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COMPARISON OF THE FRACTURE BEHAVIOUR OF A STRUCTURAL
COMPONENT WITH TEST SPECIMEN BEHAVIOUR

B. K. Neale*

The rationale behind fracture toughness test
procedures is discussed in terms of specimen
data and areas are identified where further
information is desirable. Application of
specimen data to Structural assessments 1is
also considered.

Conservatisms implicit in testing and
assessment procedures are examined by
comparing fracture properties measured in a
flawed structural componenet with results
measured from test specimens.

INTRODUCTION
— e BV D U

The main objective of fracture toughness testing
procedures such as ASTM Standard 1152-87 (1), CEGB
Procedure, Neale et al (2), and the EGF Procedure,
Schwalbe et al (3), is to measure the fracture properties
of a material using parameters which relate to structural
behaviour. For ductile materials, the fracture
parameters, which are usually based on either the J-
integral or crack opening displacement, 6, are measured
as a function of crack growth Aa.

The J-Aa behaviour of ferritic steels is known to
vary with test specimen size and geometry. Testing
procedures use bend type specimens which tend to exhibit
lower bound data (4) compared with tensile specimens,
Figure 1. The variation with test specimen size 1ig
unimportant if the thickness of the specimen is the same
as the structural component and the crack orientation can
be correctly modelled. Size effects are also relatively
unimportant if the data are only wused to compare the
fracture Properties of various steels for material
selection purposes. However, size effects are important
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if the specimen size is 1less than the structural
component as is often the case in the nuclear industry.
In such situations, testing procedures apply wvalidity
limits, which are a function of specimen thickness,
remaining ligament, crack growth and tensile properties.
These limits are applied to specimen data to ensure that
J and & characterise the stress and strain fields ahead
of the crack. Data of Ingham et al (5) shown in Figure 2
suggests the limits may be too restrictive. For example,
the crack growth 1limit for the 20 mm compact tension
specimens 1is nominally 1 mm whereas the data are
essentially the same as those from larger specimens, at
least up to 3 mm crack growth. Unfortunately such data
cannot be generalised to other materials and without
analytical or numerical justification the currently
accepted validity 1limits cannot be reduced. Detailed
finite element analyses of test specimens are currently
being performed in the CEGB (6) and elsewhere to

investigate wvalidity limits. Experimental data in
support of validity limits for & are not as widespread as
data for J so that, 1in addition to analytical or

numerical analyses, considerably more experimental
evidence is desirable in this case.

Testing procedures recommend the use of side grooved
test specimens. Side grooving 1inhibits thumb-nailed
crack growth and promotes straight fronted crack growth
by enhancing the plane strain region ahead of the crack
7%, Straight fronted crack growth removes any
ambiguities in crack growth measurements and improves the
accuracy of single specimen methods such as the unloading
compliance technique. Increasing the plane strain region
is equivalent to testing larger specimens. Figure 3
shows that the slope of the J-Aa curve decreases with
increasing side groove depth which could be taken to
imply a size dependence of J-Aa curves. This result is
inconsistent with data shown in Figure 2 but is
consistent with data of Roos (9), Figure 4. However,
without testing large numbers of specimens, it is
difficult to separate size effects from material scatter.
For structural integrity assessments, application of the
appropriate crack growth limits safeguards against non-
conservatism in specimen data. Further work is required
to assess the effect of side grooving and specimen size
on the J-Aa curve.

Almost all of the methods used in testing procedures
have been based on experience gained with ferritic steels

and to a lesser extent aluminium alloys. To generalise
the procedures further, a wider range of materials should
be investigated. Austenitic steels are of interest to
the nuclear and petro-chemical industries. In the aged
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condition, austenitic steel can exhibit a wide range of
material behaviour. At the extremes of behaviour 1t 1is
difficult to generate valid data using existing test
procedures. Preliminary results, Havel et al (10),
indicated the absence of significant size and geometry
effects between pre-cracked standard Charpy specimens and
25 mm compact tension specimens for a range of ageing
conditions, Figure 5.

Assessment procedures

The integrity of defective Structural components can be
assessed using the R6 procedure, Milne et al (11), and J
estimation techniques such as Kumar et al (12). An
essential requirement of assessment procedures is
knowledge of the fracture properties of the component
steels. These properties should be demonstrably
conservative and testing procedures recommend the use of
bend specimens and side grooving. Overall conservatisms
in assessment procedures can be estimated by comparing
experimental failure loads with predictions. However, it
is difficult to quantify whether any conservatism is
arising 1in the assessment procedure or the fracture
properties. The conservatism can be assessed by
measuring the fracture resistance exhibited by a
structural component and comparing the results with test
specimen data. Unfortunately, there are few such
comparisons available. Data are more commonly available
comparing large scale specimens of approximately the same
size as structural components, Figures 2 and 4, with test
specimen data.

Comparison of specimens and Structural behaviour

Angelino et al (13) have measurd the J-Aa behaviour of an
axial through wall crack in a pressurised pipe and
compared the results with data measured from similar
thickness, non-side grooved compact tension specimens,
Figure 6. They .found the test specimen data were non-
conservative compared with pipe results. On the other
hand, Aerbeli et al (14), who performed similar tests,
found virtually identical behaviour between pipe and test
specimen data basing their comparison on crack opening
displacements, Figure 7.

It was decided to examine the axial throughwall
crack in a pressurised pipe further and the remainder of
this paper describes tests similar to those performed by
Angelino et al (13) and Aerbeli et al (14). The paper
also compares the experimental results with elastic-
plastic three-dimensional finite element analyses, Miller
and Neale (15) in order to validate the test technique
and assess the accurracy of the numerical results.
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TEST DETAIL

Pipes were prepared with an external diameter of 100 mm,
length of 450 mm and wall thickness of 5 mm from
oversized pipe conforming to BS3602 steel. The machining
required was sufficient to control tolerances on ovality,
concentricity and parallelism.

Axial through wall cracks were spark eroded in the
pipes to give crack lengths of 45, 50, 55 and 60 mm. The
width of the cracks was nominally 0.30 mm.

The test rig consists of a pipe specimen enclosed by
an outer perspex water containment vessel with associated
pressurising and volume change measuring equipment,
Figure 8. The external volume change was measured on a
manometer from the water displaced as the pipe expands
with pressurisation.

The accuracy of the testing configuration can be
assessed by comparing the pressure volume change response
of an uncracked pipe with an analytical approximation.
In the elastic regime a measured response of 3.19 TPa m—3
was obtained. The Lamé solution relating the pressure P
to the volume change V at the outer surface of the pipe
ke - E(b2—az) (1)

n a2 b 2 R(5-4V)

P
v

where a and b are the internal and external radii of the
pipe respectively. It is difficult to give a precise
value for the pipe 1length & because of the change in
throughwall thickness at the weldments and the effect of
the end caps, connector ring and flanges of the test rig.
However, it is greater than the gauge length of 0.42 m
and less than the total 1length of 0.59 m. Assuming
Young's modulus E of 204GPA, Poisson's ratio v of 0.3, a
of 0.045m, b of 0.050, then equation (1) predicts a slope
between 3.82 and 2.71 TPa m~3 for R of 0.42 and 0.59m,
respectively. The measured response is within this range
and the testing configuration 1is therefore considered
accurate.

TEST METHOD
The J-Aa behaviour of the axial throughwall crack in a

pressurised pipe was measured using the multiple specimen
method similar to that descibed by Angelino et al (13)

and Milella (16). The method 1involves measuring the
pressure versus volume change of nominally identical
pipes containing a range of crack 1lengths. From these

data, a calibration function is derived for the fracture
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resistance J as a function of volume change and pressure.
A number of pipes containing the same dinitial crack
length are then tested to different volume change levels
to produce the pipe J, obtained from the calibration
function, versus Aa, measured on the fracture surfaces,
behaviour.

RESULTS

The experimentally derived J versus volume change and J
versus pressure functions for a 50 mm throughwall axial
crack in a pressurised pipe are show in Figures 9a and
9b, respectively. Details of the derivation are given in
Neale and Haines (17). These functions are compared with
three-dimensional finite element results, Miller and
Neale (15), of the pipe obtained using the ABAQUS suite
of programmes. There 1is reasonably good agreement
between the experimental and numerical results. The
element stiffness matrices were evaluated for both full
and reduced integration. Reduced integration is believed
to give more accurate results without the need for
further mesh refinement. Any difference between full and
reduced integration tends to suggest further mesh
refinement is required. The full integration results are
virtually the same as the experimental J versus pressure
curve. For J versus volume change, the full and reduced
integretion results are indistinquishable.

Figure 10 shows the J-Aa results of the multiple
pipe tests. These results are compared with data
obtained from pre-cracked Charpy specimens of nominally
6, 7 and 7.5 mm thickness tested 1in three-point bend,
Neale (18), according to the CEGB Procedure (2). With
the exception of one data point, the pipe results are
within the scatterband of the Charpy specimen data. The
exception at the lowest crack growth is probably due to
crack tip root radius effects which may be suppressing
crack initiation. Although more pipe results will be
obtained, it does appear that there 1is no significant
difference between pipe and specimen fracture behaviour.

In all cases thumb nailed crack growth occurred in
the pipes more or less equally from both crack tips with
the maximum extension tending towards the inner surface
of the pipe.

CONCLUDING REMARKS

This paper has discussed the rationale behind testing
procedures and identified areas where further
investigation is required. The implications for
structural integrity assessments which make use of such
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data have been discussed in terms of published work and
tests performed on a throughwall axial crack in a
pressurised pipe. The fracture resistance measured on
the pipe tests described here was virtually the same as
that obtained from non-side grooved, pre-cracked Charpy
specimens. This implies that for this geoemtry, testing
procedures provide accurate fracture data for assessment
purposes.

The use of finite element methods for assessments
has been examined by calculating J as a function of
pressure and volume change. The calculated J functions
have been found to be in reasonable agreement with the
experimentally measured functions, indicating that finite
element methods in conjunction with test specimen data
would accurately predict pipe behaviour.

The use of approximate assessment techniques such as
R6 (11) can also be examined for the pipe results. The
material specific failure assessment curve was derived
for the pipe using the stress-strain curve of the steel.
All the pipe results lie outside the assessment curve,
Figure 11. As the test specimen data are known to
accurately represent the pipe behaviour, this means that
for the pipe geomtry there is conservatism in the failure
assessment curve.
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SYMBOLS USED

a,b = internal and external radii of pipe

E = Young's modulus

J = fracture resistance

Kr’Lr = R6 assessment parameters

L = effective pipe length

P = pressure

\ = volume change

8 . = crack tip opening displacement
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