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ABSTRACT

A general methodology for predicting load-displacement relationships for a
structural element undergoing fracture is proposed based on a procedure which
combines deformation properties (calibration curves) and fracture properties
(resistance curves). The focus of this paper is the method for determining
calibration curves. Both analytical and experimental methods are discussed. The
analytical calibration curves are taken from the EPRUGE Handbook. Methods for
using this Handbook are explored and suggestions made for handling
interpolations of the various input variables.
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DUCTILE FRACTURE METHODOLOGY

Structural components which fail in a ductile manner can be analyzed by a two
sided approach, Figure 1 (1). The one side of the analysis relates the deformation
behavior of the structure to externally measured parameters. For a flawed
structure a load or stress parameter could be related to a displacement or strain
parameter and a defect size. For example P = P(v, a) where P is load, v is
displacement and a is defect or crack size. This functional relationship is often
called the calibration function. Missing from the calibration function is the
relationship between displacement and crack length. This relationship comes from
the second side of Figure 1, the fracture toughness, in which a fracture parameter,
in this case J, is related to the crack length extension Aa. Since J = J(v, a) canalso
be determined from the calibration function, the information needed to predict
ductile fracture behavior is complete.

A traditional output of the method is a relationship between J and tearing modulus,
T, (2) from which ductile instability could be predicted (3). J and T are not
commonly used design parameters. A more useful result from a design point of
view is the load versus displacement behavior of a structure. From this both
maximum load bearing capacity and ductile instability can be predicted for the
structure (4). A schematic of the load versus displacement prediction is shown in
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Figure 2. The calibration curves can describe load and displacement behavior for a
fixed crack length (dashed lines) and the fracture toughness determines crack
length change in relationship to the load and displacement. Combining these gives
the actual structural behavior (solid line).

An obvious requirement to make the method work is that the two parts of the input,
calibration function and fracture toughness be appropriate for the structure being
analyzed. Calibration functions are largely determined analytically but require
tensile test results to characterize the flow behavior in the analysis. Fracture
toughness is determined experimentally. Since the structure being analyzed is
often of a different size and geometry from the test specimen used to generate the R
curve, care must be taken to insure that the R curve used in the analysis properly
represents the structure (5). This topic will not be pursued further in this paper,
rather attention will be given to the selection of proper calibration curves I{J)r the
methodology.

CALIBRATION CURVES

Calibration curves are usually determined analytically; numerical methods such as
finite element analysis are often used. A number of these solutions have been
tabulated in a Handbook (6) so that they can be used by engineers and designers
without the need for reproducing a full finite element program. These solutions
represent the only easy to use source of these calibration functions.

The Handbook solutions require an input of material properties from a true stress-
true strain tensile test in the form of
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where ¢ is strain, o is stress and « and n are constants. The solution also requires
geometric constants such as structural dimensions and defect size. Finally a choice
of structural constraint, plane strain or plane stress is required. The solutions in
the Handbook are given for discrete values of material hardening, n, and defect size
to width ratio a/W. Often, for an actual application, the values of these as well as
the constraint does not fit any of the tabulated values and an interpolation must be
made simultaneously on the three parameters, n, a/W, and the constraint. This
presents a difficulty in using these Handbook solutions which has not been
resolved.

Interpolation in a/W can be eliminated by making the solution continuous. The
normalization procedures of Ernst (7) can be used for this. Experimentally it has
been demonstrated that load, P, and displacement, v, can be related as a continuous
function of crack length, a, for bend type specimen geometries by normalizing the

load as follows:
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where W is specimen width, B is specimen thickness, b is W - a and g(b/W) is a
known function (7). This normalized load is a function, H, of the plastic component
of displacement, vp|. For the range of a/W between 0.5 and 0.75 the Handbook
solutions are given in Figure 3 for plane stress and n = 7 in the format of PN versus
vpl/W. This normalization significantly reduces the a/W dependance and therefore
it can be used for interpolation of a/W. Thus only two other parameters require
interpolation, n and constraint.
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The values of n and a from equation 1 are needed as input for the Handbook
solutions. These can be generated from true stress-true strain tensile results. If
these are not available an approximation suggested by Bloom (8) can be used to
generate these values based on yield and ultimate tensile strengths. The method
for interpolating between tabulated Handbook calibration points for n has not been
developed. This work will suggest in a later section that an interpolation of n may
not be necessary.

As an alternate method, calibration functions, could be determined experimentally
using a blunt notch geometry. This must be of a geometry identical to the structure
being analyzed but containing a defect with a blunt notch so that the deformation
properties can be generated without any crack growth.

PREDICTIVE METHODOLOGY

Given an appropriate set of calibration curves for a structure and the correct
material J-R curve, an evaluation of the load displacement behavior can be made in
a step by step procedure. This is illustrated in the flow diagram of Figure 4. The
basic approach is to choose vp) as the independent variable and to calculate all of the
other parameters as Vp| is incremented from zero to a final value.

EXAMPLES

Some examples of the results from this calculation procedure are given in Figures 5
through 8. In these examples load displacement records are calculated for the
compact specimen geometry. The results are used to examine the different ways to
generate calibration curves, particularly in handling the interpolations required in
the Handbook solutions.

Figure 5 shows the result for a calculation of an experimental load and
displacement record for a compact specimen of A508 steel using the calibration
curve and R curve determined from that experiment. As expected the prediction
matches the experiment. This only shows that there is no error introduced in the
calculation procedure since the result is used to determine the input and the
calculation is a closed loop analysis.

Figures 6, 7, and 8 show predictions based on various methods for generating a
calibration curve. Figure 6 shows the prediction for the same specimen but using
calibration curves generated from Handbook solutions (6) for both plane stress and
plane strain. The compact specimen is of standard thickness and is side grooved
giving it a constraint better predicted by a plane strain calibration curve and is the
best choice here without any interpolation.

Figure 7 shows the same solution but with the hardening exponent n being varied.
The result shows the minor effect of the hardening exponent. This suggests that an
interpolation in n may not be necessary. Rather the Handbook solution should be
used for the tabulated n value that is closest to the material n.

Figure 8 shows an alternate method for generating a calibration curve for an A533
B steel specimen. In this case a blunt notched specimen of an identical material is
used to generate the calibration curve. The calibration curve generated from the
Handbook solution for the plane strain case is also determined for comparison. The
result is that the two predictions agree well and both predict the experimental
results fairly well. The blunt notch calibration curve is slightly better than the
Handbook one.
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DISCUSSION AND SUMMARY

The ductile fracture methodology works well for predicting the load displacement

behavior of test specimens. The focus here was the evaluation of methods for
determining the calibration curve as input to the method. The two methods,
experimental and numerical (Handbook), both give good results. For an P,v,0,J
experimental solution a blunt notched specimen can be used. This appears to give a v = v(P.0) J = Hae)
slightly better result than a Handbook calibration curve. In generating Handbook J = XP.0)

Celibretion Functions Fracture Behavior

solutions there are three sets of variables to be considered the defect size to
specimen width ratio, a/W, the hardening exponent, n, and the constraint, plane
strain or plane stress. From these results the suggestion for handling the a/W
interpolation is to plot the load versus displacement in the normalized format
suggested by equation 2. The exponent n does not need to be interpolated. When no Struciurel Behavier
true stress-true strain tensile results are available the Bloom approximation can be (In.l.blll.ly.)v o
used. The calibration solutions in the Handbook corresponding to the closest value
of n can be used. Finally, the constraint issue was not resolved by this work. For
the full thickness compact specimen plane strain gives good results. Other
geometries and thicknesses may require the plane stress solution or interpolation.
To solve this an experimental calibration of constraint may be necessary.

Prediction P vs. v
or Jvs. T
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Figure 2 Load Displacement Prediction from Ductile
Fracture Methodology.
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Figure 5 Load Displacement Prediction for A508 Steel
Figure 3 Handbook Calibration Curves in a Normalized Using the Experimental Calibration Curve.
Format, Plane Stressand N = 7.
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Figure 4 Flow Diagram of Methodology Calculations
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Figure 7 Load Displacement Prediction for A508 Steel
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Figure 8 Load Displacement Prediction for A533-B Steel
Comparing Experimentally Generated (Blunt
Notched) and Handbook Calibration Curves.
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