%

YoYU Ve Ve Yoo Yo Yo Yo Yoo e Voo oY% Yo Yoo Yo Yoo ho Yo ho oo Yo Yo Yo Ve Yo Yo Vo %o e % Yoo Yo% % %o %% %% % % %
length=size(stinp); % dynamic size allocation for stinp %
for q=1:length(1,1) % %
lengthstinp=size(stinp), % %
[maximum,position]=max(stinp), % gives dynamic max elementand %
if lengthstinp==[1,4] % position in stinp %
position=[1,1]; % %
end % %

stt(q, 1 )=stinp((position(1,2)),1);% builds srt matrix based on posn %
stt(q,2)=stinp((position(1,2)),2);% of max x entry and puts allrow %
stt(q,3 )=stinp((position(1,2)),3),% associated with entry in correct %
Z“(Q»“Fsﬁnp((position(l ,2),4);% position % ,

stinp=[stinp(1 :(position(1,2)-1),:);stiny sition(1,2)+1):lengthstinp,)};
%%%%%%g/(o%(‘?o%%%‘(%:’i?’/o‘;)‘%%%I‘)’/(()(‘};:‘)’AP P L Lo e L R GG Lt
%
% dstinp is a matrix of the remainder with dynamic maximum row removed
%
Y% YoYU % Yo% % Y6 % %% %Yo Yo% %% % % %Yo YoY% %6 %% %6 %) (Ve Ve Voo VeYe Yo% Yo Y K Y6 %% %% %
stinp=dstinp;
end
%o%6%% % %% %% %% % %% % %% %% % %% % % %% Vo) 0% % %% o%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%Identify and sort nodes with common x values according to y value )
%%%%t;io %% Y% %% %% Y% % %% % %% % %% % 4% %0 o%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%
% examine srt to identify those values of x(p) which are the same as
% x(p+1)
% and construct a matrix, temp, containing X
% data

(p)'s and assoclated row




% also check if X(p) equals x(p+1) but not x(p+2), if so then include

% x(p+1)

9% and associated row data in temp also

%

%%%%%6%% %% %% %%% %% % %% %% %% % %% %% % % % 096%%%%% %% % Y% % % Y% % %% % % Y% V6% 2%%% %% %%
length=size(st), 0% % %% %%
count=1;

leount=1;

for p=1:(length(1,1)-2)
if srt(p,2==srt((p+1),2)
temp(count,)=srt(p,:),
counf=count+};
leount=lcount+1;
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%
% temp is sorted into decending y order to form tsrt
%
%%%%6%%%% %% %% %% % %%6% % %% %Y o%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% %%%%%%%%%%%
end
if stt(p,2)==srt((p+1),2) & sri(p,2)~=srt((p+2),2)
temp(count, y=stt((p+1),:);
count=count+1;
lcount=lcount-+1;
len=size(temp),
for =1:len(1,1)
lentemp=size(temp);
[maximum,position]=max(temp};
if lentemp=={1 ,4]
position={1,1,1};
end
tsri(r, 1 y=temp({position(1,3)),1),
tsrt(r,2)=temp((position(1,3)),2);
tsri(r, 3)=temp((position(1,3)),3);
tsri(r,4)=temp((position(1,3)),4),
dtemp={temp(1:(position(1,3)-1),:);temp((position(1,3)+1 ):lentemp,’)];
temp=dtemp;
end
%%%%6%%%%% %% %% %% % % % %% %% % % %% %% %% Yo% %% % %% % %% %% %% % %% % %% % %% Yo% % Yo% % % % %% %
%
% tsrt is now substituted back into srt such that common x values are
% now sorted in decending y order
%
%6%%% % %% %% % %% %% %% %% %% % %% % % % % %% % % % %% % % % % %% % %% % %% % %% % Yo% % % %% % %% % %% % %
count=1;
s=lcount-1;
n=p-(s-1);
stt((n+1):(p+1),1:4)=tsrt(1:s,1:4);
leount=1;
end
end
%% %% %% Y% %% %% %% % Yo% % % %% %% % % %% %% % % % %% % % Y% % % %% % % %% %% % %% % % % %% % % % %% % %% %%
%Input sorted 2D nodes with which the 3D nodes will be combined
% o‘l’;o%%%%%%%%%%%%o 6% % %% % %% Y% Y% % %% % % %% % Y% %% % % %% %% % % % %% %% % % % % % %% %% % % % %% %
load srtnode.dat
Y% Yo% % %% %% % % %% % %% % % %% % % % % %% % %6 % % %% %% % %% % %% %% %% %6 %% %% %Yo %% %% %% % % % % %% %
%Combine srtnode and st to give st matrix in correct format vroro
%%%%%%%%%%%%%%‘Vgo%° Yo%V %e%% Y Yo% %Yo Yo %Y % %% Y% Yo% % %% % %% % %% % %% %o % Yoo %o %% % %% % % %% Yo
st=[srtnode,srt(:,2:4)]; oo
%"/E,%0 o%%i;:séfo%)}%%%%%%%%o YooY YoY% YoY% YoY% %% YooY Yo% % Yo% %% %% % %% % % % % %6 %% % %6 % % % % %%
%Sort nodes back into numerical order to give matrix of correct format
%for contour plottin 0/4,9/40/46% %Y Y% %%
%%%%%%%I‘)%%%%/o%%%%%%%%%%%%%%%%%" %% %% %% % % %% %% %% % % %% % % % %% %6 %% %% % % Yo Ve Ve o
length=size(st);
for q=1:length(1,1)
lengthst=size(st),
[maximum,position]=max(st);
if lengthst={1,4]
position=[1,1];
end



srbk(g, 1 Fst((position(1,1)),1);

sribk(q,2y=st((position(1,1)),2);

sttbk(q,3 y=st((position(1,1)),3);

sitbk(q,4)=st((position(1,1)),4);

stcoords=[st(1:(position(1,1)-1),:);st((position(1,1+1):lengthst,:)];

st=stcoords;

end

069%% %% %% %% %% % %% %% %% % %% %% %% %% %% % % %% %% % %% %% % % % % % % %% %% % %% % % % % % % % % %% %Y
o4Invert matrix to give ascending node order R
04% %% %% % % %% %% %% %% %% %%6%%% % %% % %%6 %% %% % %% %% %% %% %% %6%6%6 %0 %% % %% % %% % % % % % % %%
%

9 st is a matrix of format: [Node number, x, y, SP3]

%

0/4%%0%%%0% [;); 0%0%0% %% 0% %0 %% %0%0%0%0%0%6%0%6%0%6%6%6%6%0%6%6%0%0%6%6%%0%0%6%6%6%%6%6%6%%6%%%6%6%6%6% %% %% %% %%
st=flipud (srtbk)



CONT3DPLAIN.m

%Y % Y% Y%Y Y0 %% YoYY %Y V% %% Yo% Yo% % Yo %o Yo% %% %% %o %% Yo% Yee %% %ol
0/6% %% %% Y4 0/40,
%Program to calculate contour positions from FEA data PR TRT ISIA IS ASSAAYKHe%%
2/’0%%%%%%%" 6%%%6%9%6%%%%%% %% % % %% %% % % % % %% %% % % %% % %% % % %% %9 0%%%%% %% % %% % %% %%
0
%May 1997
%
%%%%%%% %% %% %% % %% %% %% %% %% %% %% % % %% %% %% % % %% % %% 0%%%%%%%%%%%%%%%%%%%%
%(Call nodal sorting program sort3dgroove.m
%:to;/go (1,0/?%%%%%%%%%%%" 6%%%0%%6%6%%%%%%% % %% % %% % %% % % %% % Y% % %% % Y% % Y% Yo YoV % %% %%
sort3dplain
%9 0%%%%" o%°_ 0%% %% % %Y 0%%%%%%%% %% % %% % %% %% % %% % %% %% %% % %% % % Y% %% % % %% % % % % % %% %%
%User input of yield stress and J integral
%%% o%%%%%%%%%%%%%° 0%9%6%%%%%%%%%% %% %6 %% % %% % %% % % %% %% % % % % % %% % % % % % % % % % % %
Y=input(Enter material yield stress (MPa) "),
J=input(‘Enter J integral for layer Nmm) "),
%%%%‘;/z‘;/?%%“ 6%%6%%% %% % %6%%6% %% % %% %% % % %% %% % %% % %% % %% % %% % % %% % % Y% %% Y% %% % % % % % %
%Axis scaling
%%%% %% %%%%% %% %% %% %% %% %% %% % % %% % %% %% % %% % %% %% %% % %% % %% % % % %% % % % % % %% %%
%
% scale x and y coordinates to give (x)*(yield stress)/(J)
% and (y)*(yield stress)/(7)
%
%% %% %% %%6%%%6%%%%6%%6%0%% %% %% %% %% %% % %% %% % % % %% %% % %% %% % %% % %% %% % %% % % %% % %
xsigma=(Y/T)*st(:,2);
ysigma=(Y/T)*st(:,3);
%% %% %% % %% %% %% %% % %% % %% %% %% %% %% %6 %% %% %% %0 %% %% % %%6%% % %% % % %6 %% %% %6 % % %% % %% %% %
%Define nomsigma as (max principal stress)/(yield stress)
%%%%6% %% % %% %% %% %% %% %% % %% %% % %6 %6 %6%6% % %6%6 %% % %% %% %0 %%6%6%6 % %% % %% % %% % %% %% % % % % %%
nomsigma=st(:,4)/Y;
%%% %% % % %%% % %% % %% % % %% % %% % %% %6%0%0 % %6 %6 % % %6 %% % %% %6 %6 %% % % % % % % % % % %% % % %% % %% %%
%
% combine the above to give a matrix 1 the format of which is:
% [Node number, (x)*(yield stress)/(J), (y)*(yield stress)/(J),
% (max principal stress)/(yield stress))
%
%%%% %% %% Y% % % %% % Yo% % % %Y % %% % %% %% % %o Yo% Yo% %6 %% % % % % %% % % %% % % % % %% %% % % % % % % % %%
1=[st(:,1),xsigma,ysigma,nomsigmal
%% %% %% %% % %% %% % % % % %% % %% % % %% % %% Yo %% Yo% %% % % % % % % % % % %% % % % % % % %% % % %% % %% % %o
%User input of contour level
Y606% %% %% %% % Y% %% e %% Y% Ye% % %Y %% Y% % Yo% % %% %% % Y% % % % % %% % %% %% % %% % %% %% % % % % % % %% Y
%
% required format: (max principal stress)/(yield stress)
%
%% %% %% %% %% % %% % % %% % %% % %Y 6% %% Y% % % %% % % %% % % %% % %% % %% %% %% % %% %% ©%%%%%%%%
sigma=input('Enter stress contour level '),
%%%Y o"/f:%t'SA)%" 6% VYo Yo e YoVe e Yo% % %o %% % Yo% Yo% % % %% % Ye% %% % % % %% % % Yo % %% Yo%) 2%%%% %% %%
%Define limits of mesh area
Yo% Ve Y VoY% YoVe U %o VoYY %e % Yo% %Yo % Y% Yo Ye Y% %o %o %% % % % % Yo% Yo % %% % %% %o Y6 VYo ) 0%%%% %% %%
%
% set counter p to zero and define required interpolation loops
% in terms of predefined node numbers according to the 2D template
%
Y%V %% Y% Yo% Yo%V Yo% % Yo%e% Yo% Yo% %% Y6 %Yo % Yo% Yo% Yo% Yo % Yo% %% YoY% %o 6% %% %% % %
p=0;
for loop=1:3
if loop==1
cend=7,
elseif loop==2
cend=6;
elseif loop==
cend=11;
end
for count=1:cend
if loop==1
start=(35*count)-34;
finish=(35*count)-13;
ine=1;

6% % %% % %% %%



CONT3DPLAIN.m

%%%% % %% % %Y o%%%%%%%%%%%%%%%%%%%%%%" 0% %% %% %% %% %% % Y69 0%% %% %% %% %% %% %% %% %
%Program to calculate contour positions from FEA data
%%%%%%%%%%% %% % %% % %% % %% % % %% % %% % %% %% % %% % % % % % %% Y% % % %S 6%%%% %% %% %% % %% %%
%
%May 1997
%
9%%%%%%%%%%%%%%%%%%%%%6% %% %% % %% %% %% %% % %% % %% % %% % %% % %Y 0%%%%%%% %% %% %% %%
%Call nodal sorting program sort3dgroove.m
%% %% %% %% %% % % %% % %% %Y o%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
sort3dplain
%%6%%%6%%%%%% %% %% %% % %% %% %% %% %% %% %% %% %% %% %% % %% %% %% %% % % % VoY %% % %% Y% %% %%
%User input of yield stress and J integral
%%%%%%%%%%% %% %% %% %% %%%% %% % %% % % %% %% %% % % %% %% % % Y% Yo %% % % Y% Yo% % Y% %% % Y% Y%
% %%

Y=input(Enter material yield stress (MPa) "),
J=input(Enter J integral for layer Nmm) '),
%%%%%%%%%6%%%%% % %% %% %% %% %% % %% % % % % %% %% % % %% %% % % % %% % % % % % % Yo% Y% Ve % Y% % % % %%
%Axis scaling
%%%%%%%%%% %% %% %% % %% %% %% %% % %6%6%6%6%% %% % %% % %% %% %% %% % % %% Yo% % %% %% % %% % % % % %
%
% scale x and y coordinates to give (x)*(yield stress)(J)
% and (y)*(yield stress)/(J)
%

‘%(;" 0%%%%%%%% %% %% %% %% %% % %% % %% %6%6%% %% %% %%% % %% %% %% %% %% %% % % % %% % % %% % % % %%
xsigma=(Y/T)*st(:,2),

sigma=(Y/)*st(:,3);
z;)"go%‘y;"(A)" j’) o%tgﬁ,%?%%%%%%%%%%%%%%%%%%%%%%%0 0%0%0%%0%%% %% %% % %% %% %% %% %% %% %% % %% %%
%Define nomsigma as (max principal stress)/(yield stress)

‘V:%° 0%%Y o%‘V%;:" o%‘EA:%%%%° ©%% %% %% % %% %% %% %% % %% %% % %6%6%%0%%6 %% %% %% % %% %% % % %% %% %% %
nomsigma=st(:,4YY;

%%%gﬁ%%‘g%‘?ﬁﬂ 6% %% %0 %% % %% % % %% % %% % %% %% %% % %% % %% %0 %% %% %% % %% % % %% %% % %% % % % %% %
%

% combine the above to give a matrix 1 the format of which is:

% [Node number, (x)*(yield stress)/(3), (v)*(vield stress)/(J),

% (max principal stress)/(yield stress))

%
°/:%° 6% %% %% Y% % %% % %Y % % Y% % %% % %% Yo% Y% % %% Y% % %% % % %% % % %% %% % % % % % %% % % %6 % % % % %% % %
I=[st(;,1),xsigma,ysigma,nomsigma

%‘[’ os’;y%z’/o%go"/i:’%%g%%%%%gﬁ" o‘!A;%%" %% % %% %% % % % %% %% %% % % %% %% %% %% % %% % %% % % %% %% % % %% %%
%User input of contour level

‘%:%%%‘}:%%%%%%%%0 Y% % Yo% % %% %% %% % %e% % Yo% %% %Yo % %% % % % % % %% % % % % % Yo% %% % % %% %% %% %
%

% required format: (max principal stress)/(yield stress)
0/ 0/.0/.9/,0/,0/.0, 0/ 0/
°/:%%%%° %% %% Yo% Yoo V%% Yo% %% %o % Ye Yo% % Y %Yo %% %% % %o % % % %o % % %o % % %% % % %% %% %% %% %%% %%

=1 Y, 0/,0/,0/.0/,0,
:/lo%;:‘l;:/;r"l/g?:‘s 3252221‘;;2’2%2&/{;2;%%:%%%%%%° Yo% % %% %% % Y% Y% %% Yo% Yo% %o %% %% %% %% % %% %o’ 0%%%%%%%
v i i 0, 0/.0/.0,
Vf‘?ﬁg/t:n%e"/gzu?g/;iiz?‘z:bﬁao%%%%° (%% Y% % % %% %% %% % %% % %% % % %% %% %% 2% %% %Y % % %% % %% %% % %% %% %
%
% set counter p to zero and define required interpolation loops
% in terms of predefined node numbers according to the 2D template
” 0/.0/.0/,0/,0/,0/0, 0/,0/94%
‘2%%%%%" %% %% %% % Y% % % %% % Y% % %% %% % % %% % % % %% Yo %% 6% %% Y% % %% %% % %Y %% %% %% % % % %%
p=0;
for loop=1:3
if loop==1
cend=7,
elseif loop==
cend=6;
elseif loop==
cend=11,
end
for count=1:cend
if loop==1
start=(35*count)-34;
finish=(35*count)-13;
inc=1;



ninc=1;
elseif loop=2
start=(35*count)-11;
finish=(35*count)-1,
inc=1;
ninc=1;
elseif loop==3
start=2*count;
finish=(2 *count)+175;
inc=35;
ninc=35;
end
0/.0/.0/.0/,0/,0/,0/,0/40/0/0/0/0/0/0/0/0/04070/0/0/0/0/0/0,
;; g,,e é; c;,;:, go a/.;l g, uo1 t/;g o/r aﬁ g:l /:, ? c/oo :t» o/;:: %%%%%6% %% %% % %% % %% Yo% %% %% % %% %% %% % % % Y% % %% % % % % % % %%
0/.0/.0/.0/.0/.0/.0/.0/0/0/0/0/0/0/0/0/0/0/.0/0,
;;/m 6% % V%Y % %Y % % Yo% %YoV Yo% Yo YoY% %Yo %o %% %Yo % Yo% % %o % Ya Ve Y% Yo Yo Yo% % %o Yo% % Yo% %% Y% %%
9% simple linear interpolation of nodal stresses to obtain coordinates
% of points at the required stress level from which the stress contour
% can be defined
%
0/.0/.0/.0/,0/.0/0/0/0/0/0/0/0,
A)f :r/; : sgr:: 1:1 ? f:n; s{;) % %% %% % %% % %% %% %% %% % % %% %% %% % % %% %% %% % %% % %% % %% % %% % %% % % %% %
m=n+ninc;
if I(n,4)<sigma & l(m,4)>sigma
p=p+l;
x1=l(0,2){(1(n,2)-1(m,2))*(I(n,4)-sigma)/(I(n,4)}-(m,4));
y1=1(n,3)(1(n,3)-1(m,3))*((n,4)-sigma)/(I(n,4)-I(m,4));
o(p,1)=x1;
(p.2yyl;
elseif 1(n,4)>sigma & 1(m,4)<sigma
p=ptl;
x2=1(n,2)-(I(n,2)-1(m,2))*((n,4)-sigma)/(I(n,4 >1(n,4)),
y2=1(n,3)(1(0,3H(m,3))*((n,4)-sigma)/ (0,4 (m,4)),
o(p,1y=x2;
op.2)=y2,
elseif I(n,4)==sigma
p=ptl;
x3=l(n,2);
y3=l(n,3);
o(p,1)=x3;
(p.2)Y3;
elseif I(m,4)==sigma
p=p+l;
x4=1(m,2);
y4=l(m,3),
op,1y=x4;
op,2)=y4;
end
end
end
end
oo %e %% Ve % Yo% Yo% %% Yo% % % Yo% %% Yo% %6%6%6% % %6 %% %% %6 %) oY% Ye %% %% %% %% %% % %% %% %% %% %%
%Sorting data points into decending x order
%%%%%%%&)o o%%%%%%%%gA,%%%%%%%%%%%%%%0 % %% %% %% %% %% % %% %% 6% %% % %% %% % %% % %%
%
:f» lengthe is a row vector giving the size of ¢, i.e. [rows, columbs]
0
% maximum is a matrix which gives the maximum value in each column of
% ¢ and position is a matrix which gives the position of the
% maximum value in each column.

%
YKY%6 %% %% YoY% % Ve 6% %% Yo% Yo% %% %% Y6966 %5 T s L
lengthc=size(c); % dynamic size allocation forc %
for g=1lengthe(1,1) % %
sizec=size(c), % %
['F‘ﬂ)fimunuposiﬁon]max(c); % gives dynamic max element and %

if sizec==[1,2] % position in ¢ then %

position=1; % builds sc matrix based on posn %

end % of max x entry and puts all ow % .

Yo

s¢(q,1)=c((position(1,1)),1); % associated with entry in correct




sc(q,2)=c((position(1 AN,2), % pgsition
d=[c(1:(position(1,1)-1),:);e((position(1,1)+1):sizec,:)];
c=d;
end
%M%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
% Invert matrix to give ascending x order
%M%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
sortc={ flipud(sc)]
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
v%%Identification of data points that don't provide a smooth contour
%at start of contour definition
%%%%%%%% %% %%%%6 %% %% %% %% %% %Y o%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%
% lengthl is a row vector giving the size of sortc1,
% i.e. [rows, columns]
%
% maximum] 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.
% countl then defines the limit of data that needs to be re-arranged
% in y order and puts data into a matrix temp1 for sorting.
0,
020 6%V %Yo% Yo% %% Yo% %o Yo% %Yo %Yo Yo% %o %o %% Yo% Yo Yo YoV %Yo %Yo % %Yo %% YoYU Ve YoY% YoV Yo Yo YoV e %Yo % %% %%
sortcl1=sortc;
lengthl=size(sortcl),
[maximuml ,position] J=max(sortcl);
posnl=position1(1,2),
countl=0;
for pl=1:(length1(i,1)-1)
if sorte1(pl,2)>sorte1((p1+1),2)& pl<posni
countl=pl+1;
end
end
EZI‘;S;‘E;‘;}?/E;:‘}A:;PA)‘;:}:C‘V:‘QJ‘%%Z;;%; 0%6%%6%% %% %0%6% %6%6%6%6%6 %% %0 %6 %% %6%6%6%%%6% %0 %% % %% %% % %% %% %% %%
. ; A ; cder
Q%Zﬂi%%‘%ﬁfﬁﬁyﬁ?ﬁ?ﬁiﬁ%m%%%%%%%%%%%%%%%%%%%%%%%%%%o 6% %% % %% % %% % %% %% %%
%
% length] is a row vector redefined to give the size of templ,
% i.e. [rows, columns]
%
% maximum] is a matrix redefined to give the maximum valug in each
% column of temp1 and position is redefined to give the position of the
% maximum value in each column.
L)
;:%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%0 RIS AAILT Y %%%%
lengtht] =size(temp! );
for q1=1:lengtht1(1,1)
sizet] =size(templ ),
[maximum],position] ]=max(temp! );
if sizet] ==[1,2]
position1={1,1];
end
sel(ql,1 y=temp1((position1(1,2)),1);
scl(ql,2)=temp1((position1(1,2)),2); . .
del=[temp1(} :(po(sI;tionl (1.2)-1),:);temp1{(positioni(l,2)+1 ):sizetl,:)];
templ=dcl;
end
if count] ~=0
sortt]=[flipud(scl)];
sortel(1:countl ,:)=sortt1 (1 :countl,:); R
d 0/494%%%%% % %% %%0%% %% %0 % 0/ /0 70
;%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%AAAAAAAAAo
% Invert matrix to allow identification of data points that don't
% provide a smooth contour at end of contour definition by same o
% S 06066V Fo Yo YoY% %% 00
%gggﬁ;;gxa%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%A%AAAAA%/
%
% length? is a row vector giving the size of sortc2,
%m[mw&ammmﬂ

SNV % %% % % %% %% %% % %% %% %

Y% %% %% %% %% %% %% %% %% %%



%
9% maximum?2 is a matrix which gives the maximum value in each column of
9% sortc2 and position is a matrix which gives the position of the
9% maximum value in each column.
9 count? then defines the limit of data that needs to be re-arranged
% in y order and puts data into a matrix temp2 for sorting.
%

%%% %% %% %%6%%%6%%%0%6% %% %% % %% %% % Y% % % %%
Z/:; é,c/;:.i ﬂ;p:l (;( s(:) :tc (; )cl); 0%%%6%6%%%% %% %% %% % %% /o/o/o/o%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
length2=size(sortc2);
{maximum2,position2 ]=max(sortc2),
posn2=position2(1,2),
count2=0,
for p2=1:(tength2(1,1)-1)

if sortc2(p1,2)>sortc2((p2+1),2)& p2<posn2

count2=p2+1;

end
end
temp2(1:count2,:)y=sortc2(1:count2,:),
%%%%6%%%%%%%%%%%%6%%%%%%% %% %% %% % % %% % %% % % % % %% %% %% % %% % % % % %% % % Y% % % % % % Y%
%Sorting data points into decending y order
YUY %% Yo% %% %6 %% %Yo Yo%o % Yo% Yo %o % Yo% %% Yo% %Yo Yo% Yo% Yo% Yo% %Yo %Yo %Yo Yo% Ve %Y Yo Yo% YoY% Koo %% % %% Y
%
% length2 is a row vector redefined to give the size of temp2,
% i.e. [rows, columns]
%
% maximum?2 is a matrix redefined to give the maximum value in each
% column of temp2 and position is redefined to give the position of the
% maximum value in each column.
%
96%%% %% % %% %% %6 %% %6%%6%6%0%% %% % %0 % %% % %% %% %%0%6%6%6%6%%6%6%0%6% %% % %%% % %% %% % % %% % %% %%
lengtht2=size(temp2 ),
for 2=1:lengtht2(1,1)
sizet2=size(temp2),
[maximum?2,position2 j=max(temp2),

if sizet2==[1,2] .

position2={1,1];

end
sc2(q2,1 )=temp2((position2(1,2)),1);
5¢2(q2,2)=temp2((position2(1,2)),2);
de2=[temp2(1:(position2(1,2)-1),:);temp2((position2(1,2)+1):sizet2,)]
temp2=dc2,
end
if count2~=0
sortt2=[flipud(sc2)],
sortc2(1:count2,:y=sortt2(1 .count2,:),
VoYY Yo% %Y %% V6% %% % Yo% Y6 %Yo % Y6 %66 % %% % %%
Y%Invert matrix to give ascending y order
%%Y o%%%%%%%b%%%%%f‘y{:%" (Y% %% % %% %% %% %% %% % % %% % %% % %% % % %% 0% %% % %% % %% %% %% %% %%
sorte=[flipud(sortc2)};
end
YUY e Ye e Ve Ve Ve Yoo VeV Ve Ve Yoo Yoo VoYUYo Yo oS Yo Yo% Yoo ho W Ve S Ve N oY Y% % Yo 64 Y6 %% e Yo
% Graph plotting using normalised coordinates
%%%‘E}o‘%‘:%° o%% o%‘%;g%%° 6% %% %% %% % %% % % %% % %% %6 %% %% %Y W% Y% %% %% Yo% %% % % %% % %% % 2% %% %% %% %%
Ix=I(:,2),
ly=I(:,3);
ox=sorte(:,1);
cy=sorte(:,2),
figure
plot(cx,cy,'c*' cx,c o 94,9
%%%%oi%%%%ﬁ%%o oYV % Yo% Y Ve% % %% %% % %% %Yo %Yo % %o % Yo % V6 % o) 6K UK % YN Yo Yo% %% %% % %% % %Yo
% Graph plotting using original coordinates 00 0404 % %% %%
VLIS o S D R R T e T L
sortca=sortc*J/Y;
¢xx=sortca(:,1),

V6%V % %% %% Yo% %% % %% % %% %% %% % %% %% % % % % % %% %%

cyy=sortca(:,2);
figure
PlOt(Cxx,cyy,'c* P cxx’cyy) %6%% %% %% %Y o%%%%%%%%%%%%%%%%%%%%%%o %%

Y% %% % %% % %% % % %% % %% %6 %% %% % %% %6 %) o%%%
%Area calculation using trapezoidal rule - normalised coordinates



000000000000000000000000000
;f; ; t; 1:,[,; t/l(; ﬁ 1/(: 0%%0%6%0%0%6% %% % %% % % %% %% %% %% %% % %% % % %% % %% %% % %% % % % Y% % %Y 0%%%% %% %%
for row=1:lengt
area(row)=(sorte((row+1),1 )-sorte(row, 1 ))*(sortc((row+1),2 y+sorte(row,2))/2;
end
carea=sum(area),
disp('The normalised contour area is: "),disp(carea)

000000000000000000000000

:ﬁ:‘ﬁ/; /: ﬁ; é:; f; t/::) f: ? o/;algo mo a;o c/:; g(; d«;;; g S/o %0%0%% %% %% Y0%% %% % % %% % %% %% %% %% % %% % % % % % %% %% % %0 %% % %
% %Y%e% %% %% %% % %% %% %% %6 %% %6%6% % %% %% %% %6%%% % %% % %% %6 %% % % %% % %% % %% %% % %% % % % %%
careaa=carea‘(J/Y)"2; %% %% %%
disp(The originalcontour area is: ").disp(careaa)
%4%%% %% % %% % %% %% % %% % %% %% %% %% %% %% %% %% %% %% %% %% %% %% %0 %% Yo% %% %% 0% %Yo % %% %% %o
o;Save data to ASCI files
VYo% %% %% %% %% % %0 %% %0 %% % %% %0 %% %% %6 %o %0 %% 0%6%0%a%e%0 %% 0% %% %% %% %% % Y% %4 %% % % % % % %
if numm==1
save contl dat sortc -ascii -tabs
save contla.dat sortca -ascii -tabs
end
if numm==2
save cont2.dat sortc -ascii -tabs
save cont2a.dat sortca -ascii ~fabs
end
if numm==3
save cont3 dat sortc -ascil -tabs
save cont3a.dat sortca -ascii -tabs
end
if numm==4
save cont4 dat sortc -ascil -tabs
save contda.dat sortca -ascii -tabs
end

if numm==5

save cont5.dat sortc -ascii -tabs
save cont5a.dat sortca -ascii -tabs
end

if numm==

save cont6.dat sortc -ascii -tabs
save cont6a.dat sortca -ascii -tabs
end

if numm==7

save cont7 dat sortc -ascii -tabs
save cont7a.dat sortca -ascii -tabs
end

if numm==8

save cont8.dat sortc -ascii -tabs
save contBa.dat sortca -ascii -tabs
end

if numm==9

save cont9 dat sortc -ascii -tabs
save cont9a.dat sortca -ascii -tabs
end

if numm==10

save cont10.dat sortc -ascii -tabs
save contl0a.dat sortca -ascii -tabs
end

If numm=11

save contl 1.dat sortc -ascii -tabs
save contl 1a.dat sortca -ascii -tabs
end

if numm==12

save contl2.dat sortc -ascii -tabs
save cont] 2a.dat sortca -ascii -tabs
end

if numm==13

save contl 3.dat sortc -ascii -tabs
save cont] 3a.dat sortca -ascil -tabs
end

If numm==14

save cont14.dat sortc -ascii -tabs



save contl4a.dat sortca -ascii -tabs
end

if numm==15

save contl5.dat sortc -ascii -tabs
save contl5a.dat sortca -ascii -tabs
end

if numm==16

save contl6.dat sortc -ascii -tabs
save contl6a.dat sortca -ascii -tabs
end

if numm==17

save contl7 dat sortc -ascii -tabs
save contl7a.dat sortca -ascii -tabs
end

if oumm==18

save contl 8.dat sortc -ascii -tabs
save contl8a.dat sortca -ascti -tabs
end

if numm==19

save contl9.dat sortc -ascii -tabs
save contl9a.dat sorica -ascii -tabs
end

if numm==20

save cont20.dat sortc -ascii -tabs
save cont20a.dat sortca -ascii -tabs
end



Q3DPLAIN.m

%%%6%%%%6% %% % %% % %% %% Y% % %% % %% % %% %% Y6 %% Yo% Y% %% %% Yo% %% %% Y % %% % Yo% Y %% %% % % %% Yo%
%
%Programme to calculate gstress
%
%July1997
%
%%%0%%%%% %% %% %% %%%6%6%6%%%%% % %% %% % %% % %% %% % % %% % %% % % %% %% Y% % % Y% % % %% % % % % % % % Y%
%Clear system
%%%%% % %% %0%% %% %%0%6%0%0 %0 %% %% %% % %% %6%6% % %6%0% %% %% %% % % % %% %% %% % Y% %% % %% Y% %% Y% % Y% %% % %
clear
%%%%%6%%% %% %% %% %% %% %% %% % %% % %% %% % % %% % %% % %% %0 % % % %% % %% %% % %% %% % % %% Y% % %% %
%Input data
%%%%% %% %% % %% %% %% %% %% % %% % %% %% %% %% %% %0 %% % % % %% %% %% % % %% % %% % %% % %0%% % %% %Yo
%
% lcoord(n).dat is a file containing nodal data for layer (n)
% the format of which is:
% [Node number, X, v, Z]
%
% layer(n).dat is a file containing stress data for layer (n)
% the format of which is:
% [Node number, SP3, S11, 822, §33]
%
% inp is a matrix combining lcoords and layer(n)
% the format of which is:
% [Node number, x, y, S22]
%
099 % % % Y% % Y% % Y %aYe% % %% %Yo %% % %% %o % Yo% %% % % %% % % %% % %% %% %% %% % %% % % %% % %% %6 % %% %% %%
numm=input(‘Enter layer number ');
if numm==
load lcoordl dat
leoords=lcoordl;
load layer1.dat
inp=[lcoords(:,1:3),layer1 (:,H)];

end

%
if numm==2
load lcoord2.dat
leoords=lcoord2;
load layer2.dat
inp=[lcoords(:,1:3),layer2(:,4)],
end

%
if numm==3

load lcoord3 .dat
lcoords=lcoord3;
load layer3.dat
inp=[lcoords(:,1:3),layer3(:,4)];
end

%
if numm==
load lecoord4.dat
leoords=lcoord4,
load layer4.dat
inp={lcoords(:,1:3),layer4(:,H1,
end

%
if numm==>5
load lcoord5 .dat
lcoords=lcoords5;
load layer5.dat
inp={lcoords(:,1:3),layer5(;,4)},
end

%
if numm==6
load lcoord6 .dat
leoords=lcoord6;
load layer6.dat



inp={lcoords(:,1:3) layer6(:,4)];
end

%
if numm==
load Icoord7 dat
lcoords=lcoord7;
load layer7.dat
inp={lcoords(:,1:3) layer7(:,4)};
end

%
if numm==8
load lcoord8.dat
Icoords=lcoord8;
load layer8.dat
inp={lcoords(:,1:3),Jayer8(:,4)},
end

%
if numm==9
load lcoord9.dat
lcoords=lcoord9;
load layer9.dat
inp={lcoords(:,1:3),layer9(;,4)};
end

%
if numm==10
load lcoord10.dat
lcoords=lcoord10;
load layer10.dat
inp=[lcoords(:,1:3),layer1 0(:,4)};
end

%
if numm==11
load lcoord11.dat
lcoords=lcoord11;
load layer11.dat
inp=[lcoords(:,1:3),layer1 1(;,4)];
end

%
if numm==12
load lcoord12.dat
Icoords=lcoord12;
load layer12 dat
inp=[lcoords(:,1:3),layer1 2(:,4)];
end

%
if numm==13
load lecoord13.dat
leoords=lcoord13;
load layer13.dat
inp=(lcoords(:,1:3),layer1 3(:,4)];
end

%
if numm==14
load lcoord14.dat
lcoords=lcoord14;
load layer14.dat
inp=[lcoords(:,1:3),layer14(:,4)];
end

%
if numm==15
load lcoord15.dat
lcoords=lcoord15;
load layer15.dat
inp={lcoords(:,1:3),layer1 5(:;;4)];
end

%
if numm==16
load lcoord16.dat
lcoords=lcoord16;

load layer!6.dat



inp=[lcoords(:,1:3) layer16(:,4)];

end
%

if ==17

load lcoord17.dat

leoords=lcoord17;

load layer]7 dat

inp=[lcoords(:,1:3),layerl 7(;,4)};

end
%

if numm==18

load lcoord18.dat

Icoords=lcoord18;

load layer18.dat

inp=[lcoords(:,1:3),layer1 8(:,4)];

end
%

if numm==19

load lcoord19.dat

leoords=lcoord19;

load layer19.dat

inp=fleoords(:,1:3),Jayeri 9(;,4)};

end
%

if numm==20

load lcoord20.dat

lcoords=lcoord20;

load layer20.dat

inp={lcoords(:,1:3),layer20(:,4)];

end
%% %% %% %0 % %% % %% % % %% %% %% %% % %% %% % % %Yo % % % %% % %% % %% % %% %% %% % %o % % Yo% %% %% % % % Yo%
%
% stinp is a matrix with the x co-ordinates multiplied by -1 in order
% to bring the onentation of the mesh in line with the 2D template and
% plotting convention
%
%%%%%%6%6%0%% % %% %6 %% % % %% %% %% %% % %% % %% % % %% % Y% % % % % %6 %0 %0 % % %% % % %% %% % %% % Y% %6 %% %
stinp=[inp(:,1),-1 *inp(:,2),inp(:,3:4)];
%%%%% %% %% %% % %6%0%6%6%6%%6%0%%%0%% %% % %% %% %6%6% % %% % %% %% %% % %% %0 %% %6 %% % %% %% % % % % %%
%Sort nodes into decending x order
%%%% %% % %% %% % %% % %6%%6%6%%0%6% %6 %% %0%%6%6%%6% %% %% %6 %% % %% % %% %0 %% %% % % % %% %% % % %% %%
%
% 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.
%
%% %% %% %% %% % %% %% %% %% %% %% %% %% Yo% % % % % %% % % Y0 % %% % %% % % % % %% % % % % %% % % %% % %% %%
length=size(stinp), % dynamic size allocation for stinp %
for g=1:length(1,1) % %
lengthstinp=size(stinp), % %
[maximum,position]=max(stinp); % gives dynamic max element and

if lengthstinp==[1,4] % position in stinp %

position=[1,1]; % %

end % %
stt(q, 1 =stinp((position(1,2)),1);% builds srt matrix based on posn %
stt(q,2)=stinp((position(1,2)),2);% of max x entry and puts all row %
stt(q,3 )=stinp((position(1,2)),3),% of max X entry and puts all row %
stt(q,4)=stinp((position(1,2)),4);% position . 1% rstin. )]

inp=stinn(1 (bositi _1).0):sti ition(1, Jen, BN

S/f%ﬂ%&%%f%ﬁ%&%;?&5%&32;%&/0%2/:%%%% o%%go%o 6%% %% %% %% %% %% % % % %% % %% % %% % %% %%
%
% dstinp is a matrix of the remainder with dynamic maximum row removed

%
%% o%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% %% %% %% %% % %%

%

stinp=dstinp;
end
%%
%ldentify and sort nodes with common x values according to y value
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0,
://:0 6%%%6% %% %% % % %% %%6% % %Y o%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
9% examine stt to identify those values of x(p) which are the same as
% x(pt1)
% and construct a matrix, temp, containing x(p)'s and associated row
% data
9% also check if x(p) equals x(p+1) but not x(p+2), if so then include
% x(pt1)
% and associated row data in temp also
%
;/:l‘;/;:/l:": ‘:’1/;;:/::;)%" 5%%%%%%% %% % %% %% %% %% %% %% %% %% %% %% % % Y% Yo Y% % Y% Y% % Y% % %% % % Y% % % %% %%
count=1;
lcount=1;
for p=1:(length(1,1)-2)
if srt(p,2y==stt((p+1),2)
temp(count,:)=srt(p,:);
count=count-+1;
leount=lcount+1;
‘5%0 0% % %% %% %% %6 %% %% %% %% %% %% %0% %%6%%% %0 %%%6%6 %% %% %% %% %% %6 %% % %% % %% % %% %% % % % % %%
0
% temp is sorted into decending y order to form tsrt
%
9%%% % %% % %% % %%% %0%% %% %0 %% %% %% %6%6% %% %6%6%6%6%6%6%6%6% %% %% %% % %% %% %% %% % %% %% %% %%
end
if srt(p,2)==stt((p+1),2) & srt(p,2)y~=s1t((p+2),2)
temp(count,:y=srt((p+1),:),
count=count+1;
Icount=lcount+1;
len=size(temp);
for =1:len(1,1)
lentemp=size(temp),
[maximum,position}=max(temp),
if lentemp==1,4]
position={1,1,11;
end
tsrt(r, 1 )=temp((position(1,3)),1);
tsrt(r,2)=temp((position(1,3)),2);
tsrt(r,3)=temp((position(1,3)),3);
tsri(r,4)=temp({position(1,3)),4);
dtemp=[temp(1 :(position(1,3)-1),:);temp((position(1,3)+1 ):lentemp,:)];
temp=dtemp;
end
%%%% % %% %% % % %% % % % %% %% % %Yo %% % % % %Y 6% %% %% %% %% %% %0 6% %% %% %% % %% % %% % %% % % % %% %
%
% tsrt is now substituted back into srt such that common x values are
% now sorted in decending y order
%
Y% % % Yo% %% % % Y% %Y %% %% % %% % %% % %% % %6 % % %) VeV V%% % %Y Yo% %% %% % %% % % %% %% % % %% % % % %%
count=1;
s=lcount-1;
n=p-(s-1);
stt((m+1):(p+1),1:4)=tsrt(1 :s,1:4);
leount=1;
end
end
%%% %% %% %% % % % %% % %% % %Y %% %% %% % %% % %% 6% %% %% %% %% %0 %Y % Yo% % %% % Y% % %% % % %% %%
%Input sorted 2D nodes with which the 3D nodes will be combined
o/::"/o};)%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

load srtnode.dat

%%%% % %% %% % % %% %% % % % %% %0 oY% %% % %% % %% %% %% o%%%%%%%%%%%%%%%%%%%%%%%%%° “%
: . . . t

SR IO oo 96%%%%%0? o%%%%%%%%%%%%%%%%%° %% %% %%

Y% Va% %% % % %% %% %% %6 %% %6 %% % %% % %6) ©6%%% %% %%
st={srtn 2:4)];
%O/E%%(:'zf’zs"r/togﬂ;%ﬁ)‘%))&%" 0%% %% %0 %" 6%%% %% %% %% % %% 0% %% o%%%%%%%%%%%%%%%%%%%%%%%%%%%
%Sort nodes back into numerical order to give matrix of correct format
0% %% %% %% %% %% %% % %%

%for contour plottin

%%%% % %Y g’/o%%%/o%%%%%o ©%%Y o%%%%%%%%%%%° (Y o%%%%%%%%%%%%%
length=size(st),

for g=1:length(1,1)



lengthst=size(st);
{maximum,position]=max(st),
if lengthst==[1,4]
position={1,1};
end
srtbk(q,1 y=st{(position(1,1)),1),
srtbk(q,2y=st((position(1,1)),2);
srtbk(g,3 =st((position(1,1)),3);
srtbk(q,4)=st((position(1,1)),4);
steoords=[st(1:(position(1,1)-1),:);st((position(1,1+1)lengthst,")];
st=stcoords;
end
%%%%%6%% %% % VNN NNV Y% % Y% Yo Y YoY% %% Yo %% %% Yo% % % %% Y% %YV %e %YV % %Yo Vel 2% %% %% %% %%
%Invert matrix to give ascending node order
%6%6%%%%%%% %% %% Y% Yo% %% %% Y% Yo% % Yo %o %% % %% % %% % Yo %% % %% % Yo Ye % YoY% Y %Yo Yo% %S 0% %% % %%
%
% st is a matrix of format: [Node number, x, y, $22)
%
%‘Va‘?‘ﬁﬁ%"{:]:ﬁ%%%%%%%%%%" 0%%%%%%% %% %% %% %% %% %% % % %% %% %% % %% % % %% % % % % % % % % % %%
st=flipud (srtbk)
%%%%%%%%%%%%%% %%%%%%%% %% %% %% % % %% % % % %% % %% % % %% % % % % %% % % % % % % %% % % % % % %
%
% Q stress begins
%
%%%%%%% %% %% %% % %% % %% % % %% % % %% %% %0 Y% % % %% % % %% %Yo %% %% % Yo% %% %% Yo% % %% Yo Y% % % % %
%
% SET VALUE OF ssy HERE!!!!1!]
% user input of stress levels for ssy analysis to allow Q calculation
% from difference field
%
%%%%%6%6%%%%%%6%% %% % %% % %%6% % %% %0%6% %% %% %6 %% % % Yo% % %e%6%6 % % % % %% % %% %% % % % % % % % %Y
ssyq=2.9403
ssyql=3.110
8syq5=2.567
%%%%%%%%%0%0 %% %% %% %% %% % %% %6%6% %% % % % % %% % %% % % % % %6 %% %% %% %% % %% %% % %% % % %% %%
%User input of yield stress and J integral
%%%%%%%% %% %% %% %% %6 % %6%6% %% % % %6 %6%6 % %6 %% %% %% %% %% %0%6%6% % %% %%0% % %% %%% %% % % %% %%
=input(Enter material yield stress (MPa) ");
J=mput(Enter J integral for layer Nmm) );
%% %% %% % % %% %% %0% % %% %% % %% % % %6 %0 %0 %% %% % %% % %% % %% %% %% %% % %% % % %% %% % %% % % % % %%
%Axis scaling
%%% %% %% % %% %% %% % % % %% % % %% % %% % %% 0% %% %0 %0 %% % %% %% %% % % % % %% %6 %% %% %% %% % % %% %
%
% scale x and y coordinates to give (x)*(yield stress¥(J)
%and (y)*(vield stress)/(J)
%
%69%6%% %% % Yo% % % % %Yo %Yo % %% %% %% Y% %o % % % Yo% % %% %% % %0% % Yo% Yo% %% %% % % %% % %% % %% %% %% % %% %
xsigma=(Y/J)*st(:,2),
sigma=(Y/T)*st(:,3);
°y/o°/%%%§/o%3°)/o%tg/o‘yg%%° 6% %% %% %% Yo% % % %% %% %% %% %% %% %% %% %% %% %% %% %% %% % % %% %% % %% %%
%Define nomsigma as (stress in y direction)/(yield stress)
%%%9 o%%%‘yf" o%%*’(A;o VYo% %% % %% % %% % % % % %% % Yo% %% % %% %% %% % % % %% % % %% % %% % %% % % % %%
nomsigma=st(:,4)/Y;
%% og/?‘}/o%"/fa%")A)o 0% %% %% %% % %% %0%% % %% %% 6% Y% %% Y% Yo% % % %% %% %% %% % % %% % %% %% % %% % %% % %%
%
% combine the above to give a matrix | the format of which is:
% [Node number, (x)*(yield stress)/(J), (y)*(yield stressy(J),
% (stress in y direction)/(yield stress)]

%

°/:° 6%%%%% %% %% % %% %% % %% % % %% % %% %) %% Y% % % % %% % %% %% %% %% % %% % % %% % %% % %% % %% %%
I=[st(;,1),xsi igma,nomsigma

%‘EAa"(A,:%»?”/j‘;l)gzg/ao%‘s’lﬁﬂ;’%%%gﬁ° ogA»%%%%%%%%%%%%%%%%%%%%%%%" %% % %% %% %% %% % %% %% %% %% %%
% .

%Define vectors x and s to allow graph plotting and Q evaluation

o 9%%%% %% % %% % %% %% %% %% % % 0% % %% %% %% %% % %% %%

K%Y % YoY% %% V%% Yo Yo% %N Y Vo6 %% YoY%
x=[I(211:233,2)];

. . i
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%



%Interpolation of stress profiles to allow Q evaluation
%
%%0 0% %%% %0 %% %% % %% %% %% %% %2 o%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
inter=[x.s];
for n=1:1:22
m=ntl;
if nter(n,1)<2 & inter(m,1)>2
sig(xinaq=inter(n,2)+(inter(m,2)-inter(n,2))"(2-intex(n, 1))Y(inter(m, 1 -inter(n,1))
en
if inter(n,1)<1 & mter(m,1)>1
sigmaq ! =inter(n,2)+(inter(m,2)-inter(n,2))*(1-inter(n,1))/(inter(m, 1 )-inter(n, 1))
end
if inter(n,1)<5 & inter(m,1)>5
sig(xlnaq5=inter(n,2)+(inter(m,2)—inter(n,2))"‘(5-inter(n,1 )Y(inter(m,1 )-inter(n,1))
en
end
%%%%0%%% %% % %% %% % %% % %% %% %% %% %% % % Y% %% % %% % %% %% %% % Yo% %% Yo Y %% % %% % %% % %% % Y%
%
% Evaluation of Q, Q1, Q5 and Q' by consideration of difference field
% withh ssy solution.
%
%%%%6%%% %% %% %%%% %% %% % % %% % % %0 %% %% %% %6 %6%6 %% % %% %% %% %% % % % % %% % %% % %% %% % %% % %
Q=(sigmaq-ssyq)
Ql=(sigmaql-ssyql)
Q5=(sigmaqS-ssyq5)
QDASH=(Q5-Q1 Y4
%%%%0%%% % %% %% %% %%6%6% %% %% %6%6%0%%6%0%0% %% %6%%%6%6 % %% %6 %0 %% % %% %% % % % % %% % % %% % %% % %%
% Graph plotting using normalised coordinates
%%%%%%%6%%% % %6%% %6%%6%6%6%%%6%%6% %% %0%0%6%%6%%%% %% %6 %%6%%6 %% %%6%% % %% % %% % %% %% % % %% %%
figure
plot(x.s)
axis([0 5 1.5 3.5))

%%%%%%%%

%%%% % %% % %% % %% %6 %% %0 %% % %% %% Yo% % %% % % %% % %0 % Y% %0 %0%6 %% %0 %% %6% % %% % %% %% % % %% %% %% %
%Save data to ASCI files
%%% %% %% %% %% % %0 %% %% %% % %% % % %% %% %% % %% % % %% % % % % % %6 % %% %% %% % % %% %% % %% % % % %% %
if numm==1
save qstsl .dat inter -ascii -tabs

end

if numm==

save gsts2.dat inter -ascii -tabs
end

if numm==3

save qsts3.dat inter -ascii -tabs
end

if numm==4

save qsts4.dat inter -ascii -tabs
end

if oumm==

save gsts5.dat inter -ascii -tabs
end

if numm==6

save gsts6.dat inter -ascii -tabs
end

if numm==7

save gsts7.dat inter -ascii -tabs
end

if numm=—=8

save gsts8.dat inter -ascii -tabs
end

if numm==9

save qsts9.dat inter -ascii -tabs
end

if numm==10
save sts]0.dat inter -ascii -tabs

end

if numm==11

save gstsl 1 dat inter -ascii -tabs
end

if numm==12



save qsts]2.dat inter -ascii -tabs
end

if numm==13

save qstsl 3.dat inter -ascii -tabs
end

if numm==14

save gstsl4.dat inter -ascii -tabs
end

ifn ==15

save gstsl 5.dat inter -ascii -tabs
end

if numm==16

save gsts16.dat inter -ascii -tabs
end

if numm==17

save qstsl7.dat inter -ascii -tabs
end

if numm==18

save gsts1 8.dat inter -ascii -tabs
end

if numm==19

save gsts19.dat inter -ascii -tabs
end

if numm==20

save qsts20.dat inter -ascii -tabs
end



APPENDIX 11

TEST RECORDS - PLAIN SPECIMENS



Fracture Toughness Test Data - K. Test

Specimen Data

Precracking Data

_ _ Initial Cycles
Specimen Thickness: 25 mm Mean Load: 14 kN
Specimen Width: 60 mm Amplitude: 13 kN
Material: EN24 Max Load: 27 kN
Yield Stress: 970 MPa No Cycles: 4000
Specimen No: 25P1 Force Ratio: 0.04
Side Groove Type: None Final Cycles
Side Groove Depth: 0 mm Mean Load: 13 kN
Effective Thickness: 25 mm Amplitude: 11 kN
Max Load: 24 kN
No Cycles: 7000
Force Ratio: 0.08
Post Fracture Data
Dist from| Crack ]
edge | length Kq = [Fo/(BW°°)Lf(a/W)
1.0% 29.50 where f(a/W) is given by 9.2.3.2 of BS7448:pt1
12.5% 29.90
25.0% 30.25
37.5% 30.25 FQ-= 60.48 kN (from Instron)
50.0% 30.25 B = 25 mm
62.5% 30.25 W = 60 mm
75.0% 30.25 alW = 0.4999
87.5% 29.60 f(a/lW) = 9.6560
99.0% 28.90 KQ= 95.37 MPa.m"0.5
Ave 29.99
Load - COD Plot
80.00
70.00 -
60.00 -
- 50.00 -
4
x
o 40.00 A
©
3
3000 +—
2000 +—/—7 Sl ]
10.00 - — T T N
0.00 '
0.00 0.20 0.40 0.60 0.80
COD (mm)




Fracture Toughness Test Data - K. Test

Specimen Data Precracking Data
_ ‘ Initial Cycles
Specimen Thickness: 25 mm Mean Load: 14 kN
Specimen Width: 60 mm Amplitude: 13 kN
Material: EN24 Max Load: 27 kN
Yield Stress: 970 MPa No Cycles: 5700
Specimen No: 25P2 Force Ratio: 0.04
Side Groove Type: None Final Cycles
Side Groove Depth: 0 mm Mean Load: 13 kN
Effective Thickness: 25 mm Amplitude: 11 kN
Max Load: 24 kN
No Cycles: 3000
Force Ratio: 0.08
Post Fracture Data
Dist from| Crack ]
edge | length Ka = [Fo/(BW™*)].f(a/W)
1.0% 29.20 where f(a/W) is given by 9.2.3.2 of BS7448:pt1
12.5% 29.40
25.0% 29.60
37.5% 29.80 FQ = 62.3 kN (from Instron)
50.0% 29.90 B= 25 mm
62.5% 29.80 W = 60 mm
75.0% 29.60 alW = 0.4932
87.5% 29.45 f(a/W) = 9.4612
99.0% 29.20 KQ = 96.25 MPa.m*0.5
Ave 29.59
Load - COD Plot
80.00 i
70.00 ‘
60.00
_50.00 -
Z
x
- 40.00
©
2
30.00 +——
20.00
1000 -/
E
| i
0.00 ‘ '
0.00 0.20 0.40 0.60 0.80
COD (mm)




Fracture Toughness Test Data - Kic Test

Specimen Data Precracking Data
' Initial Cycles
Specimen Thickness: 25 mm Mean Load: 14 kN
Specimen Width: 60 mm Amplitude; 13 kN
Material: EN24 Max Load: 27 kN
Yield Stress: 970 MPa No Cycles: 5850
Specimen No: 25P3 Force Ratio: 0.04
Side Groove Type: None Final Cycles
Side Groove Depth: 0 mm Mean Load: 13 kN
Effective Thickness: 25 mm Amplitude: 11 kN
Max Load: 24 kN
No Cycles: 3750
Force Ratio: 0.08
Post Fracture Data
Dist from| Crack ]
edge | length Ka = [Fo/(BW )1 f(a/w)
1.0% 29 50 where f(a/W) is given by 9.2.3.2 of BS7448:pt1
12.5% 29.70
25.0% 30.20
37.5% 30.25 60.67 kN (from Instron)
50.0% 30.20 25 mm
62.5% 30.10 60 mm
75.0% 30.00 a/W = 0.4984
87.5% 29.50 f(a/lW) = 9.6128
99.0% 29.10 95.24 MPa.m*0.5
Ave 29.91
Load - COD Plot
80.00
70.00
60.00
. 50.00
4 :
g :
o 4000 +—— — 7
4+ |
S
30.00 -
20.00 +—
10.00 -
0.00 80
0.00 0.




Fracture Toughness Test Data - K, Test

Specimen Data Precracking Data
_ Initial Cycles
Specimen Thickness: 25 mm Mean Load: 14 kN
Specimen Width: 60 mm Amplitude: 13 kN
Material: EN24 Max Load: 27 kN
Yield Stress: 970 MPa No Cycles: 5100
Specimen No: 25P4 Force Ratio: 0.04
Side Groove Type: None Final Cycles
Side Groove Depth: 0 mm Mean Load: 13 kN
Effective Thickness: 25 mm Amplitude: 11 kN
Max Load: 24 kN
No Cycles: 4200
Force Ratio: 0.08
Post Fracture Data
Dist from| Crack ]
edge | length Ka = [Fo/(BW"?)] f(a/W)
1.0% 29.30 where f(a/W) is given by 9.2.3.2 of BS7448:pt1
12.5% 29.60
25.0% 30.00
37.5% 30.00 FQ = 61.5 kN (from Instron)
50.0% 30.00 B= 25 mm
62.5% 30.00 W= 60 mm
75.0% 30.00 a/lW = 0.4972
87.5% 29.70 f(alW) = 9.5761
99.0% 29.40 KQ= 96.17 MPa.m”0.5
Ave 29.83
Load - COD Plot
80.00
70.00
60.00 -
__50.00 A
4
%
o 40.00 -
m
3
30.00 +
2000 +—/— 17— | |
10.00 +—— A
0.00 80
0.00 0.20 0.40 0.60 0.
COD (mm)




Fracture Toughness Test Data - Kic Test

Specimen Data Precracking Data
_ Initial Cycles
Specimen Thickness: 15 mm Mean Load: 9 kN
Specimen Width: 60 mm Amplitude: 8 kN
Material: EN24 Max Load: 17 kN
Yield Stress: 970 MPa No Cycles: 3800
Specimen No: 15P3 Force Ratio: 0.06
Side Groove Type: None Final Cycles
Side Groove Depth: 0 mm Mean Load: 7 kN
Effective Thickness: 15 mm Amplitude: 6 kN
Max Load: 13 kN
No Cycles: 1000
Force Ratio: 0.08
Post Fracture Data
Dist from| Crack
edge | length Ka = [Fa(BW*?)].f(a/W)
1.0% 28.70 where f(a/W) is given by 9.2.3.2 of BS7448:pt1
12.5% 29.40
25.0% 30.00
37.5% 30.10 39.6 kN (from Instron)
50.0% 30.10 15 mm
62.5% 29.90 60 mm
75.0% 29.70 a/W = 0.4951
87.5% 29.50 f(a/lW) = 9.5153
99.0% 29.20 102.55 MPa.m”0.5
Ave 29.71

Note:- Part of precrack was due to quenching rather than fatigue

Load (kN)

Load - COD Plot

60.00

50.00 -

40.00

30.00 +———

0.00
0.00

0.40

0.60

COD (mm)

0.80




Fracture Toughness Test Data - Kic Test

Specimen Data Precracking Data
_ . Initial Cycles
Specimen Thickness: 15 mm Mean Load: 9 kN
Specimen Width: 60 mm Amplitude: 8 kN
Material: EN24 Max Load: 17 kN
Yield Stress: 970 MPa No Cycles: 4600
Specimen No: 15P4 Force Ratio: 0.06
Side Groove Type: None Final Cycles
Side Groove Depth: 0 mm Mean Load: 7 kN
Effective Thickness: 15 mm Amplitude: 6 kN
Max Load: 13 kN
No Cycles: 1300
Force Ratio: 0.08
Post Fracture Data
Dist from| Crack ]
edge | length Ka = [Fo/(BW )1 f(a/W)
1.0% 29.40 where f(a/W) is given by 9.2.3.2 of BS7448:pt1
12.5% 29.40
25.0% 29.40
37.5% 29.30 FQ = 38.9 kN (from Instron)
50.0% 29.20 B= 15 mm
62.5% 29.20 W= 60 mm
75.0% 29.10 a/lW = 0.4866
87.5% 29.00 f(a/lW) = 9.2728
99.0% 28.50 KQ= 98.17 MPa.m”0.5
Ave 29.19
Load - COD Plot
60.00
50.00 H
40.00 -
5
x
w 30.00
3]
o
-
20.00
10.00 -
|
0.00 ‘ ‘
0.00 0.20 0.40 0.60 0.80




Fracture Toughness Test Data - Kic Test

Specimen Data Precracking Data
‘ Initial Cycles

Specimen Thickness: 10 mm Mean Load: 6 kN

Specimen Width: 60 mm Amplitude: 5 kN

Material: EN24 Max Load: 11 kN

Yield Stress: 970 MPa No Cycles: 6000

Specimen No: 10P1 Force Ratio: 0.09

Side Groove Type: None Final Cycles

Side Groove Depth: 0 mm Mean Load: 4.5 kN

Effective Thickness: 10 mm Amplitude: 4 kN
Max Load: 8.5 kN
No Cycles: 3200
Force Ratio: 0.06

Post Fracture Data

COD (mm)

Dist from| Crack ]
edge | length Ka = [Fo/(BW**)].f(a/W)
1.0% 28.90 where f(a/W) is given by 9.2.3.2 of BS7448:pt1
12.5% 29.30
25.0% 29.50
37.5% 29.50 FQ = 29.7 kN (from Instron)
50.0% 29.40 = 10 mm
62.5% 29.45 = 60 mm
75.0% 29.30 = 0.4891
87.5% 29.25 f(a/W) = 9.3427
99.0% 29.20 KQ= 113.28 MPa.m*0.5
Ave 29.34
Load - COD Pilot
50.00
45.00 — A
40.00 - \\* T
35.00 - — B
= 30.00 ~—~#~/
x ]
o 2500 —
3
~1 20.00 - / o
15.00 T T -
10.00 1 S A e
500 +f———7 A
0.00 L
0.00 0.50 1.00 1.50 2.00




Fracture Toughness Test Data - K, Test

Specimen Data Precracking Data
_ _ Initial Cycles
Specimen Thickness: 10 mm Mean Load: 6 kN
Specimen Width: 60 mm Amplitude: 5 kN
Material: EN24 Max Load: 11 kN
Yield Stress: 970 MPa No Cycles: 5900
Specimen No: 10P2 Force Ratio: 0.09
Side Groove Type: None Final Cycles
Side Groove Depth: 0 mm Mean Load: 4.5 kN
Effective Thickness: 10 mm Amplitude: 4 kN
Max Load: 8.5 kN
No Cycles: 2600
Force Ratio: 0.06
Post Fracture Data
Dist from{ Crack .
edge | length Ka = [Fo/(BW*?)L.f(a/W)
1.0% 29.20 where f(a/W) is given by 9.2.3.2 of BS7448:pt1
12.5% 29.30
25.0% 29.40
37.5% 29.40 FQ = 26.3 kN (from Instron)
50.0% 29.30 B= 10 mm
62.5% 29.30 W = 60 mm
75.0% 29.20 a/lW = 0.4873
87.5% 29.00 f(a/lW) = 9.2931
99.0% 28.80 KQ= 99.78 MPa.m”0.5
Ave 29.24
Load - COD Plot
50.00
45.00
40.00 = \\ ]
35.00 /\/Lh____#_
' 30.00 /
=2 I
o 25.00 1 A T
5]
o] I I
-1 20.00 - S E
15.00 - — T T
10.00 - — T ** T ]
5.00 | " ST
0.00 |
0.00 0.50 1.00 1.50 2.00
COD (mm)




Fracture Toughness Test Data - Kic Test

Specimen Data Precracking Data
Initial Cycles
Specimen Thickness: 10 mm Mean Load: 6 kN
Specimen Width: 60 mm Amplitude: 5 kN
Material: EN24 Max Load: 11 kN
Yield Stress: 970 MPa No Cycles: 6000
Specimen No: 10P3 Force Ratio: 0.09
Side Groove Type: None Final Cycles
Side Groove Depth: 0 mm Mean Load: 4.5 kN
Effective Thickness: 10 mm Amplitude: 4 kN
Max Load: 8.5 kN
No Cycles: 3500
Force Ratio: 0.06

Post Fracture Data

Load (kN)

Dist from| Crack
edge | length Ka = [Fo/(BW* )L f(a/W)
1.0% 29.10 where f(a/lW) is given by 9.2.3.2 of BS7448:pt1
12.5% 29.20
25.0% 29.40
37.5% 29.45 FQ= 28.4 kN (from Instron)
50.0% 29.50 = 10 mm
62.5% 29.40 = 60 mm
75.0% 29.40 = 0.4891
87.5% 29.30 f(a/W) = 9.3427
99.0% 29.10 KQ= 108.32 MPa.m*0.5
Ave 29.34
Load - COD Plot
50.00




Fracture Toughness Test Data - K, Test

Specimen Data Precracking Data
. _ Initial Cycles
Specimen Thickness: 10 mm Mean Load: 6 kN
Specimen Width: 60 mm Amplitude: 5 kN
Material: EN24 Max Load: 11 kN
Yield Stress: 970 MPa No Cycles: 7000
Specimen No: 10P4 Force Ratio: 0.09
Side Groove Type: None Final Cycles
Side Groove Depth: 0 mm Mean Load: 45 kN
Effective Thickness: 10 mm Amplitude: 4 kN
Max Load: 8.5 kN
No Cycles: 500
Force Ratio: 0.06
Post Fracture Data
Dist from| Crack ]
edge | length Ka = [Fo/(BW*)] f(a/W)
1.0% 29.00 where f(a/W) is given by 9.2.3.2 of BS7448:pt1
12.5% 29.20
25.0% 29.40
37.5% 29.45 FQ = 27.2 kN (from Instron)
50.0% 29.50 = 10 mm
62.5% 29.45 = 60 mm
75.0% 29.40 = 0.4888
87.5% 29.20 f(a/W) = 9.3340
99.0% 29.00 KQ= 103.65 MPa.m”*0.5
Ave 29.33
Load - COD Plot
50.00
45.00
40.00 -
//_\\
35.00 - o
2 30.00 B A
3
o 25.00 -
3
-1 2000 +——
15.00 - N *
10.00 +— —T [ o
5.00 e n L S
0.00 )
0.00 0.50 1.00 1.50 2.00
COD (mm)




Fracture Toughness Test Data - J; Test

Specimen Data

Specimen Thickness:

Specimen Width:
Material:

Yield Stress:
Specimen No:

Side Groove Type:
Side Groove Depth:
Effective Thickness:

5 mm

60 mm
EN24

970 MPa
5P1
None

0 mm

5 mm

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

26 kN

2.3 kN

49 kN
5000
0.06

Post Fracture Data

0.00 0.20 0.40 0.60 0.8

q (mm)

0 1.00 1.20 1.40 1.60

Dist from| Crack Stable _ 5 2 2
edge length | Crack J ={[F/(BW’ H@W)Y [(1-v YEJ+[(npUp)/B(W-a)]
10% 20.62 0 where f(a/W) is given by 9.2.3.2 of BS7448:pt1
25.0% 29.86 0
37.5% 29.93 0.73 F= 14.7 kN Mp = 2.2615
50.0% 30.00 0.73 B= 5 mm Up= 0970813
62.5% 30.05 0.43 W= 60 mm
75.0% 30.10 0.18 a/lW = 0.4990
87.5% 30.05 0| f(a/lW)= 9.6307
99.0% 30.00 0 J= 75.40 N/mm
Ave 29.94 0.259
Load - q Plot
22.00
20.00 +—— S Eamn S e e B
18.00 +——— 1 T
16.00 1 , |Test stopped
14.00 +——1—
€ 00—/ ]
o | I
P 10.00 +——1—/ S N R
-J (S ——
8.00 +— — T
6.00 +— — T T
400 }—fr—t—T
b ‘ |
200 {f——+t—1 T
\
0.00 ‘




Fracture Toughness Test Data - J,c Test

0.00 0.20 0.40 0.60 0.80 1.00 1.20 1.40 1.60
q (mm)

Specimen Data Precracking Data
_ , Initial Cycles
Specimen Thickness: 5 mm Mean Load: 3 kN
Specimen Width: 60 mm Amplitude: 2.6 kN
Material: EN24 Max Load: 5.6 kN
Yield Stress: 970 MPa No Cycles: 2200
Specimen No: SP2 Force Ratio: 0.07
Side Groove Type: None Final Cycles
Side Groove Depth: 0 mm Mean Load: 2.6 kN
Effective Thickness: 5 mm Amplitude: 23 kN
Max Load: 4.9 kN
No Cycles: 5000
Force Ratio: 0.06
Post Fracture Data
Dist from| Crack Stable _ 5 2 2
edge | length | Crack | ° ={IFIBW )L H@W)Y* [(1-v*)ET+{(n,Up)/B(W-a)]
1.0% 30.05 0.00 where f(a/W) is given by 9.2.3.2 of B§7448:pt1
25.0% 30.30 1.90
37.5% 30.30 2.85 F= 20.5 kN np = 2.258771
50.0% 30.30 3.55 B= 5 mm Up= 10.85327
62.5% 30.30 3.15 W = 60 mm
75.0% 30.25 240! aW= 0.5043
87.5% 30.25 1.30| f(a/W)= 9.7875
99.0% 30.15 0.00 J=  286.96 N/mm
Ave 30.26 2.000
Load - q Plot
22.00 Test stopped
20.00
18.00
16.00
14.00 -
£ 12.00 — T
) -
& 10.00 -
J —
8.00 — T
600 +—/— 11T ]
400 1 B .
200 {ft—t T
‘ ,
0.00 ‘




Fracture Toughness Test Data - J;. Test

Specimen Data Precracking Data
' . Initial Cycles
Specimen Thickness: 5 mm Mean Load: 3 kN
Specimen Width: 60 mm Amplitude: 2.6 kN
Material: EN24 Max Load: 5.6 kN
Yield Stress: 970 MPa No Cycles: 2200
Specimen No: 5P3 Force Ratio: 0.07
Side Groove Type: None Final Cycles
Side Groove Depth: 0 mm Mean Load: 2.6 kN
Effective Thickness: 5 mm Amplitude: 2 3 kN
Max Loada: 4.9 kN
No Cycles: 5000
Force Ratio: 0.06
Post Fracture Data
Dist from| Crack Stable _ 5 2 2
edge | length | Crack | ° ={IFIBW )L {@W))* [(1-VVEH(n,Up)B(W-a)]
T0% 29.70 0.00 where f(a/W) is given by 9.2.3.2 of BS7448:pt1
125% | 30.00 0.15| andmp=2+0.522.(1-a/W)
25.0% 30.15 0.70
37.5% 30.25 1.85 = 20 kN M= 2.259913
50.0% 30.25 2.50 = 5 mm Up = 6.04
62.5% 30.25 2.50 = 60 mm
75.0% 30.15 1.45 = 0.5021
87.5% 30.15 0.40| f(a/W)= 9.7213
99.0% 29.90 0.00 J=  206.05 N/mm
Ave 30.13 1.194
Load - q Plot
22.00
20.00 — S Test stopped
18.00 —*#'—74
16.00 —M——’ﬂﬂ/é;’"—f‘*ﬁ
1400 +—F+—1— /1 | |
z o I N R
x 1200 +— T
o N (SN PN T N S T
3 10.00 +—
4 -
8.00 +— — T 1
600 {—f———— T T T
400 /T |
200 { St
0.00 —
0.00 0.20 0.40 0.60 0.80 1.00 1.20 1.40 1.60

q (mm)




Fracture Toughness Test Data - J,; Test

Specimen Data Precracking Data
_ _ Initial Cycles
Specimen Thickness: 5 mm Mean Load: 3 kN
Specimen Width: 60 mm Amplitude: 2.6 kN
Material: EN24 Max Load: 5.6 kN
Yield Stress: 970 MPa No Cycles: 2200
Specimen No: 5P4 Force Ratio: 0.07
Side Groove Type: None Final Cycles
Side Groove Depth: 0 mm Mean Load: 2.6 kN
Effective Thickness: 5 mm Amplitude: 2.3 kN
Max Load: 4.9 kN
No Cycles: 5000
Force Ratio: 0.06
Post Fracture Data
Dist from| Crack Stable
edge | length | Crack | ° ={[FI(BW )L f(a/W)}* [(1-v*)EI+(nUp)/B(W-a)]
———11 0% 30 10 0.00 where fSa/W) is given by 9.2.3.2 of BS7448:pt1
12.5% | 30.20 0.30| 2andmp=2+0.522.(1-a/W)
25.0% 30.35 0.90
37.5% 30.35 1.45 F= 17.1 kN ne= 2.258934
50.0% 30.35 1.70 B= 5 mm Up= 2272313
62.5% 30.30 1.45 = 60 mm
75.0% 30.16 0.90 = 0.5040
87.5% 30.15 0.15] f(a/W) = 9.7780
99.0% 30.00 0.00 = 119.30 N/mm
Ave 30.24 0.856
Load - q Plot
22.00
20.00 T
18.00 Test stopped
16.00 ~————7Z
14.00 +——7— 1 1
€ 1200/ 1]
g [ IS SR
& 10.00 +— T
1
8.00 +— ]
600 ——F——— T [ |
|
400 +—f T " T
2.00 - T ”'T T
0.00 !

0.00 0.20 0.40 0.60 0.80 1.00 1.20 1.40 160

q (mm)




Fracture Toughness Test Data - J,; Test

Specimen Data Precracking Data
_ _ Initial Cycles
Specimen Thlckness: S5 mm Mean Load: 3 kN
Specimen Width: 60 mm Amplitude: 2.6 kN
Material: EN24 Max Load: 5.6 kN
Yield'Stress: 970 MPa No Cycles: 2200
Specimen No: 5P5 Force Ratio: 0.07
Side Groove Type: None Final Cycles
Side Groove Depth: 0 mm Mean Load: 2.6 kN
Effective Thickness: 5 mm Amplitude: 2.3 kN
Max Load: 4.9 kN
No Cycles: 5000
Force Ratio: 0.06
Post Fracture Data
Dist from| Crack Stable _ 5 2 2
edge length | Crack J ={[F/(BW’ )@MW [(1-v)E+H(nUp)B(W-a)]
10% 3020 0.00 where f(a/W) is given by 9.2.3.2 of BS§7448:pt1
25.0% 30.55 0.35
37.5% 30.55 0.65 F= 15.3 kN np= 2.258879
50.0% 30.20 0.90 = 5 mm Up= 1.224208
62.5% 30.15 1.05 = 60 mm
75.0% 30.00 0.65 = 0.5041
87.5% 29.95 0.00| f(a/W) = 9.7811
99.0% 29.80 0.00 = 86.52 N/mm
Ave 30.24 0.456
Load - q Plot
22.00
20.00 A — - 1
1800 +——+—— 11— | | |
| I S N B R R T
16.00 / |Test stopped
14.00 ———’————_7 N
£ 12.00 4 —
g ) ]
S 10.00 A ]
-
8.00 +— 1
6.00 +— 1 S
!‘ b -
4.00 - —tT
200 { /-t ——+——" T
0.00 —
0.00 0.20 0.40 0.60 0.80 1.00 1.20 1.40 1.60
q (mm)




Fracture Toughness Test Data - Jic Test

Specimen Data

Specimen Thickness:

Specimen Width:
Material:

Yield Stress:
Specimen No:

Side Groove Type:
Side Groove Depth:
Effective Thickness:

5 mm

60 mm
EN24

970 MPa
5P6
None

0 mm

5 mm

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
26 kN
5.6 kN

2200
0.07

26 kN

2.3 kN

4.9 kN
5000
0.06

Post Fracture Data

Dist from| Crack Stable
edge | length | Crack | ° ={[F/(BW*?)1H@W))? [(1-v*)E]+{(n,Up)/B(W-a)]
10% 20.95 0.00 where f(a/W) is given by 9.2.3.2 of BS7448:pt1
125% | 30.15 0.00| @ndn,=2+0.522.(1-a/W)
250% | 3025 0.55
37.5% | 30.30 0.90 = 16.4 kN ne= 2.258879
50.0% | 30.35 1.15 = 5 mm Up= 1.943818
62.5% 30.35 1.00 = 60 mm
750% | 30.30 050 aW=  0.5041
87.5% | 30.25 0.00{ fa@W)=  9.7811
99.0% 30.05 0.00 J=  107.56 N/mm
Ave 30.24 0.513
Load - q Plot
22.00
20.00 ]
18.00 Test stopped
16.00 |- /’
14.00 -——--*’7
£ 12.00 7
o L B
§ 10.00 T —
8.00 — — B
6.00 +— — T
4.00 - T
200 +A/—t——"T ] |
0.00 —

0.00 0.20 0.40 0.60 0.8

q (mm)

0 1.00 1.20 1.40 1.60




Fracture Toughness Test Data - Jic Test

Specimen Data Precracking Data
. Initial Cycles

Specimen Thickness: 5 mm Mean Load: 3 kN

Specimen Width: 60 mm Amplitude: 2.6 kN

Material: EN24 Max Load: 5.6 kN

Yield Stress: 970 MPa No Cycles: 2200

Specimen No: SP7 Force Ratio; 0.07

Side Groove Type: None Final Cycles

Side Groove Depth: 0 mm Mean Load:; 2.6 kN

Effective Thickness: 5 mm Amplitude: 2.3 kN
Max Load: 4.9 kN
No Cycles: 5000
Force Ratio: 0.06

Post Fracture Data

Dist from| Crack Stable
edge | length | Crack | * ={[FIBW")1fa/W)Y [(1-v*VE]+{(n,U,/B(W-a)]
10% 29.72 0.040 where f(a/W) is given by 9.2.3.2 of BS7448:pt1
25.0% | 30.12 0.670
37.5% | 30.25 1.460 F= 15.4 kN =  2.25876
50.0% | 30.38 1.340 B = 5 mm Up= 1505034
62.5% | 30.39 1.350 W = 60 mm
75.0% | 30.48 0600 aW=  0.5043
87.5% | 30.48 0.020] flaW)=  9.7881
99.0% | 30.28 0.000 J=  91.78 N'mm
Ave 30.26 0.695
Load - q Plot
22.00
2000 {+——f—+—1 1
18.00 — -
16.00 - s |Test stopped
14.00 /
£ 12.00 -
©C ]
8 10.00 ——— ” T
-I —
8.00 +— T
6.00 1+
4.00 - N
i
2.00 /-
|
0.00 ' ‘
0.00 0.20 0.40 0.60 0.80 1.00 1.20 1.40 1.60
q (mm)




Fracture Toughness Test Data - Jic Test

Specimen Data

Specimen Width:
Material:

Yield Stress:
Specimen No:

Side Groove Type:

Specimen Thickness:

Side Groove Depth:
Effective Thickness:

5 mm

60 mm
EN24

970 MPa
5P8
None

0 mm

5 mm

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
26 kN
5.6 kN

2200
0.07

2.6 kN

2.3 kN

4.9 kN
5000
0.06

Post Fracture Data

Dist from| Crack Stable _ 5 2 2
edge length Crack J ={[F/(BW’ )]-f(W)} [(1-vVE}H(npUp)/B(W-a)]
10% 20.93 0.000 where f(a/W) is given by 9.2.3.2 of BS7448:pt1
125% | 30.11 0.070| 2andmp=2+0.522.(1-a/W)
25.0% 30.15 0.550
37.5% 30.18 1.010 F= 16 kN np = 2.260271
50.0% 30.19 1.030 B= 5 mm Up= 1.508667
62.5% 30.12 1.100 W = 60 mm
75.0% 30.09 0.500 alW = 0.5014
87.5% 29.97 0.120f f(a/W) = 9.7007
99.0% 29.79 0.040 J= 95.87 N/mm
Ave 30.08 0.550
Load - q Plot
22.00
20.00 — R R S
18.00 — 1]
16.00 Test stopped |+
1400 +——F —T1 1 |
€ 1200} —f— "
8 1000 f——/ | " '
-
8.00 +— 1 | [
: |
6.00 - — T | T
4.00 - —
200 }frt—t———
|
0.00 —

0.00 0.20 0.40 0.60 0.8

q (mm)

0 1.00 1.20 1.40 1.60




Fracture Toughness Test Data - J,. Test

Specimen Data Precracking Data
' _ Initial Cycles
Specimen Thickness: 5 mm Mean Load: 3 kN
Specimen Width: 60 mm Amplitude: 2.6 kN
Material: EN24 Max Load: 5.6 kN
Yield Stress: 970 MPa No Cycles: 2200
Specimen No: S5P9 Force Ratio: 0.07
Side Groove Type: None Final Cycles
Side Groove Depth: 0 mm Mean Load: 2.6 kN
Effective Thickness: 5 mm Amplitude: 2.3 kN
Max Load: 4.9 kN
No Cycles: 5000
Force Ratio: 0.06
Post Fracture Data
Dist from| Crack Stable _ 5 2 2
edge | length | Crack J ={[F/(BW NH@W){(1-vVEH(n,Up)B(W-a)]
10% 29.39 0.030 where f(a/W) is given by 9.2.3.2 of BS7448:pt1
12.5% | 29.56 0.270| @ndm, =2+0.522.(1-a/W)
25.0% 29.71 1.100
37.5% 20.78 1.670 F= 17 kN ne = 2.263077
50.0% 29.86 2.060 B= 5 mm Up= 1.623083
62.5% 29.92 1.900 W= 60 mm
75.0% 29.89 0.990 a/lw = 0.4960
87.5% 29.83 0.330| f(a/W)= 9.5420
99.0% 29.69 0.060 J=  104.11 NNmm
Ave 29.76 1.046
Load - q Plot
22.00
20.00 - ]
18.00 1| || [Teststopped ]
16.00 +—F——+—/] —
1400 +—— /" 7 T
> 1
£ 12.00 o
° Lo L
g 10.00 - B o k
- o Lo
8.00 - S R B \
| !
6.00 +—/— S A
2.00 {£ e I
0.00 — |
0.00 0.20 0.40 0.60 0.80 1.00 1.20 1.40 1.60
q (mm)




Fracture Toughness Test Data - J;. Test

Specimen Data Precracking Data
- _ Initial Cycles
Specimen Thickness: 5 mm Mean Load: 3 kN
Specimen Width: 60 mm Amplitude: 26 kN
Material: EN24 Max Load: 5.6 kN
Yield Stress: 970 MPa No Cycles: 2200
Specimen No: 5P10 Force Ratio: 0.07
Side Groove Type: None Final Cycles
Side Groove Depth: 0 mm Mean Load: 2.6 kN
Effective Thickness: 5 mm Amplitude: 23 kN
Max Load: 49 kN
No Cycles: 5000
Force Ratio: 0.06
Post Fracture Data
Dist from| Crack Stable _ 5 2 2
edae length Crack J ={[F/(BW° )]-f(W)} [(1-vYEH(npU,)/B(W-a)]
1*L'0% 29.60 0.040 where f(a/W) is given by 9.2.3.2 of BS7448:pt1
125% | 29.83 0.480| andm, =2+0.522.(1-a/W)
25.0% 29.96 1.460
37.5% 29.98 2.880 F= 18 kN np= 2.261587
50.0% 30.03 3.330 = 5 mm Up = 3.14
62.5% 30.02 2.920 = 60 mm
75.0% 30.00 1.300 = 0.4989
87.5% 29.94 0.290] f(a/W) = 9.6257
99.0% 29.78 0.040 = 138.30 N/mm
Ave 29.93 1.588
Load - q Plot
22.00
20.00 — T
18.00 — / Test stopped |1
1600 +———1—— /17 1 | |
1400 +——— — | ]
€ 1200 A+t
o] R |
g 10.00 +— ]
J [P S
8.00 +— |
6.00 +— /1 — ]
4.00 ] B T
200 {f—f———1T T 1 T
0.00 |
0.00 0.20 0.40 0.60 0.80 1.00 1.20 1.40 1.60
q (mm)




Fracture Toughness Test Data - J,. Test

Specimen Data Precracking Data
_ . Initial Cycles
Specimen Thlckness: 5 mm Mean Load: 3 kN
Specimen Width: 60 mm Amplitude: 2.6 kN
Material: EN24 Max Load: 5.6 kN
Yield.Stress: 970 MPa No Cycles: 2200
Specimen No: 5P11 Force Ratio: 0.07
Side Groove Type: None Final Cycles
Side Groove Depth: 0 mm Mean Load: 2.6 kN
Effective Thickness: 5 mm Amplitude: 2.3 kN
Max Load: 4.9 kN
No Cycles: 5000
Force Ratio: 0.06
Post Fracture Data
Dist from| Crack Stable - 5 2 2
edge length | Crack J ={[F(BW NH@W)[(1-v YE]+[(n,Up)/B(W-a)]
10% 29.91 0.040 where f(a/W) is given by 9.2.3.2 of BS7448:pt1
125% | 30.07 0.520| andm, =2+0.522.(1-a/W)
25.0% 30.13 1.200
37.5% 30.14 2.160 F= 19 kN M= 2.260696
50.0% 30.10 2.650 B= 5 mm Up= 3.317083
62.5% 30.06 1.970 W= 60 mm
75.0% 30.03 0.570 a/lw = 0.5006
87.5% 29.92 0.200| f(a/W)= 9.6764
99.0% 29.75 0.000 J=  152.58 N/mm
Ave 30.04 1.161
Load - q Plot
22.00
20.00 Test stopped
18.00 - %
16.00 +—1— i ]
14.00 +—1— 7 A R S N N
€ 1200+ T T
o 5 S SUUS B
P 10.00 +— T
- ~ .
800 —tF——1T1T"T |
6.00 - — T *%f * )
400 +—F1+——+—T IS
200 {f——T—T""T o
0.00 —
0.00 0.20 0.40 0.60 0.80 1.00 1.20 1.40 1.60
q (mm)




Fracture Toughness Test Data - Jic Test

Specimen Data Precracking Data
' ' Initial Cycles
Specimen Thickness: 5 mm Mean Load: 3 kN
Specimen Width: 60 mm Amplitude: 2.6 kN
Material: EN24 Max Load: 56 kN
Yield Stress: 970 MPa No Cycles: 2200
Specimen No: SP12 Force Ratio: 0.07
Side Groove Type: None Final Cycles
Side Groove Depth: 0 mm Mean Load: 2.6 kN
Effective Thickness: 5 mm Amplitude: 2.3 kN
Max Load: 4.9 kN
No Cycles: 5000
Force Ratio: 0.06
Post Fracture Data
Dist from| Crack Stable _ 5 2 2
edae length Crack J ={[F(BW° )]-f(W)} [(1-v)E]+(nUp)/B(W-a))
140% 5916 0.000 where f(a/W) is given by 9.2.3.2 of BS7448:pt1
125% | 29.34 0.280| 2@ndmp=2+0.522.(1-a/W)
25.0% 29.48 0.850
37.5% 29.61 2.170 F= 20 kN ne= 2.264893
50.0% 29.64 2.680 B = 5 mm Up= 3.798867
62.5% 29.68 2.070 W = 60 mm
75.0% 29.69 0.890 a/W = 0.4925
87.5% 29.63 0.260} f(a/lW) = 9.4415
99.0% 29.54 0.100 J= 164.68 N/mm
Ave 29.55 1.156
Load - q Plot
22.00 | |
20.00 Test stopped | —
18.00 T
16.00 ] T
14.00 — T T
€ 1200 +——/—— ]
o) ) .
s 10.00 +— T e
- | | ol
8.00 +— — 5 T |
6.00 +—f——1—— o |
4.00 —
2.00 - _,___,_} -
|
0.00 ' ‘

0.00 0.20 0.40 0.6

q (mm)

0 0.80 1.00 1.20 1.40 1.60




Fracture Toughness Test Data - Ji; Test

Specimen Data Precracking Data
. Initial Cycles

Specimen Thickness: 5 mm Mean Load: 3 kN

Specimen Width: 60 mm Amplitude: 2.6 kN

Material EN24 Max Load: 5.6 kN

Yield Stress: 970 MPa No Cycles: 2200

Specimen No: SP13 Force Ratio: 0.07

Side Groove Type: None Final Cycles

Side Groove Depth: 0 mm Mean Load: 2.6 kN

Effective Thickness: 5 mm Ampilitude: 2.3 kN
Max Load: 4.9 kN
No Cycles: 5000
Force Ratio: 0.06

Post Fracture Data

Dist from| Crack Stable - 5 2 2
‘edge | length | Crack | * ={[FIBW )L f@ W)}’ [(1-VVE]+{(npUp)/B(W-a)]
10% 29.96 0.000 where f(a/W) is given by 9.2.3.2 of BS7448:pt1
12.5% | 30.10 0.220| 2andmp=2+0.522.(1-a/W)
250% | 30.17 0.800
37.5% | 30.18 1.310 F= 15 kN = 2.260652
50.0% | 30.11 1.580 B= 5 mm Up= 1.20145
62.5% | 30.03 1.270 W = 60 mm
75.0% | 29.98 0600 aW=  0.5007
87.5% | 2992 0.130| flaw)=  9.6789
99.0% | 29.70 0.000 J=  82.07 N/mm
Ave 30.04 0.739
Load - q Plot
22.00 1
20.00 2 e
18.00 +————1— A R R N
16.00 +——+—
Test stopped
14.00 +——+— T
£ 1200 ] e
o I D N
S 10.00 - -
U 1 A IR IR SR N
8.00 - — A ‘
6.00 - T T
so0 | fo
2.00 Hf— T : 1
0.00 i

0.00 0.20 0.40 0.60 0.80 1.00 1.20 1.40 1.60

q (mm)




Fracture Toughness Test Data - J,. Test

Specimen Data Precracking Data
_ . Initial Cycles
Specimen Thickness: 5 mm Mean Load: 3 kN
Specimen Width: 60 mm Amplitude: 2.6 kN
Material: EN24 Max Load: 5.6 kN
Yield Stress: 970 MPa No Cycles: 2200
Specimen No: SP14 Force Ratio: 0.07
Side Groove Type: None Final Cycles
Side Groove Depth: 0 mm Mean Load: 2.6 kN
Effective Thickness: 5 mm Amplitude: 2.3 kN
Max Load: 4.9 kN
No Cycles: 5000
Force Ratio: 0.06
Post Fracture Data
Dist from|{ Crack Stable _ 5 5 2
edge | length | Crack | ° ={IF/(BW )L f(@W))* [(1-vVE}+{(nUp)/B(W-a)]
10% 2053 0.000 where f(a/W) is given by 9.2.3.2 of BS7448:pt1
125% | 29.68 0.000| andmp=2+0.522.(1-a/W)
25.0% 29.81 0.450
37.5% 29.85 0.830 = 16.5 kN M= 2.262784
50.0% 29.87 0.760 = 5 mm Up= 1.300325
62.5% 29.91 0.740 = 60 mm
75.0% 29.86 0.300 = 0.4966
87.5% 29.80 0.030| f(a/W)= 9.5584
99.0% 29.63 0.000 J= 94.93 N/mm
Ave 29.80 0.389
Load - q Plot
22.00
20.00 + —
18.00 —
Test stopped
16.00 1 R
14.00 -
£ 12.00 |
©
3 10.00 -
-
8.00 - T
6.00 - — 11 |
4.00 T ]
2.00 f S B m ma S B E
0.00 |

0.00 0.20 0.40 0.60 0.80 1.00 1.20 1.40 1.60
q (mm)




Fracture Toughness Test Data - Jic Test

Specimen Data

Specimen Thickness:
Specimen Width:
Material:

Yield Stress:
Specimen No:

Side Groove Type:
Side Groove Depth:
Effective Thickness:

5 mm

60 mm
EN24

970 MPa
5P15
None

0 mm

5 mm

Initial Cycles
Mean Load:
Amplitude:
Max Load:
No Cycles:
Force Ratio:
Final Cycles
Mean Load:
Amplitude:
Max Load:
No Cycles:
Force Ratio:

Precracking Data

3 kN
26 kN
5.6 kN

2200
0.07

2.6 kN

2.3 kN

4.9 kN
5000
0.06

Post Fracture Data

Dist from| Crack Stable
edge | longth | Crack | ° ={[FIBW )1 f@W)}* [(1-*)E+[(n,U,)/B(W-a)]
10% 29.51 0.000 where f(a/W) is given by 9.2.3.2 of BS7448:pt1
125% | 2967 0.280] 2@ndne=2+0.522.(1-a/W)
25.0% 29.73 1.060
37.5% 29.86 2.290 = 17.5 kN ne= 2.262479
50.0% 29.91 2.540 = 5 mm Up= 2164221
62.5% 29.93 1.670 = 60 mm
75.0% 29.94 0.600 = 04972
87.5% 29.91 0.030| flaw)=  9.5755
99.0% 29.87 0.020 J=  117.63 N'mm
Ave 29.83 1.060
Load - q Plot
22.00 %
20.00 —+ ]
18.00 11— / |Test stopped i
16.00 +—————A —
14.00 —-ﬂ——ﬂ%’-’*-aﬁ* ]
i 12.00 +— S A E s R R
© [ IR R N S
® 10.00 {— R |
~ L
8.00 +— R R I R
600 +—/—T— 1T [ |
4.00 A T —
2.00 - R T
0.00 ‘

0.00 0.20 0.40 0.60 0.80 1.00 1.20 1.40 1.60

q (mm)




Fracture Toughness Test Data - J,. Test

Specimen Data

Specimen Thickness:
Specimen Width:
Material:

Yield Stress:
Specimen No:

Side Groove Type:
Side Groove Depth:
Effective Thickness:

5 mm
60 mm

EN24

970 MPa

5P16
None

0 mm

5 mm

Precracking Data

Initial Cycles

Mean Load: 3 kN
Amplitude: 2.6 kN
Max Load: 5.6 kN
No Cycles: 2200
Force Ratio: 0.07
Final Cycles

Mean Load: 2.6 kN
Amplitude: 2.3 kN
Max Load: 4.9 kN
No Cycles: 5000
Force Ratio: 0.06

Post Fracture Data

Dist from| Crack Stable _ 5 2
edge | length | Crack | ° ={[FABW*)f@W)F* [(1-v*VET+{(npU,)/B(W-a)]
1 0% 20.54 0.180 where f(a/W) is given by 9.2.3.2 of BS7448:pt1
125% | 29.68 0.150| andmp=2+0.522.(1-a/W)
250% | 29.87 0.350
375% | 29.89 0.760 F= 18.5 kN = 226237
50.0% | 29.92 1.330 B = 5 mm Up= 2.223625
62.5% | 29.96 1.370 W = 60 mm
750% | 29.91 0.830| aW=  0.4974
87.5% | 29.89 0.800| flaW)= 95816
99.0% | 29.70 0.830 J=  128.67 N/mm
Ave 29.84 0.762
Load - q Plot
22.00
20.00 Test stopped T
18.00 A S—
16.00 M#7Z
14.00 +——— / a
z o -
% 1200 1
Lo R
€ 10.00 {—
_I e —4
800 ——/—1t—
6.00 - — T T
400 |+ ——— T
200 {f— —A——
0.00 —

0.00 0.20 0.40 0.60 0.80 1.00 1.20 1.40 1.60

q (mm)




Fracture Toughness Test Data - Jic Test

Specimen Data Precracking Data
Specimen Thickness: 5 mm :\rlll:etla?: fg::s
Specimen Width: 60 mm Amplitude:
Material: EN24 Max Load:
Yield Stress: 970 MPa No Cycles:
Specimen No: S5P17 Force Ratio:
Side Groove Type: None Final Cycles
Side Groove Depth: 0 mm Mean Load:
Effective Thickness: 5 mm Amplitude:
Max Load:
No Cycles:
Force Ratio:

3 kN
2.6 kN
5.6 kN

2200
0.07

2.6 kN

2.3 kN

49 kN
5000
0.06

Post Fracture Data

Dist from| Crack Stable
edge | length | Crack J ={[FBWO°)Lf@W)Y’ [(1-v’JEH[(nU,/B(W-a)]
10% 28 80 0 where f(a/W) is given by 9.2.3.2 of BS7448:pt1
12.5% 28.89 0.37 andn, = 2+0.522.(1-a/lW)
250% | 29.00 1.06
37.5% | 29.09 1.87 F= 19.5 kN ne= 2.268819
50.0% | 29.15 2.61 B= 5 mm Up= 3443763
62.5% | 29.19 2.19 W= 60 mm
75.0% | 29.25 122 aW= 04850
87.5% | 29.27 0.32| flaw)=  9.2301
99.0% | 29.14 0 J=  148.84 N/mm
Ave 29.10 1.205
Load - q Plot
22.00 | | |
20.00 Test stopped  — 1
18.00 - — —
16.00 - — — ]
14.00 - T T
£ 12.00 1 ]
© IS I R U
S 10.00 -
| . _—
8.00 - S S
6.00 +—F+—— T T T T
| i
400 +——T—+ 1 1
200 /T
0.00 —
0.00 0.20 0.40 0.60 0.80 1.00 1.20 1.40 1.60
q (mm)




Fracture Toughness Test Data - Jic Test

Specimen Data Precracking Data
_ _ Initial Cycles
Specimen Thickness: 2.5 mm Mean Load: 1.5 kN
Specimen Width: 60 mm Amplitude: 1.3 kN
Material: EN24 Max Load: 2'8 kN
Yield Stress: 970 MPa No Cycles: 2260
Specimen No: 2-5P3 Force Ratio; 0.07
Side Groove Type: None Final Cycles
Side Groove Depth: 0 mm Mean Load: 13 kN
Effective Thickness: 2.5 mm Amplitude: 115 kN
Max Load: 2.45 kN
No Cycles: 5000
Force Ratio: 0.06
Post Fracture Data
Dist from| Crack Stable 5
J ={[FI(BW*)].f(@/W)}* [(1-v2VE]+{(n,U,)/B(W-a
edge | length | Crack | |\ refaw) is( iver)l}b[(92:)’>2] i(gps;ﬁzts(- t1 !
10% | 29.38 0 v given by 9.2.5.2 0 P
25.0% 29.50 0.32
37.5% 29.49 0.61 F= 8.5 kN np= 2.265834
50.0% 29.47 0.68 B= 2.5 mm Up= 0.752167
62.5% 29.49 0.41 W= 60 mm
75.0% 29.44 0.14 a/W = 0.4907
87.5% 29.38 0.11| f(a/W)= 9.3901
99.0% 29.25 0.04 J= 99.61 N/mm
Ave 29.44 0.290
Load - g Plot
14.00 |
12.00 T
10.00 +——7— T
Test stopped
Z 800+~ I
X
3 ]
3 6.00 +—7 ] I | |
4.00 +— I N Tl T
o
. |
200 e S s A
]
0.00 ‘
0.00 0.20 0.40 0.60 0.80 1.00 1.20 1.40 1.60
q (mm)




Fracture Toughness Test

Data - J,c Test

0.00 0.20 0.40 0.60 08
q(m

Specimen Data Precracking Data
| | Initial Cycles
Specn_men Th'lckness: 2.5 mm Mean Load: 1.5 kN
Specumen Width: 60 mm Amplitude: 1.3 kN
Material: EN24 Max Load: 28 kN
Yield'Stress: 970 MPa No Cycles: 2200
Specimen No: 2-5P4 Force Ratio: 0.07
Side Groove Type: None Final Cycles
Side Groove Depth: 0 mm Mean Load: 1.3 kN
Effective Thickness: 2.5 mm Amplitude: 1.15 kN
Max Load: 2.45 kN
No Cycles: 5000
Force Ratio: 0.06
Post Fracture Data
D'se:lg;’"‘ g\;‘; Sab® |0 ={FBWOS) H@W)E [(1-VVEL (U, B(W-a)]
0% 59.56 0 where f(a/W) is given by 9.2.3.2 of BS7448:pt1
12.5% | 29.66 0.02| @ndmp=2+0.522.(1-a/W)
25.0% 29.74 0.46
37.5% 29.76 0.98 = 9 kN np = 2.263409
50.0% 29.77 0.98 = 2.5 mm Up =
62.5% 29.79 0.6 = 60 mm
75.0% 29.75 0.33 = 0.4954
87.5% 29.72 0.13| f(a/lW) = 9.5235
99.0% 29.63 0 J= 115.69 N/mm
Ave 29.72 0.438
Load - q Plot
14.00 l !
|
12.00 B R R R S
10.00 - B
/ Test stopped
i 8.00 - y |
3
9 6.00 +—T ] T |
400 {1/
200 +—At+——1T—71 “
|
0.00 f

0 1.00 1.20 1.40 1.60

m)




Fracture Toughness Test Data - Jic Test

Specimen Data Precracking Data
Initial Cycles _
Specimen Thickness: 2.5 mm Mean Load: 1.5 kN
Specimen Width: 60 mm Amplitude: 1.3 kN
Material: EN24 Max Load: 2.8 kN
Yield Stress: 970 MPa No Cycles: 2200
Specimen No: 2-5P5 Force Ratio: 0.07
Side Groove Type: None Final Cycles
Side Groove Depth: 0 mm Mean Load: 1.3 kN
Effective Thickness: 2.5 mm Amplitude: 115 kN
Max Load: 2.45 kN
No Cycles: 5000
Force Ratio: 0.06
Post Fracture Data
Distfrom| Crack | S1able | ) ~((FHBWO%) f@MW)? [(1-V2YEL+{(n, U, B(W-a)]
1 6%/; 29%2 0o5| Where f(a/W) is given by 9.2.3.2 of BS7448:pt1
125% | 3005 0.09| andmp=2+0.522.(1-a/W)
25.0% 30.13 0.3
37.5% | 30.15 0.83 F= 9.5 kN M= 2.260201
50.0% 30.16 1.16 B= 2.5 mm Up= 1322042
62.5% 30.17 0.92 W = 60 mm
75.0% 30.12 0.43 a/lW = 0.5015
87.5% 30.03 0.04| f(a/lW)= 9.7048
99.0% 29.93 0 J=  143.10 N/mm
Ave 30.09 0.474
Load - q Plot
14.00
12.00
10.00 _ Test stopped
g 8.00 +— )
S .
9 6.00 —1
400 +— — T
200 +—f+—F—+— )
0.00

0.00 0.20 0.40 0.60 0.8

q (mm)

0 1.00 1.20 1.40 1.60




Fracture Toughness Test Data - Jic Test

Specimen Data Precracking Data
' ' Initial Cycles
Specimen Thlckness: 2.5 mm Mean Load: 1.5 kN
Specimen Width: 60 mm Amplitude: 1.3 kN
Material: EN24 Max Load: 2.8 kN
Yield.Stress: 970 MPa No Cycles: 2200
Specimen No: 2-5P6 Force Ratio: 0.07
Side Groove Type: None Final Cycles
Side Groove Depth: 0 mm Mean Load: 1.3 kN
Effective Thickness: 2.5 mm Amplitude: 1.15 kN
Max Load: 2.45 kN
No Cycles: 5000
Force Ratio: 0.06
Post Fracture Data
Dist from| Crack Stable
edge | length | Crack | ° ={[FIBW*?)L.f(@W)Y [(1-v*)/E]+[(n,U,)/B(W-a)]
10% 29 13 0.08 where f(a/W) is given by 9.2.3.2 of BS7448:pt1
25.0% 29.36 0.55
37.5% 29.48 0.89 F= 10 kN N = 2265752
50.0% 29.53 1.02 B= 2.5 mm Up= 1.606667
62.5% 29.57 0.78 W= 60 mm
75.0% 29.58 0.46 a/W = 0.4909
87.5% 29.55 0.21]| f(a/W) = 9.3946
99.0% 29.45 0.05 J=  154.76 N/mm
Ave 29.45 0.536
Load - q Plot
14.00
12.00
Test stopped
10.00 oSt SopP
Z 8.00
X
<
9 6.00 +—— |
400 +——/—1—717 1 I |
2.00 1 I A B
|
0.00 ‘ | ’
000 0.20 0.40 0.60 0.80 1.00 1.20 1.40 1.60
q (mm)




Fracture Toughness Test Data - Jic Test

4.00

2.00

0.00

Specimen Data Precracking Data
' ' Initial Cycles
Specimen Thickness: 25 mm Mean Lgad; 1.5 kN
Specimen Width: 60 mm Amplitude: 1 '3 kN
Material: EN24 Max Load: 2-8 kN
Yield Stress: 970 MPa No Cycles: 2200
Specimen No: 2-5P7 Force Ratio: 0.07
Side Groove Type: None Final Cycles
Side Groove Depth: 0 mm Mean Load: 1.3 kN
Effective Thickness: 2.5 mm Amplitude: 1.15 kN
Max Load: 2.45 kN
No Cycles: 5000
Force Ratio: 0.06
Post Fracture Data
Dist from| Crack Stable _ 5 2 2
edge | longth | Crack | ?=IFIBWOILA@MY [(1-YE}ingU)BW-a)]
T0% 59.67 015 where fgaNV) is given by 9.2.3.2 of BS7448:pt1
125% | 29.79 0.16| andm,=2+0.522.(1-a/W)
25.0% 29.92 0.33
37.5% 29.95 1.21 F= 10.5 kN np= 2261946
50.0% 29.96 1.3 B= 2.5 mm Up = 2.3545
62.5% 29.94 1.08 W= 60 mm
75.0% 29.94 0.18 a/lW = 0.4982
87.5% 29.91 0.12] f(a/lW) = 9.6054
99.0% 29.77 0.12 J= 194.18 N/mm
Ave 29.89 0.564
Load - q Plot
14.00
12.00

i N —

Test stopped

|
IR

-

—

0.00

0.20 0.40 0.60 0.80 1.00 1.20 1.40 1.60
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Fracture Toughness Test Data - J,; Test

Specimen Data

Specimen Thickness:
Specimen Width:
Material:

Yield Stress:
Specimen No:

Side Groove Type:
Side Groove Depth:
Effective Thickness:

Precracking Data
Initial Cycles
2.5 mm Mean Load:
60 mm Amplitude:
EN24 Max Load:
970 MPa No Cycles:
2-5P8 Force Ratio:
None Final Cycles
0 mm Mean Load:
2.5 mm 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

Post Fracture Data

Dist from| Crack Stable
edge | length | Crack | ° ={[FIBW )] f@/W)Y [(1-v*)/EIH(n,Up)/B(W-a)]
10% 99 54 01 where f(a/W) is given by 9.2.3.2 of BS7448:pt1
25.0% 29.68 0.81
37.5% 29.68 1.44 F= 11 kN np=  2.26436
50.0% 29.67 1.79 B= 2.5 mm Up = 2.801
62.5% 29.64 1.32 W = 60 mm
75.0% 29.61 1.02] aWwWs= 0.4936
87.5% 29.53 0.31| f(a/w) = 9.4708
99.0% 29.42 0.18 J=  215.18 N/mm
Ave 29.61 0.914
Load - g Plot
14.00
12.00 ! )
Ve Test stopped
/
10.00 7
Z 8.00 - %f—- i}
X
Q
3 6.00 +——— 1
400 +—r/ T T |
| 1
200 }—Ar———T T |
0.00 —
0.00 0.20 0.40 0.60 0.80 1.00 1.20 1.40 1.60
q (mm)




Fracture Toughness Test Data - Jic Test

Specimen Data Precracking Data
Initial Cycles
Specimen Thickness: 2.5 mm Mean Load: 1.5 kN
Specimen Width: 60 mm Amplitude: 1.3 kN
Material: EN24 Max Load: 2.8 kN
Yield Stress: 970 MPa No Cycles: 2200
Specimen No: 2-5P9 Force Ratio: 0.07
Side Groove Type: None Final Cycles
Side Groove Depth: 0 mm Mean Load: 1.3 kN
Effective Thickness: 2.5 mm Amplitude: 1.15 kN
Max Load: 2.45 kN
No Cycles: 5000
Force Ratio: 0.06
Post Fracture Data
Distfrom| Crack | Stable | =(FHBWOI(@WE [(1~VE(n,UpB(W-2)]
BT 5| where f(@/W) is given by 9.2.3.2 of BS7448:pt1
12'.5% 29:61 0 and n, = 2+0.522.(1-a/lW)
25.0% 29.74 0
37.5% 29.77 0.3 F= 8 kN np=  2.264029
50.0% | 29.76 0.45 B= 2.5 mm Up= 0.462167
62.5% 29.69 0.31 W = 60 mm
75.0% 29.62 0.22 a/lW = 0.4942
87.5% 29.58 0.04] f(a/lW) = 9.4891
99.0% 29.44 0.05 J= 83.71 N/mm
Ave 29.65 0.168
Load - q Plot
14.00
12.00 +—
10.00 A
Z 800 +—+— - {Test stopped f— 1 ]
X
® Z -—
9 6.00 +—1
400 +—/ 11 | | |
200 +A—t—1 [ |
|
0.00 |

0.00 0.20 0.40 0.60 0.80 1.00 1.20 1.40 1.60

q (mm)




Fracture Toughness Test Data - Jic Test

Specimen Data Precracking Data
. _ initial Cycles
Specimen Thickness: 2.5 mm Mean Load: 1.5 kN
Specimen Width: 60 mm Amplitude: 13 kN
Material: EN24 Max Load: 2.8 kN
Yield Stress: 970 MPa No Cycles: 2200
Specimen No: 2-5P10 Force Ratio: 0.07
Side Groove Type: None Final Cycles
Side Groove Depth: 0 mm Mean Load: 1.3 kN
Effective Thickness: 2.5 mm Amplitude: 1.15 kN
Max Load: 2.45 kN
No Cycles: 5000
Force Ratio: 0.06
Post Fracture Data
Dist from| Crack Stable _ 5 2 2
edae length Crack J ={[FI(BW’ )]-f(élw)} [(1-v )/E]+[(npUp)/B(W-a)]
———-91 0% 59.04 o| Where fSa/W) is given by 9.2.3.2 of BS7448:pt1
12.5% 29 07 0 and n, = 2+0.522 (1-a/W)
25.0% 29.09 0.11
37.5% 29.12 0.25 F= 8.5 kN Np= 2.268939
50.0% 29.12 0.35 B= 2.5 mm Up = 0.487667
62.5% 29.12 0.26 W= 60 mm
75.0% 29.10 0.08 a/lW = 0.4848
87.5% 29.06 0] f(a/W) = 9.2238
99.0% 29.00 0 J= 88.90 N/mm
Ave 29.09 0.131
Load - q Plot
14.00
12.00
10.00 +——T—
| Test stopped
-,_E, 8.00 +——
b
3 600 +——T—7 T
4.00 +— — o
2.00 - — 1 |
0.00 |

0.00 0.20 0.40 0.60 0.80 1.00 1.20 1.40 1.60

q (mm)




Fracture Toughness Test Data - Jic Test

Specimen Data Precracking Data
. . Initial Cycles
Specimen Thickness: 2.5 mm Mean Load: 15 kN
Specimen Width: 60 mm Amplitude: 1.3 kN
Material: EN24 Max Load: 218 kN
Yield Stress: 970 MPa No Cycles: 2200
Specimen No: 2-5P11 Force Ratio: 0.07
Side Groove Type: None Final Cycles
Side Groove Depth: 0 mm Mean Load: 1.3 kN
Effective Thickness: 2.5 mm Amplitude: 1.15 kN
Max Load: 2.45 kN
No Cycles: 5000
Force Ratio: 0.06
Post Fracture Data
Dist from| Crack Stable _ 5 2 2
edae length Crack J ={[FI(BW° )_]-f(a_/W)} [(1-vVE]+[(n,U,)/B(W-a)]
1‘1' 0% 59 45 0.060 where f(a/W) is given by 9.2.3.2 of BS7448:pt1
12.5% | 29.56 0.160| @ndmp=2+0.522.(1-a/W)
25.0% 29.56 0.840
37.5% 29.62 1.320 F= 9 kN Np= 2.264437
50.0% 29.68 1.240 B= 2.5 mm Up =
62.5% 29.69 1.000 W= 60 mm
75.0% 29.66 0.510 a/W = 0.4934
87.5% 29.59 0.110} f(a/W) = 9.4666
99.0% 29.51 0.000 J= 124.85 N/mm
Ave 29.61 0.651
Load - q Plot
14.00
12.00
10.00 -
Test stopped
Z 800 I " T
®
3 6.00 +———1— !
400 +—— /T T |
S NS R
1 |
0.00 ‘

0.00 0.20 0.40 0.60 0.80 1.00 1.20 1.40 1.60
q (mm)




Fracture Toughness Test Data - Jic Test

Specimen Data Precracking Data
' _ Initial Cycles
Specimen Thickness: 2.5 mm Mean Load: 15 kN
Specimen Width: 60 mm Amplitude: 1j3 KN
Material: EN24 Max Load: 2.8 kN
Yield Stress: 970 MPa No Cycles: 2200
Specimen No: 2-5P12 Force Ratio: 0.07
Side Groove Type: None Final Cycles
Side Groove Depth: 0 mm Mean Load: 1.3 kN
Effective Thickness: 2.5 mm Amplitude: 1.15 kN
Max Load: 2.45 kN
No Cycles: 5000
Force Ratio: 0.06
Post Fracture Data
Dist from| Crack Stable _ 5 2
edge | length | Crack | ={[F/(BW )L {@/W))* [(1-V*VE}{(n,Up)B(W-a)]
10% 59 71 0,000 where fSa/W) is given by 9.2.3.2 of BS7448:pt1
125% | 29.83 0.130| andm, =2+0.522.(1-a/W)
25.0% 29.93 0.660
37.5% 30.02 0.960 = 9.5 kN Mp= 2261266
50.0% 30.04 0.970 = 2.5 mm Up= 1375708
62.5% 30.05 0.590 = 60 mm
75.0% 30.05 0.310 a/lW = 0.4995
87.5% 29.99 0.180| f(a/W)= 9.6439
99.0% 29.98 0.000 J= 143.28 N/mm
Ave 29.97 0.475
Load - q Plot
14.00
12.00 —
10.00 7 Test stopped [
Z 800 {—+ é”‘“
X E
O
S 6001+
-
400 +—/—T17 | |
2.00 - —T | i
0.00 |

0.00 0.20 0.40 0.60 0.80 1.00 1.20 1.40 1.60

q (mm)




Fracture Toughness Test Data - J,c Test

Material:

Yield Stress:
Specimen No:

Side Groove Type:
Side Groove Depth:
Effective Thickness:

Specimen Data

Specimen Thickness:
Specimen Width:

2.5 mm

60 mm
EN24

970 MPa
2-5P13
None

0 mm

2.5 mm

Precracking Data

Initial Cycles
Mean Load:
Ampilitude:
Max Load:
No Cycles:
Force Ratio:
Final Cycles
Mean Load:
Ampilitude:
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

Post Fracture Data

Dist from| Crack Stable - 5 2 2
edge length Crack J ={[F/(BW° )}-f(&{NV)} [(1-V)/E]+[(npU,)/B(W-a)]
10% 29.21 0.030 where f(a/W) is given by 9.2.3.2 of BS7448:pt1
125% | 29.30 0.130| @ndmn,=2+0.522.(1-a/W)
25.0% 29.38 0.350
37.5% 29.44 0.660 = 10 kN Np = 2.266269
50.0% 29.49 0.970 = 2.5 mm Up= 1.368667
62.5% 29.48 0.760 = 60 mm
75.0% 29.44 0.330 a/lW = 0.4899
87.5% 29.38 0.030] f(a/W) = 9.3665
99.0% 29.28 0.000 = 146.99 N/mm
Ave 29.39 0.406
Load - q Plot
14.00
12.00 I e A I R
1000 +—+——+—5 Test stopped |-
Z 800 f+—1 1 L T
= |
k ;
3 6.00 +— / B
400 +—— —T ] .
2.00 1 S ‘
0.00 *

0.00 0.20 0.40 0.60 0.80 1.00 1.20 1.40 1.60

q (mm)




APPENDIX III
TEST RECORDS - SIDE GROOVED SPECIMENS



Fracture Toughness Test Data - K. Test

Specimen Data Precracking Data
_ . Initial Cycles
Specimen Thickness: 25 mm Mean Load: 14 kN
Specimen Width: 60 mm Amplitude: 13 kN
Material: EN24 Max Load: 27 kN
Yield Stress: 970 MPa No Cycles: 12000
Specimen No: 255G1 Force Ratio: 0.04
Side Groove Type: Vee Final Cycles
Side Groove Depth: 3.75 mm Mean Load: 13 kN
Groove Base Thickness 17.5 mm Amplitude: 11 kN
Max Load: 24 kN
No Cycles: 8000
Force Ratio: 0.08
Post Fracture Data
Dist from Crack .
edge | length Ka = [Fol/(BW")).f(a/W)
1.0% 29.95 where f(a/W) is given by 9.2.3.2 of BS7448:pt1
12.5% 30.10
25.0% 30.23
37.5% 30.29 FQ = 54 kN (from Instron)
50.0% 30.28 B = 25 mm
62.5% 30.28 W = 60 mm
75.0% 30.23 a/lW = 0.5030
87.5% 30.09 f(alW) = 9.7480
99.0% 29.90 KQ = 85.96 MPa.m”0.5
Ave 30.18
Load - COD Piot
80.00
70.00
60.00 <!
_ 50.00 1 Hﬂ“’
pr
X v#
o 40.00 -
©
S A
30.00 +—— )
2000 +——/ i
10.00 - —7 o
0.00 0
0.00 0.20 0.40 0.60 0.8
COD (mm)
B /J




Fracture Toughness Test Data - K, Test

0.00

Specimen Data Precracking Data
| | Initial Cycles
Specimen Thickness: 25 mm Mean Load: 14 kN
Specimen Width: 60 mm Amplitude: 13 kN
Material: EN24 Max Load: 27 kN
Yield Stress: 970 MPa No Cycles: 9000
Specimen No: 258G2 Force Ratio: 0.04
Side Groove Type: Vee Final Cycles
Side Groove Depth: 3.75 mm Mean Load: 13 kN
Groove Base Thickness 17.5 mm Amplitude: 11 kN
Max Load: 24 kN
No Cycles: 7000
Force Ratio: 0.08
Post Fracture Data
Dist from Crack .
edge | length Ka = [Fo/(BW9)Lf(a/W)
1.0% 30.44 where f(a/W) is given by 9.2.3.2 of BS7448:pt1
12.5% 30.52
25.0% 30.66
37.5% 30.72 FQ = 44.9 kN (from Instron)
50.0% 30.70 B= 25 mm
62.5% 30.66 W= 60 mm
75.0% 30.64 a/lW = 0.5099
87.5% 30.49 f(a/lW) = 9.9626
99.0% 30.33 KQ = 73.05 MPa.m”0.5
Ave 30.60
Load - COD Plot
80.00
70.00
60.00
__50.00
4
X S
o 40.00 -
- 3000 +— o
20.00 {— ]
10.00 +—/——— |
0.00 ‘

0.40 0.60 0.80

COD (mm)

0.20




Fracture Toughness Test Data - K, Test

Specimen Data Precracking Data
| _ Initial Cycles
Specimen Thickness: 15 mm Mean Load: 9 kN
Specimen Width: 60 mm Amplitude: 8 kN
Material: EN24 Max Load: 17 kN
Yield Stress: 970 MPa No Cycles: 10000
Specimen No: 15SG1 Force Ratio: 0.06
Side Groove Type: Vee Final Cycles
Side Groove Depth: 2.25 mm Mean Load: 7 kN
Groove Base Thickness 10.5 mm Amplitude: 6 kN
Max Load: 13 kN
No Cycles: 7000
Force Ratio: 0.08
Post Fracture Data
Dist from Crack .
edge | length Ka = [Fo/(BW*?)L.f(a/W)
1 0% 29.82 where f(a/W) is given by 9.2.3.2 of BS7448:pt1
12.5% 30.00
25.0% 30.14
37.5% 30.25 FQ = 28.09 kN (from Instron)
50.0% 30.38 B= 15 mm
62.5% 30.48 W= 60 mm
75.0% 30.48 a/W = 0.5048
87.5% 30.45 f(a/W) = 9.8033
99.0% 30.42 KQ= 74.95 MPa.m”0.5
Ave 30.29
Load - COD Plot
60.00
50.00
40.00 - /\
E
X I
- 30.00 i
©
o]
-
20.00 +——— ]
10.00 +——/——1 T
0.00 0
0.00 0.20 0.40 0.60 0.8
COD (mm)




Fracture Toughness Test Data - K,; Test

Specimen Data Precracking Data
_ _ Initial Cycles
Specimen Thickness: 10 mm Mean Load: 6 kN
Specimen Width: 60 mm Amplitude: 5 kN
Material: EN24 Max Load: 11 kN
Yield Stress: 970 MPa No Cycles: 10000
Specimen No: 108Gt Force Ratio: 0.09
Side Groove Type: Vee Final Cycles
Side Groove Depth: 1.5 mm Mean Load: 4.5 kN
Groove Base Thickness ' 7 mm Amplitude: 4 kN
Max Load: 8.5 kN
No Cycles: 7000
Force Ratio: 0.06
Post Fracture Data
Dist from Crack .
edge | length Ka = [Fo/(BW)] f(a/W)
1.0% 29.10 where f(a/W) is given by 9.2.3.2 of B§7448: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 a/W = 0.4855
87.5% 29.12 f(a/lW) = 9.2434
99.0% 29.00 KQ = 78.91 MPa.m"0.5
Ave 29.13
Load - COD Piot
30.00
25.00 /‘(
2000 +—— N
2
X _
s 15.00 y+—— .
©
Q
-
10.00 +————/"—7 ]
500 +—/ 71 o
0.00 *
0.00 0.20 0.40 0.60
COD (mm)




Fracture Toughness Test Data - K, Test

Material:

Yield Stress:
Specimen No:

Side Groove Type:
Side Groove Depth:
Groove Base Thickness '

Specimen Data

Specimen Thickness:
Specimen Width:

10 mm
60 mm

EN24

970 MPa

108G2

Vee
1.5 mm
7 mm

Precracking Data

Initial Cycles
Mean Load:
Amplitude:
Max Load:
No Cycles:
Force Ratio:
Final Cycles
Mean Load:
Amplitude:
Max Load:
No Cycles:
Force Ratio:

6 kN

5 kN

11 kN
10000
0.09

4.5 kN

4 kN

8.5 kN
7000
0.06

Post Fracture Data

0.00

0.60

Dist from Crack 5
edge | length Ka = [Fa/(BW™)] f(a/W)
1.0% 28.20 where f(a/W) 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 aW= 04714
87.5% 28.29 f(a/W) = 8.8658
99.0% 28.10 KQ= 80.50 MPa.m”0.5
Ave 28.28
Load - COD Plot
30.00
25.00 /\
20.00 A T
i
X ]
o 1500 +—— ]
©
Q
-
10.00 - T
5.00 - — 1
0.00




Fracture Toughness Test Data - K. Test

Specimen Data

Specimen Thickness:
Specimen Width:
Material:

Yield Stress:
Specimen No:

Side Groove Type:
Side Groove Depth:

Groove Base Thickness '

5 mm
60 mm
EN24
970 MPa
58G1
Vee
0.75 mm
3.5 mm

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
11000
0.07

2.6 kN

2.3 kN

4.9 kN
9000
0.06

Post Fracture Data

Dist from Crack .
edge | length Ka = [Fo/(BW*)L.f(2/W)
1.0% 30.24 where f(a/W) is given by 9.2.3.2 of BS7448:pt1
12.5% 30.27
25.0% 30.26
37.5% 30.27 FQ = 9.95 kN (from Instron)
50.0% 30.29 B= 5 mm
62.5% 30.27 W = 60 mm
75.0% 30.19 a/lW = 0.5040
87.5% 30.16 f(a/lW) = 9.7783
99.0% 30.15 KQ = 79.44 MPa.m”*0.5
Ave 30.24
Load - COD Plot
14.00 ’
12.00 /\/\/A\
10.00 +——— 7 /
i 8.00 ___,,__,_7
®
9 6.00 -
400 +—/
200 {—f————F )
0.00 | 0
0.00 0.20 0.40 0.6
COD (mm)




Fracture Toughness Test Data - K. Test

Specimen Data Precracking Data
| | Initial Cycles
Specimen Thickness: 5 mm Mean Load: 3 kN
Specimen Width: 60 mm Amplitude: 26 kN
Material: EN24 Max Load: 56 kN
Yield.Stress: 970 MPa No Cycles: 11000
Specimen No: 58G2 Force Ratio: 0.07
Side Groove Type: Vee Final Cycles
Side Groove Depth: 0.75 mm Mean Load: 2.6 kN
Groove Base Thickness 3.5 mm Amplitude: 23 kN
Max Load: 4.9 kN
No Cycles: 9000
Force Ratio: 0.06
Post Fracture Data
Dist from Crack .
edge | length Ka = [Fo/(BW*?)]f(a/W)
1.0% 29 65 where f(a/W) is given by 9.2.3.2 of BS7448:pt1
12.5% 29.74
25.0% 29.83
37.5% 29.87 FQ = 9.64 kN (from Instron)
50.0% 29.94 B= 5 mm
62.5% 29.96 W= 60 mm
75.0% 30.00 a/W = 0.4983
87.5% 30.01 f(a/W) = 9.6079
99.0% 29.99 KQ = 75.62 MPa.m”0.5
Ave 29.90
Load - COD Plot
14.00
12.00 ' \
10.00 - o
§, 8.00 -
S
3 6.00 -
4.00 + —T |
2.00 | e 4
0.00 80
0.00 0.20 0.40 0.60 0.

COD (mm)




Fracture Toughness Test Data - K,; Test

Specimen Data Precracking Data
. | Initial Cycles
Specimen Thickness: 5 mm Mean Load: 3 kN
Specimen Width: 60 mm Amplitude: 26 kN
Material: EN24 Max Load: 5.6 kN
Yield Stress: 970 MPa No Cycles: 11000
Specimen No: 58G3 Force Ratio: 0.07
Side Groove Type: Vee Final Cycles
Side Groove Depth: 0.75 mm Mean Load: 2.6 kN
Groove Base Thickness 3.5 mm Amplitude: 2.3 kN
Max Load: 49 kN
No Cycles: 9000
Force Ratio: 0.06
Post Fracture Data
Dist from Crack
edge | length Ko = [Fal(BW*)] fa/W)
1.0% 29.98 where f(a/W) is given by 9.2.3.2 of BS7448:pt1
12.5% 30.03
25.0% 30.05
37.5% 30.10 FQ = 11.42 kN (from Instron)
50.0% 30.10 B= 5 mm
62.5% 30.10 W = 60 mm
75.0% 30.13 a/W = 0.5014
87.5% 30.12 f(a/W) = 9.6998
99.0% 30.07 KQ = 90.44 MPa.m”0.5
Ave 30.08

Load (kN)

Load - COD Plot

14.00

12.00 - #7%—

10.00 4——— -

800 +——

6.00 - A W

4.00 - N W

200 b St

0.00
0.00 0.20 0.40

COD (mm)

0.60




Fracture Toughness Test Data - K. Test

Specimen Data Precracking Data
. _ Initial Cycles
Specimen Thickness: 5 mm Mean Load: 3 kN
Specimen Width: 60 mm Amplitude: 26 kN
Material: EN24 Max Load: 5.6 kN
Yield Stress: 970 MPa No Cycles: 11000
Specimen No: 58G4 Force Ratio: 0.07
Side Groove Type: Vee Final Cycles
Side Groove Depth: 0.75 mm Mean Load: 2.6 kN
Groove Base Thickness 3.5 mm Amplitude: 2.3 kN
Max Load: 49 kN
No Cycles: 9000
Force Ratio: 0.06
Post Fracture Data
Dist from Crack .
edge | length Ka = [Fo/(BW*?)].f(a/W)
1.0% 30.05 where f(a/W) is given by 9.2.3.2 of BS7448:pt1
12.5% 30.04
25.0% 30.05
37.5% 30.04 FQ = 9.24 kN (from Instron)
50.0% 30.03 B= 5 mm
62.5% 30.01 W = 60 mm
75.0% 29.99 a/lw = 0.5003
87.5% 29.99 f(a/W) = 9.6674
99.0% 29.92 KQ= 72.94 MPa.m”*0.5
Ave 30.02
Load - COD Plot
14.00
12.00
10.00 - /
i 800 +— 1
ol
S 6.00 - n
9 :
[ N —
4.00 -
2.00 - e S
0.00
0.00 0.20 0.40 0.60
COD (mm)




Fracture Toughness Test Data - K. Test

Specimen Data Precracking Data
. . Initial Cycles
Specimen Thickness: 5 mm Mean Load: 3 kN
Specimen Width: 60 mm Amplitude: 2.6 kN
Material: EN24 Max Load: 56 kN
Yield.Stress: 970 MPa No Cycles: 11000
Specimen No: 58G5 Force Ratio: 0.07
Side Groove Type: Vee Final Cycles
Side Groove Depth: 0.75 mm Mean Load: 2.6 kN
Groove Base Thickness 3.5 mm Amplitude: 2.3 kN
Max Load: 49 kN
No Cycles: 9000
Force Ratio: 0.06
Post Fracture Data
Dist from Crack .
edge | length Ka = [Fo/(BW*?)]f(a/W)
1.0% 29.56 where f(a/W) is given by 9.2.3.2 of B§7448:pt1
12.5% 29.61
25.0% 29.63
37.5% 29.76 FQ = 10.69 kN (from Instron)
50.0% 29.82 B= 5 mm
62.5% 29.84 W = 60 mm
75.0% 29.87 a/lW = 0.4962
87.5% 29.90 f(a/lW) = 9.5459
99.0% 29.89 KQ-= 83.32 MPa.m”0.5
Ave 29.77
Load - COD Plot
14.00
N\
12.00 /\/ N
10.00
i 8.00
E
3 6.00 -
4.00 {— 1
200 +—F/——T |
0.00
0.00 0.20 0.40 0.60
COD (mm)




Fracture Toughness Test Data - K, Test

Specimen Data Precracking Data
. _ Initial Cycles
Specimen Thickness: 5 mm Mean Lgad: 3 kN
Specimen Width: 60 mm Amplitude: 26 kN
Material: EN24 Max Load: 56 kN
Yield Stress: 970 MPa No Cycles: 11000
Specimen No: 58G6 Force Ratio: 0.07
Side Groove Type: Vee Final Cycles
Side Groove Depth: 0.75 mm Mean Load: 2.6 kN
Groove Base Thickness 3.5 mm Amplitude: 2.3 kN
Max Load: 49 kN
No Cycles: 9000
Force Ratio: 0.06
Post Fracture Data
Dist from Crack .
edge | length Ka = [Fo/(BW**)Lf(2/W)
1.0% 30.06 where f(a/W) is given by 9.2 3.2 of BS7448:pt1
12.5% 30.09
25.0% 30.15
37.5% 30.27 FQ = 9.16 kN (from Instron)
50.0% 30.31 B= 5 mm
62.5% 30.34 W = 60 mm
75.0% 30.36 a/lW = 0.5045
87.5% 30.42 f(a/lW) = 9.7947
99.0% 30.39 KQ= 73.26 MPa.m”0.5
Ave 30.27
Load - COD Plot
14.00
12.00 +—
N—
10.00 ///
i 8.00 +—
®
3 6.00 -
4.00 +— — -
2.00 - —
0.00
0.00 0.20 0.40 0.60
COD (mm)




Fracture Toughness Test Data - K. Test

Material:

Yield Stress:
Specimen No:

Side Groove Type:
Side Groove Depth:
Groove Base Thickness

Specimen Data

Specimen Thickness:
Specimen Width:

5 mm
60 mm

EN24

970 MPa

5S8G7
Vee
0.75 mm

3.5 mm

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
11000
0.07

2.6 kN

2.3 kN

49 kN
9000
0.06

Post Fracture Data

0.00

Dist from Crack ;
edge | length Kq = [Fo/(BW*)].f(a/W)
1.0% 30.25 where f(a/W) is given by 9.2.3.2 of BS7448:pt1
12.5% 30.29
25.0% 30.30
37.5% 30.29 FQ= 9 kN (from Instron)
50.0% 30.30 B= 5 mm
62.5% 30.29 W= 60 mm
75.0% 30.23 a/W = 0.5043
87.5% 30.19 f(alW) = 9.7876
99.0% 30.08 KQ= 71.92 MPa.m”0.5
Ave 30.26
Load - COD Plot
14.00
12.00
//\
10.00 - /
i 8.00 +
® ]
3 6.00 -
4.00 A S
2.00 S E N B
|
0.00 '

0.60




Fracture Toughness Test Data - K; Test

Specimen Data Precracking Data
_ Initial Cycles
Specimen Thickness: 2.5 mm Mean Load:
Specimen Width: 60 mm Amplitude:
Material: EN24 Max Load:
Yield Stress: 970 MPa No Cycles:
Specimen No: 2-58G1 Force Ratio:
Side Groove Type: Vee Final Cycles
Side Groove Depth: 0.375 mm Mean Load:
Groove Base Thickness ' 1.75 mm Amplitude:
Max Load:
No Cycles:
Force Ratio:

1.5 kN
1.25 kN
2.75 kN

11000
0.09

1.3 kN
1.15 kN
2.45 kN
6000
0.06

Post Fracture Data

Dist from Crack .
edge | length Ka = [Fol(BW*?)].f(a/W)
1.0% 32.24 where f(a/W) is given by 9.2.3.2 of BS7448:pt1
12.5% 32.28
25.0% 32.29
37.5% 32.28 FQ = 5.2 kN (from Instron)
50.0% 32.28 B= 2.5 mm
62.5% 32.27 W = 60 mm
75.0% 32.18 a/lW = 0.5372
87.5% 32.13 fa/w) = 10.8827
99.0% 32.08 KQ= 92.41 MPa.m”0.5
Ave 32.23
Load - COD Plot
8.00
7.00
600 +—F—1— ‘/llr’“_——
_. 5.00 1 ]
=
X I
o 400 +—— ’—w
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S _
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Fracture Toughness Test Data - K. Test

Specimen Data Precracking Data
. Initial Cycles
Specimen Thickness: 2.5 mm Mean Load: 1.5 kN
Specimen Width: 60 mm Amplitude: 1.25 kN
Material: EN24 Max Load: 275 kN
Yield Stress: 970 MPa No Cycles: 11000
Specimen No: 2-58G2 Force Ratio: 0.09
Side Groove Type: Vee Final Cycles
Side Groove Depth: 0.375 mm Mean Load: 1.3 kN
Groove Base Thickness 1.75 mm Amplitude: 1.15 kN
Max Load: 2.45 kN
No Cycles: 6000
Force Ratio: 0.06
Post Fracture Data
Dist from Crack .
edge | length Ka = [Fo/(BW**)Lf(a/W)
1.0% 29 .64 where f(a/W) is given by 9.2.3.2 of BS7448:pt1
12.5% 29.69
25.0% 29.76
37.5% 29.77 FQ = 5.25 kN (from Instron)
50.0% 29.77 B= 2.5 mm
62.5% 29.71 W= 60 mm
75.0% 29.65 a/W = 0.4950
87.5% 29.63 f(a/lW) = 9.5123
99.0% 29.60 KQ= 81.55 MPa.m”*0.5
Ave 29.70
Load - COD Plot
8.00
7.00 A /\
6.00 +———F— T
_ 500 +—— |
p
X
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Fracture Toughness Test Data - K. Test

Specimen Data Precracking Data
| Initial Cycles
Specimen Thickness: 2.5 mm Mean Load: 1.5 kN
Specimen Width: 60 mm Amplitude: 1.25 kN
Material: EN24 Max Load: 2.75 kN
Yield Stress: 970 MPa No Cycles: 11000
Specimen No: 2-58G3 Force Ratio: 0.09
Side Groove Type: Vee Final Cycles
Side Groove Depth: 0.375 mm Mean Load: 1.3 kN
Groove Base Thickness 1.75 mm Amplitude: 1.15 kN
Max Load: 2.45 kN
No Cycles: 6000
Force Ratio: 0.06
Post Fracture Data
Dist from Crack 5
edge length Kq = [Fo/(BW®?)1f(a/W)
1.0% 29 38 where f(a/W) is given by 9.2.3.2 of BS7448:pt1
12.5% 29.42
25.0% 29.45
37.5% 29.47 5.75 kN (from Instron)
50.0% 29.46 2.5 mm
62.5% 29.45 60 mm
75.0% 29.43 alW = 0.4906
87.5% 29.40 flaw) = 9.3848
99.0% 29.39 88.12 MPa.m”0.5
Ave 29.43
Load - COD Plot
8.00
7.00 ~ VT’“’-
\
6.00 1—————*—@# ///
- 5.00 -
=z
X
o 4.00 -
©
3 o
3.00 +—
2.00 - -
100 /1T
0.00
0.00 0.20 0.40 0.60 0.80 1.00
COD (mm)




Fracture Toughness Test Data - K,c Test

Specimen Data Precracking Data
. Initial Cycles
Specimen Thickness: 2.5 mm Mean Load: 1.5 kN
Specimen Width: 60 mm Amplitude: 1.25 kN
Material: EN24 Max Load: 2.75 kN
Yield Stress: 970 MPa No Cycles: 11000
Specimen No: 2-55G4 Force Ratio: 0.09
Side Groove Type: Vee Final Cycles
Side Groove Depth: 0.375 mm Mean Load: 13 kN
Groove Base Thickness 1.75 mm Amplitude: 1.15 kN
Max Load: 2.45 kN
No Cycles: 6000
Force Ratio: 0.06
Post Fracture Data
Dist from Crack .
edge length Ka = [Fo/(BW®)L.(a/W)
1.0% 29.33 where f(a/W) is given by 9.2.3.2 of BS7448:pt1
12.5% 29.33
25.0% 29.37
37.5% 29.37 FQ = 4.84 kN (from Instron)
50.0% 29.35 B= 2.5 mm
62.5% 29.36 W = 60 mm
75.0% 29.36 alW = 0.4891
87.5% 29.34 f(a/lW) = 9.3451
99.0% 29.29 KQ= 73.86 MPa.m*0.5
Ave 29.35
Load - COD Plot
8.00
A) AN\
7.00 j/ ]
6.00 T—————*;*—”“7
_5.00 — ]
Z
5 4.00 - 1
E B
3.00 -
2.00 - —
I
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COD (mm)




Fracture Toughness Test Data - K,c Test

Specimen Data Precracking Data
Initial Cycles
Specimen Thickness: 2.5 mm Mean Load: 1.5 kN
Specimen Width: 60 mm Amplitude: 1.25 kN
M-atenal: EN24 Max Load: 2.75 kN
Yield Stress: 970 MPa No Cycles: 11000
Specimen No: 2-58G5 Force Ratio: 0.09
Side Groove Type: Vee Final Cycles
Side Groove Depth: 0.375 mm Mean Load: 1.3 kN
Groove Base Thickness " 1.75 mm Amplitude: 1.15 kN
Max Load: 2.45 kN
No Cycles: 6000
Force Ratio: 0.06
Post Fracture Data
Dist from Crack .
edge | length Ka = [Fo/(BW*?)]f(2/W)
1.0% 28.85 where f(a/lW) is given by 9.2.3.2 of BS7448:pt1
12.5% 28.82
25.0% 28.89
37.5% 28.92 FQ = 5.65 kN (from Instron)
50.0% 28.87 B= 2.5 mm
62.5% 28.84 W = 60 mm
75.0% 28.85 a/lW = 0.4809
87.5% 28.83 f(alW) = 9.1166
99.0% 28.74 KQ = 84.11 MPa.m”0.5
Ave 28.85
Load - COD Plot
8.00
7.00 — 7 7L\d B ]
soo | -
__5.00 1 — ]
z
X I
o 4.00 -
©
S ]
3.00 —A— A
I N
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0.00
0.00 0.20 0.40 0.60 0.80 1.00
COD (mm)




Fracture Toughness Test Data - K; Test

Specimen Data Precracking Data
Initial Cycles
Specimen Thickness: 2.5 mm Mean Load: 1.5 kN
Specimen Width: 60 mm Amplitude: 1.25 kN
Material: EN24 Max Load: 2.75 kN
Yield Stress: 970 MPa No Cycles: 11000
Specimen No: 2-58G6 Force Ratio: 0.09
Side Groove Type: Vee Final Cycles
Side Groove Depth: 0.375 mm Mean Load: 1.3 kN
Groove Base Thickness 1.75 mm Amplitude: 1.15 kN
Max Load: 2.45 kN
No Cycles: 6000
Force Ratio: 0.06
Post Fracture Data
Dist from Crack 5
edge | length Ka = [Fo/(BW*9)L.f(2/W)
1.0% 29.11 where f(a/W) is given by 9.2.3.2 of BS7448:pt1
12.5% 29.11
25.0% 29.12
37.5% 29.13 FQ = 5.4 kN (from Instron)
50.0% 29.12 B= 2.5 mm
62.5% 29.14 W = 60 mm
75.0% 29.04 a/lW = 0.4846
87.5% 28.96 f(a/w) = 9.2195
99.0% 28.90 KQ = 81.30 MPa.m*0.5
Ave 29.08
Load - COD Plot
8.00
7.00 N ]
6.00 -
500 "
Z
5 4.00 f— 1 T
S
= 400 /28N R N T
200 +——Ff—1— T T -
1.00 4—f— 11~ T
0.00 1.00
0.00 0.20 0.40 0.60 0.80 .
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Fracture Toughness Test Data - K. Test

Specimen Data Precracking Data
_ ' Initial Cycles
Specimen Thickness: 2.5 mm Mean Load: 1.5 kN
Specimen Width: 60 mm Amplitude: 1.25 kN
Material: EN24 Max Load: 2.75 kN
Yield Stress: 970 MPa No Cycles: 11000
Specimen No: 2-58G6 Force Ratio: 0.09
Side Groove Type: Vee Final Cycles
Side Groove Depth: 0.375 mm Mean Load: 1.3 kN
Groove Base Thickness 1.75 mm Amplitude: 115 kN
Max Load: 2.45 kN
No Cycles: 6000
Force Ratio: 0.06
Post Fracture Data
Dist from Crack .
edge | length Ka = [Fo/(BW**)]f(a/W)
1.0% 29 11 where f(a/W) is given by 9.2.3.2 of BS7448:pt1
12.5% 29.11
25.0% 29.12
37.5% 29.13 5.4 kN (from Instron)
50.0% 29.12 2.5 mm
62.5% 29.14 60 mm
75.0% 29.04 a/W = 0.4846
87.5% 28.96 f(a/lW) = 9.2195
99.0% 28.90 81.30 MPa.m”"0.5
Ave 29.08
Load - COD Plot
8.00
7.00 /\/’\
6.00 - /
- 500 +——
=
x ]
s 400 +—
©
S
3.00 -
2.00 - T
1.00 A 1
0.00
0.00 0.20 0.40 0.60 0.80 1.00
COD (mm)
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