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ABSTRACT

A failure assessment diagram is derived from carbon-manganese steel
compact tension specimens. The diagram has been determined from an
elastic-plastic finite element analysis of a -compact tension specimen
geometry. The diagram has been validated by using experimental
fracture toughness data obtained on the same steel and specimen
geometry modelled in the finite element analysis. The plastic collapse load
has been determined empirically for this geometry.

It is shown that a non-work-hardening failure assessment diagram is
not a good representation of the experimental data and that the computed
failure assessment diagram is more appropriate for describing the
behaviour of the carbon-manganese steel specimens.

NOMENCLATURE

Crack length.

Crack growth.

Crack area = Ba.

Specimen thickness.

Young’s modulus.

J contour integral.

Elastic part of J.

Value of J at maximum load.
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K, Stress intensity factor for crack initiation.

K. Stress intensity factor at maximum load.

K. Ratio of applied stress intensity factor to fracture toughness.
n Work hardening exponent.

P Applied load.

P apse  Plastic collapse load.

P, A reference load.

P, Crack initiation load.

P, Maximum load.

Py Normalised applied load.

S, Ratio of applied load to reference collapse load.
U Area under load—displacement curve.

w Specimen width.

v Poisson’s ratio.

oy Flow stress = (g, +0,)/2.
o, Limit of proportionality.
o, Ultimate strength.

a Yield stress.

FAD Failure Assessment Diagram.
FE Finite Element.

1. INTRODUCTION

During periodic inspections of structures, defects may be frequently
detected and an assessment of the integrity of the structure may be
required. Knowledge of the load, crack length and material properties
such as fracture toughness and tensile strength when combined with a
failure assessment diagram (FAD) will allow the assessor to estimate the
proximity of the structure to failure.

Previously, an FAD was proposed which was geometry and material
independent. Whilst the full R6 procedure involves the use of lower
bound data and collapse solutions for conservatism, and hence is a failure
avoidance procedure, the R6 assessment diagram itself may also be
interpreted as a predictive tool for materials with an elastic—perfectly
plastic behaviour when used in conjunction with realistic data. However,
subsequent investigations®”* have examined the influence of material
strain hardening on the shape of the FAD and have demonstrated a
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strong effect of this parameter. Studies comparing experimental results
and FADs have been restricted to alloy steels and austenitic steels. Since
carbon—manganese steel is perhaps the most common structural material
and is strongly strain hardening, it is pertinent to determine an FAD for
such materials. This paper describes the derivation and validation of an
FAD derived from laboratory compact tension specimens, as a first stage
in developing an FAD applicable to general structures.

2. FAILURE ASSESSMENT DIAGRAMS/METHODS

The FAD technique involves calculating the parameters K, and S, for a
structure. K, is defined as \/J,/J where J, is given by (1 —v*)K?/E in
plane strain and J is a critical value of the J-integral.>® K is the elastic
stress intensity factor, E is Young's modulus and v Poisson’s ratio.
J has been shown to characterise the crack tip stress/strain field
even beyond general yielding in bend geometries.” ~° The critical J value
can be chosen to represent the onset of crack growth or a J value
corresponding to some amount of stable ductile tearing if the material is
ductile.

S, is defined as some reference stress related to a critical event such as
yield or collapse and is defined as P/P,, where P;is some reference load to
be discussed later.

The locus of K, /S, values calculated in assessments using appropriate
critical J and P, values is then compared with an assessment line. Those
values which lie outside the line imply crack extension, and therefore
reaching the line implies the initiation of crack growth. This proceeds
until the locus of K /S, values calculated for increasing crack length and
allowing for the tearing resistance becomes tangential to the FAD.*°
Instability occurs at this point.

The FAD technique is essentially a J-estimation technique which
avoids having to perform a full elastic—plastic analysis of the structure.
The technique relies upon the ratio of J,/J (which defines the assessment
line) being unique at the same P/ P ratio in different structures of the same
material. The choice of P; is therefore critical in determining structural
stability.

There is some confusion concerning the choice of an appropriate .S,
value and hence P;. Often the collapse solution and collapse stress are
determined empirically and it is not possible to decouple the collapse
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solution from the collapse stress. In some cases the global collapse load -
may not be the appropriate choice and a local collapse stress or collapse
solution may be required.
It is convenient to define S, as
S, = F x Ju
Pcollapse O¢

where the ‘flow stress’ o; is defined as (o, +0,)/2. This definition
minimises the effect of strain hardening on the FAD since the maximum
distance apart of the line for a given ¢, /0, ratio and the line for 6 /o, =1 is
made as small as possible. This point will be discussed at length later.

3. DERIVATION OF THE FAILURE ASSESSMENT
DIAGRAM

Since a considerable body of data was available from laboratory tests on
compact tension specimens of structural carbon-manganese steels, it was
decided to derive an FAD for this geometry and a specific steel typical of
those examined. The mechanical properties and chemical composition
of the steel are given in Table 1.

3.1. Finite element analysis

The mesh employed is shown in Fig. 1, only half the specimen being
modelled by virtue of symmetry. The dimensions are ¥ (width) 50 mm, B
(thickness) 25mm. The program used, BERSAFE PHASE III, is
described in Ref. 11. Briefly, it is based on incremental plasticity with
isotropic hardening, and uses infinitesimal strain theory. Quadratic,
isoparametric elements were used in the mesh. This was loaded by
applying a displacement in the y direction to the node C on the

TABLE 1
Composition and Mechanical Properties of Carbon-Manganese Steel Used in Finite
Element Calculations

Chemical composition (wt %) gy Ou
C Cr Cu  Mn Ni P Si S (MNm™2?) (MNm~?)

16 007 014 113 007 0015 027 004 225 429




Failure assessment diagram from carbon-manganese steel specimens 87
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Fig. 1. Mesh of compact tension specimen.

circumference of the loading hole shown in Fig. 1. Because of symmetry,
the nodes along the ligament AB (Fig. 1) were fixed in the y direction. The
node A was fixed in the x direction to remove the rigid body degree of
freedom.

The elements adjacent to the loaded node C were given an artificially
high. yield stress to suppress yielding local to the loading hole. The
remaining elements were given the stress—strain behaviour shown in Fig.
2. These data were obtained from tensile tests on the C—Mn steel, and the
characteristic stresses are:

ultimate o,=429 MPa -
0-2%, proof o,=255MPa
limit of proportionality ¢, =210 MPa

The stress—strain curve is not of power law form, and attempts to fit to this
form gave a hardening index n anywhere between 3-5 and 6°5.

Calculations were performed for three crack length/width (a/ W) ratios
0f0-50, 0-51 and 0-524. Plane stress out-of-plane constraint was assumed.
The resulting load-displacement curves are shown in Fig. 3. The
displacement is that of one loading hole relative to the other. An
experimental load-displacement curve is shown in Fig. 4, corrected for
extraneous deflections, for which a/W varied due to stable tearing from
0-502 to 0-517. The appropriate interpolation of the FE results is also
shown in Fig. 4, and agrees quite well with experiment.
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Fig. 2. True stress—true strain curve used in the analysis.

J has been calculated using its interpretation as an energy release rate:

19U

" B da
where U is the area under the load—displacement curves shown in Fig. 3,
the derivative being carried out at constant displacement. In principle,
this definition of J, and the definition as a path integral, may differ slightly
for incremental plasticity. However, for monotonic loading this
difference is probably slight and has been ignored. In the elastic regime a
normalised stress intensity factor F(a/W) may be defined by

KB/ W

P
where P is the applied load. For a/W =0-505 the FE analysis gives
F =9-77 which is within 0-6 %, of the result given by Neumann.'? In the
fully plastic regime we find that J is given by
209U
" B(W—a)

The numerical coefficient in the above expression is smaller than that

Fla/W)=

J for a/W =0-505
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Fig. 3. Calculated load-displacement curve for plane stress and various a/W.
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Fig. 4. Comparison of actual and calculated load-displacement curves.
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given by Merkle and Corten'? by 8 %. However, our term U is probably
larger than that of Merkle and Corten, because no subtraction has been
made of the elastic energy of the uncracked body. In addition, the point
loading used leads to larger displacements, and hence larger energies. The
agreement of the J values is probably, therefore, quite reasonable.

3.2. Empirical collapse solution

To convert the above J calculations to an assessment diagram, a collapse
solution is required. This was determined experimentally from a series of
tests on compact tension specimens containing blunt notches (radii
1-5 mm). Data were obtained from specimens which did not exhibit crack
growth prior to collapse. A normalised collapse load is defined by

. Pcollagse
PN

"~ BWo,
and the values of P for a/W = 0-40, 0-50 and 0-60 are given in Table 2. Py
was found to be the same for both 5 mm and 25 mm thick specimens of
constant 50 mm width, which implies collapse under plane stress
conditions. For comparison, Table 2 also shows the values of Py from

TABLE 2
Comparison of Candidate Limit Load Solutions with Experiment

(a) Plane strain limit load solutions

al W P/BWa P/BWa P|BWg,
Haigh and Richards'® Merkle and Corten*” “experimental
0-40 0-199 0-179 0-151
0-50 0-129 0-118 0-098
0-60 0-076 0-072 0-066

(b) Plane stress limit load solutions

alWw P|BW¢ P/|BW¢ P|BWg,
Haigh and Richards*®  Ford and Lianis'®® experimental
0-40 0-123 0-142 0-151
0-50 0-081 0-092 0-098
0-60 0-046 0-055 0-066

* This is a solution for pure bending.
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theoretical analysis in plane stress and plane strain. The plane stress
results are found to be lower bounds, while the plane strain results are
overestimates.

3.3. The resulting diagram

An assessment diagram can be drawn on the basis of the finite element
calculation of J, the empirical collapse solution and the definition of S,
given in Section 2. This is shown in Fig. 5, and applies to the material with
the stress—strain behaviour shown in Fig. 2, and in particular for
0,/0,=1-68. Note, however, that the ultimate/proportionality limit ratio
is larger, 2-04.

The dashed curve in Fig. 5 shows the probable position of the
assessment curve for an elastic—perfectly plastic material (¢,/a, = 1). This
curve is that of Milne e al.! It can be seen that if S, had been defined by
P/P o1apses OUT assessment curve would shrink to the left in Fig. 5, the
dashed curve remaining unmoved, and this clearly increases the
maximum discrepancy between the two. Similarly, if S, were defined as
P/ P, (general yield), our curve then moves to the right and hence increases

o
K= 4 Jey p astic

. FAILURE ASSESSMENT LINE OF MILNE et a'

FINITE ELEMENT ELASTIC PLASTIC
ANALYSIS SV =168

Q-5 4

MEASURED COLLAPSE LOAD

0-5 10 s

Sr= P/P

Fig. 5. Assessment curve based on measured collapse load (flow stress) and finite
element dP/dA4 for mild steel CT specimens.
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the discrepancy with the dashed curve for small K. Thus, as remarked in
Section 2, the compromise definition of S, based on flow stress,
minimises the strain hardening dependence of the diagram.

4. EXPERIMENTAL VALIDATION

Ductile crack growth resistance data were available for a number of
carbon-manganese steels. These data were obtained in a number of speci-
men orientations and across a range of temperatures. Most tests were
performed on 25 mm compact tension specimens. Multiple specimen tests
were carried out in each case. The J value and corresponding K value, K,
at the initiation of ductile tearing was obtained by back extrapolation of
the J/Aa crack growth resistance curve to its intersection with a blunting
line. The point on any load—displacement curve corresponding to this
defined initiation point could then be found through the relationship
between J and the area (U ) under the load—deflection curve. At this point,
P,, the LEFM stress intensity K(P,) was evaluated and hence K, at this
point on the load-deflection curve was determined from K(P;)/K;.
Similarly a value of S, has been determined, S, = P;0,,/ P a5 0¢> Where the
empirical collapse solution (Table 2) and the relevant material properties
at the test temperature have been used. The resulting points for the C-Mn
steel used in the analysis are plotted on Fig. 6 (unringed) and compared
with the assessment diagram.

In addition to initiation points, maximum load points have also been
plotted in Fig. 6 (ringed). These points are defined in the following way:

K(P)
K==¢
S =P
P collapseof

where P_, is the load corresponding to plastic instability in tests taken to
large displacements, and K, is the tearing toughness:

K, =EJ_J(1—V?)

J_ is found from the area, U, under the load—displacement curve at the
maximum load.
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Fig. 7. Assessment line and test data based on best estimate of collapse and plate
materials.

Although all the data shown are derived from compact tension
specimens, several different sizes are used (B =13, 25 and 50 mm) and
some side grooved specimens are included. Low temperature data in
which brittle fracture occurred are shown in Fig. 6 and these confirm the
shape of the curve in the elastic—plastic region. There is reasonable
agreement with the curve for the data relating to ductile fracture. The
mean of the data lies, if anything, at a slightly lower K, than the
assessment curve. Note the agreement of the experimental data point for
the conditions of the FE analysis (B = 25 mm, RT) with the derived FAD.
Figure 6 clearly indicates that the present assessment curve is a better
representation of the data than that based on a non-hardening material.

The above procedure has been repeated using data obtained on another
C—Mn steel similar to that used for the FE analysis. The data are plotted
in Fig. 7 for comparison with the FAD. The data scatter in a similar
manner to those in Fig. 6 with a tendency to lie below the derived FAD.
The scatter is greater than in Fig. 6, however, and this could be due to
differences in strain hardening caused by dynamic strain ageing
behaviour at the different testing temperatures. However, Figs 6 and 7
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clearly demonstrate the effects of strain hardening in influencing the
shape of the FAD.

5. DISCUSSION

We have shown that the assessment curve derived for the stress—strain
behaviour shown in Fig. 2 differs significantly from the estimated
elastic—perfectly plastic R6 curve of Milne et al.! The greater relevance of
the present curve is confirmed by the experimental data.

As discussed in Section 2, the basis of the FAD technique is that a
similar ratio of elastic to total J values is obtained at a similar scaled
reference stress in different structures. Little information is available
concerning the geometry dependence of FADs, but the concept of a J-
controlled FAD implies a geometry dependence. An experimental
investigation of geometry effects in FADs has been carried out for
austenitic materials.'* The results indicate a small geometry dependence
with tension geometries having FADs within those of bend geometries. A
similar result could be inferred using the J estimation scheme of Kumar et

FOR KEY TO POINTS SEE FIG 6.

e - e .~ FAILURE ASSESSMENT LINE
OF MILNE et at’

FAILURE ASSESSMENT LINE
OF AINSWORTH*  EQUATION 5

5
Fig. 8. Assessment line and test data based on best estimate of collapse and plate
specimens.
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al.'® to derive FADs after the manner of Bloom.? Clearly, more work is
required on the geometry dependence of FADs and the work reported
here is to be extended to a tension geometry to clarify these effects. When
performing assessments, the uncertainties in material properties could
produce larger effects than differences in shape due to geometry. The
effects of high strain hardening on the FAD appear to be much more
significant than those of geometry.

In an attempt to remove the geometry dependence of FADs,
Ainsworth* has proposed a geometry-independent diagram (eqn 5 of Ref.
4) calculated using a reference stress approach to minimise the
dependence of the J estimation on the choice of strain hardening
exponent when fitting a power law to stress—strain data. This curve is
shown in Fig. 8 along with the data from Fig. 6. This curve is deliberately
chosen to be a lower bound to the possible geometry dependence and
would be expected to lie inside that for a bend geometry (compared with
Fig. 6). Clearly, the data confirm that the shape of the curve is
appropriate, particularly compared with the geometry-independent non-
hardening curve. The combined geometry dependence and effects of
strain hardening is to be examined in future work.

6. CONCLUSIONS

A failure assessment diagram has been derived using a finite element
analysis of a compact tension specimen and an empirical collapse solution
for this geometry. ,

This FAD has been validated using experimental data for the particular
carbon—manganese steel used in the analysis. Fracture toughness tests on
this steel and another carbon-manganese steel tested over a range of
temperatures with different ¢,/0, ratios lie close to the derived FAD. The
data are not well represented by a geometry-independent non-hardening
FAD. The derived FAD, which includes the effects of strain hardening, is
clearly more appropriate for describing the behaviour of compact tension
specimens.

The geometry dependence of the FAD has not been explored in this
paper, but the indications are that these effects are significantly less
important than strain hardening on FADs. In addition to strain
hardening effects, geometry dependence is to be investigated in future
work.
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