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ABSTRACT

The curved centre—cracked specimen is a newly designed specimen specifically in-
tended for fracture toughness testing of CANDU reactor pressure tubes. It offers
two main advantages over other types of specimens currently in use. First, its
curved shape avoids any need to flatten material that may be embrittled by ir-
radiation or hydrogen ingress. Second, its centre-cracked geometry permits testing

of defects similar to those likely to be encountered in reactor, and thus any ef-

fects of specimen geometry on the test results are eliminated.

The key to using the specimen is a specially designed set of grips that constrain
the specimen to deform in a manner approximately that of a similar section of the
wall of a tube under internal pressure. Axial loads and the effects of bulging
around a crack cannot be duplicated, but the circumferential and radial strains are

similar to those in an internally pressurized tube.

The stress intensity factor calibration for the specimen has been determined by
both a three-dimensional elastic—plastic finite element analysis and from an ex-
perimental compliance calibration. The finite element results show close agreement
with the theoretical relationship for an equivalent-sized flat plate. The stress in-
tensity factor predicted from compliance results also agrees closely with theory for
intermediate crack lengths. However, at shorter crack lengths the experimental
results predict higher than theoretical K values while the reverse is true at higher
crack lengths. This information is sufficient to permit use of the specimen for

various testing applications in the linear-elastic regime.

The specimen is currently undergoing further development to qualify its use for
elastic-plastic fracture toughness testing, as part of a $6M+ fracture research
program supported jointly by Ontario Hydro and Atomic Energy of Canada. It has
provided new options for testing surface cracks and is expected to be a useful ex-

perimental tool for fracture toughness testing in the future.
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1.0 INTRODUCTION

The history of fracture toughness testing of CANDU reactor pressure tubes re-
flects progress in the development of fracture mechanics theory and test tech-
niques in general, particularly in the area of elastic—plastic fracture mechanics
(EPFM). While there has been a great deal of progress in understanding the frac-
ture properties of pressure tubes, further research is still required before the frac-
ture toughness of a tube operating in-reactor can be reliably predicted from the
results of small specimen tests. Specifically, problems remain in understanding the
geometry and size dependence of fracture toughness test results and also the use
of non-standard specimens for testing brittle, irradiated material removed from
reactors. It was mainly for these reasons that the decision was made to develop
a small, centre-notched fracture toughness specimen that would maintain the

cylindrical curvature of the pressure tube.

While this document provides some of the background to fracture toughness testing
of pressure tubes, its main purpose is to give details of the design and develop-

ment of the curved centre—cracked specimen and the associated testing grips.

Basically there are three areas to be considered. First the design concept and
details of operation are to be explained. Second, the results of finite element
analysis to determine the load-displacement characteristics of the test con-
figuration and the specimen stress—intensity factor calibration are described in
detail. Finally, the results of the experimental compliance calibration and testing
experience using this specimen will be presented, thereby covering the full state

of development up to the present time.
It is hoped that this information will prove useful to those interested in continued

fracture studies of CANDU pressure tubes, as well as to experimentalists concerned

with the fracture properties of tubular and piping materials in general.
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2.0 STATEMENT OF OBJECTIVE

The objective of this project was to develop a small fracture toughness specimen
having a centre-cracked geometry that would also retain the curvature of the
CANDU reactor pressure tube. The purpose of developing such a specimen is to
provide a small specimen test technique for obtaining accurate predictions of frac-

ture toughness in tubular or piping materials.

3.0 BACKGROUND I - REACTOR AND PRESSURE TUBE FUNDAMENTALS

3.1 The CANDU Reactor Fuel Channel

The core of a typical CANDU nuclear reactor consists of up to 480 horizontal fuel
channels passing through a calandria vessel containing the heavy water moderator.
The system is shown schematically in Figure 1. Figure 2 shows a more detailed
view of the fuel channel! assembly. The innermost component of the fuel channel
is a cold-worked Zr-2.5wt% Nb alloy pressure tube which contains the fuel bundles
and provides containment for the heavy water coolant circulating over the fuel.
The ends of the pressure tube are rolled into type 403 stainless steel end fittings
to produce a leak-tight joint. Coolant enters and exits the end fittings through
small diameter feeder pipes connecting to the inlet and outlet headers. These
lead to the pumps and the steam generators respectively, thereby completing the
primary heat transport circuit. Surrounding the pressure tube is a thin-walled
Zircaloy-2 calandria tube, the main purpose of which is to provide thermal insula-
tion between the hot pressure tube and the colder moderator. The annulus be-
tween the pressure tube and calandria tube contains carbon dioxide or nitrogen gas
which is circulated and sampled to detect any coolant leaks from the pressure
tubes. Either 2 or 4 coiled spring spacers surround the pressure tube in the an-

nulus space, and provide physical separation of the two tubes.
Pressure tubes are nominally 6.3 m in length, with a mean diameter of 107 mm

and a 4.1 mm wall thickness. Normal operating pressure is from 9.6 - 11.2 MPa

producing an operating hoop stress of between 120 and 140 MPa, depending on the

12



reactor unit. The operating temperature at the pressure tube inlet is about 520 K,

rising to 570 K at the outlet.

3.2 Delayed Hydride Cracking (DHC)

Zirconium alloys are susceptible to an unusual cracking mechanism referred to as
delayed hydride cracking (DHC). This phenomenon involves the fracture of a
brittle zirconium hydride phase that forms perferentially in regions of hydrostatic
tensile stress, such as that existing at the tip of a crack. The basic mechanism

has been well documented elsewhere [I-6] and will be reviewed only briefly here.

Hydrogen is virtually insoluble in zirconium below 150°C although the solubility
limit increases rapidly with further temperature increases (Figure 3). On installa-
tion, pressure tubes nominally contain from 5-15 ppm by weight of hydrogen, and
this amount will be entirely in solid solution at normal operating temperatures.
However, during operation, deuterium, the isotope of hydrogen in the heavy water

coolant, is generated by the corrosion reaction
Zr + 2D20 > Zr02 + 2D2 (1)

Some of this deuterium will then be absorbed by the pressure tube by a variety of
mechanisms[7], and thus, the concentration of hydrogen in a pressure tube will in-

crease during the reactor lifetime.

When the concentration of hydrogen in the metal exceeds the solubility limit for
a given temperature, referred to as the terminal solid solubility or TSS, it will
begin to precipitate as solid zirconium hydride, a non-stoichiometric = compound
with the approximate chemical composition ZrHy .. Normally, hydrides precipitate
as platelets or needles and lie in the axial-circumferential plane of the pressure
tube, that is with platelet normals in the radial direction. This orientation is
determined by the strains generated during manufacture of the tubes. In the ab-
sence of these strains, the hydrides would precipitate in the radial-axial plane with
platelet normals in the circumferential direction. Hydride orientation is also

determined by the level of applied stress, since hydrides have a tendency to orient
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themselves in a plane perpendicular to the direction of maximum tensile stress.
Thus, the operating hoop stress in a  pressure tube would tend to encourage
hydrides to orient themselves in the radial-axial plane. However, these stresses
are not sufficiently high to overcome the effects of the cold-working manufacturing

strains, and in the absence of other effects, hydrides will remain in the axial-

circumferential plane.

Zirconium alloys are extremely strong and tough, even at room temperature after
extensive irradiation. Zirconium hydrides, on the other hand, are inherently weak
and brittle, and thus their presence in any significant quantities can severely

reduce the fracture toughness of pressure tubes.

Apart from affecting the orientation of precipitated hydrides, stress can also af-
fect the distribution of hydrogen. This is because hydrogen in solution increases
the metal volume, and an applied stress makes this volume increase, and the dis-
solved hydrogen easier to accommodate[8]. Thus, hydrogen migrates up  stress
gradients and tends to precipitate in regions of high hydrostatic stress such as at
the tips of notches or flaws. Precipitation of zirconium hydride results in about a
17% volume increase of the hydride phase over the matrix[9]. Thus hydrides will
also be more easily accommodated at the tips of flaws. If the applied stress is
sufficiently large, the crack tip hydride will eventually fracture, thereby extending
the existing defect. Hydrides present in the metal matrix, but removed from the
flaw will then preferentially dissolve in favour of those hydrides precipitating in
the hydrostatically stressed region at the tip of the new flaw. At some critical
condition this hydride will also crack. Thus, once cracking has initiated, provided
the applied stress is maintained and TSS is exceeded, cracking will continue in this

intermittent fashion known as delayed hydrogen cracking.

A minimum or threshold value of the mode I stress intensity factor, K is
required for hydride cracking to occur. This value is termed Kjy and is currently
estimated at about 6 MPa v m. For applied stress intensity factor levels above
Kyg, but low enough that the crack remains stable, the macroscopic crack growth
rate, da/dt, is a constant for a given temperature, independent of K;. The fact

that the crack velocity increases with temperature indicates that DHC is a ther-
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mally activated process. The crack velocity depends on the rate of accumulation
of hydrogen at the crack tip and, to the first order, has the temperature depen-
dence of the product of the diffusion rate and solubility limit. The Arrhenius
relationship between the crack velocity and temperature has a slope close to the
sum of the activation enthalpies for solution and diffusion of hydrogen in

zirconium|5].

The dependence of the crack velocity on K; is shown schematically in Figure 4.
Provided the conditions are suitable, a crack will continue to grow by the DHC
mechanism until it either grows through the pressure tube wall causing a leak and
is detected, or it reaches a critical size and propagates in an unstable manner. In
Figure 3 this happens as Ky approaches K;~. The size of crack at which in-
stability occurs, measured in the axial direction, is referred to as the critical

crack length (CCL).

3.3 Summary - The Need for Fracture Toughness Testing

It is apparent from the preceding discussions that defects initiated in a pressure
tube can grow to an unstable size by delayed hydride cracking. Thus, accurate

knowledge of the critical crack length in a pressure tube is a necessity.

Cracks in pressure tubes have usually penetrated the wall, leaking coolant to the
annulus space, prior to reaching a critical size. This phenomenon is known as
leak-before-break (LBB) and is important since leak detection permits a reactor to
be shut down safely prior to a rupture event. Knowledge of CCL permits an es-
timate of the likelihood of LBB and thus provides a measure of the ability to

detect a leaking crack before it becomes unstable.

Unfortunately, leak before break cannot be guaranteed. In spite of this, fracture
toughness testing at least provides some assurance that an adequate level of
toughness  exists. Periodic determination of critical crack length for operating

tubes will provide early warnings of reductions in toughness with age and alert
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operators to potential problems in advance. There has thus been considerable em-

phasis placed on reliably determining the fracture toughness of CANDU pressure
tubes.

4.0 BACKGROUND II - FRACTURE TOUGHNESS TEST TECHNIQUES
AND DEVELOPMENT

4.1 Burst Tests

The traditional method of determining fracture toughness in pressure tubes has

been to conduct a burst test. Sections of tube about 50 cm long containing ar-

tificial defects are pressurized to failure. Fracture toughness is calculated using

the following expression for the stress intensity factor of an axial crack in a

tube[10].
K. =ff8a _ 2 In (sec TMo ) 172
9 — (2)
m 50
where: 2a = crack length
] = flow stress = (0 yg + O ypg)/2
0 vys = 0.2% yield stress
oyrs = ultimate tensile strength
Oy = applied hoop stress at failure
M = correction factor
-1+ 1.255(a2)'0.0135(a4 )1/2
Rt R2¢t2
R = tube mean radius = 53.5 mm
t = tube wall thickness = 4.1 mm

Equation (2) is a semi-empirical modification of the linear-elastic equation for a

crack in a plate with an Irwin-type crack length correction to account for the ef-
fect of the plastic zone. The correction factor, M, often referred to as the
Folias factor, accounts for the additional stresses produced at the crack tip due to

the curvature of the tube and bulging around the crack during pressurization. Es-
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sentially the same equation was developed by Hahn et al[ll] with the exception
that the original form of the correction factor, M, developed by Folias[12] is
used. This relation gives slightly more conservative (ie, higher) K values for the

same conditions. In this case,

M =1 + 161 a2 §12

Rt
where a, R and t have the same meanings as in equation 2.

A large number of burst tests have been performed on pressure tubes[13-16] and
the results analyzed to determine 95% confidence limits for critical crack length
for a range of stress and temperature[l7]. However, not all of the tests were
performed on material containing radial-axial hydrides or on irradiated material.
Thus there are some situations for which currently available burst test results do

not permit confident predictions of fracture toughness.

There are other drawbacks to burst tests. Testing is cumbersome and expensive,
and comparatively little information is obtained for the amount of material ex-—
pended. There are also considerable difficulties associated with the need to seal
test sections containing through-wall defects. For these reasons the majority of
the fracture toughness tests performed on pressure tube material have been con-

ducted using small specimen test techniques.

4.2 Small Specimen Tests

4.2.1 Advantages of Small Specimens

It has long been recognized that the use of small specimens to obtain critical
crack length data for pressure tubes offers many advantages over the burst test
technique. Small specimen tests are easier and less expensive to perform than
burst tests and require considerably less material. Specimen and experimental
characteristics can be changed more easily thus permitting a wider range of vari-
ables to be examined. In addition, data can be obtained from a larger materials

base, thereby producing more statistically significant results[18].
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However, the decision to use small specimens is not without its complications.
Due to the small size of the specimens, and the ductility of pressure tubes in
general, plane strain conditions cannot be obtained, and the theories and test
techniques of elastic-plastic fracture mechanics (EPFM) must be used to obtain
valid predictions of crack instability. Since EPFM is a relatively new field of re-
search, a number of controversial issues remain to be resolved, and there are a
variety of test methods and specimen types to choose from. As far as pressure
tubes are concerned, the basic problem is that of deciding upon a fracture
criterion that can be unambiguously defined for both a small specimen and a pres—
sure tube. However, even armed with a suitable criterion, it is not necessarily a
simple matter to relate the results of a small specimen test to a pressure tube in
an operating reactor. This problem of relating small specimen test results to full-

size component behaviour is common to all plane-stress situations.

4.2.2 Elastic-Plastic Resistance Curve (R-Curve) Techniques

Generally, cracks in pressure tubes subjected to monotonically increasing loads will
extend stably for several millimetres before becoming unstable. If the material is
severely embrittled due to irradiation and high concentrations of radial-axial
hydrides, crack instability may occur without any prior stable crack extension. In
this case, a failure criterion based on the initiation of crack extension, such as
Kic from linear-elastic fracture mechanics, might be a suitable failure
parameter. However, for more ductile material, the use of analogous elastic-
plastic initiation criteria, such as the J-integral at initiation, J;~, or the crack
opening displacement at initiation, &;, would be inappropriate. The use of these
parameters as failure criteria would seriously underestimate the flaw tolerance of
the material by neglecting 1its capacity to sustain stable crack extension[19]. This
need to characterize the crack growth resistance properties of pressure tubes led

to the selection of a crack growth resistance curve (R-curve) technique as the

most promising method for predicting critical crack size in pressure tubes.
The technique is based on measurement of the J-integral of Rice[20], which was

subsequently shown to uniquely define the elastic—plastic stress and strain fields at

the crack tip in a strain hardening material[21,22]. It was then determined that
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this property made the J-integral ideally suited as a fracture criterion for elastic-
plastic materials[23], in a similar fashion to which the stress intensity factor, KI’
serves by defining the stress field at the crack tip in linear elastic materials.
The suggestion that J was also a valid characterizing parameter under conditions of
stable crack growth received considerable attention[24,25] and was subsequently
given more rigorous theoretical backing[26,27,28]. The techniques of J-integral
based R curves (Jg—curves) were demonstrated to be suitable for application to
the testing of pressure tube material[29], and the method has now gained suffi-
cient acceptance to be the subject of an engineering handbook for elastic—plastic
fracture analysis[30. An ASTM standard test method for determining Jp-curves is

expected to be released this year.

A brief description of the method applied to CANDU pressure tubes is given in
[19] and [31]. Basically, critical crack length is determined from the point of
tangency of the experimentally derived Jp-curve and a theoretical crack driving
force curve for the pressure tube[19,30]. The procedure is illustrated in Figure 5.
The crack driving force curve is defined by equation (2) in section 3.1, with units

of K converted to J using the plane stress relation

] = K2
— (3)
E

Work 1is currently underway to determine a more accurate crack driving force
curve using finite element methods[32] since the plastic zome correction of the
stress intensity factor used in equation (2) is only approximate. However, the cur-
rent approach seems to be adequate for the present time. The Jg-—curve, deter-
mined from a small specimen test, is moved along the x-axis of the crack driving
force plot until the two curves are just touching. The intersections of the Jp-

curve with the x-axis at this point of tangency defines the critical crack length.

An alternative description of the same procedure is given by the definition of the

tearing modulus, T, defined in[26] as

T = dJ

E
—_— (4)
62 da
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where E = Young’s Modulus

o = flow stress
dJ = slope of the Jp curve at a given point
da

The tearing modulus is simply a measure of the slope of the Jp curve, expressed
in a non-dimensional form by normalizing with respect to Young’s Modulus and the
flow stress. The tangency condition for crack instability is then defined by the
equivalence of the tearing modulus and the slope of the crack driving force curve.
That is, instability occurs when the specimen or material T < T applied. This form
of theoretical interpretation has been supported experimentally[33] and this so-called

J-T approach is gaining popularity.

4.3 Geometry Effects in Resistance Curve Testing

It is now well understood that resistance curve shape is dependent upon specimen
geometry[34,35]. Basically, resistance curves generated using specimens in which
the crack tip is essentially loaded in tension, such as the centre-cracked- tension
(CCT) or single-edge-notch-tension (SENT) specimens, are steeper than resistance
curves generated using specimens in which the crack tip is primarily loaded in
bending, such as the compact-tension (CT) or three-point-bend (TPB) specimens.
This observation is generally attributed to a deviation from so- called "intrinsic" R-
curve behaviour[36], brought about by the gradual loss of dominance of the HRR
singularity in the crack-tip stress-strain field due to extensive deformation occur-
ring along the 45° shear bands emanating from the crack tip. The implication of
this is that J-dominance of the crack-tip field 1is lost and single parameter (ie, J)
characterization of the field under stable crack growth is not possible unless strin-
gent specimen size requirements are met[37,38]. Currently, it is recommended
that the ratio of the specimen ligament length to the ratio of J/Gy, where Oy is
the yield stress, be at least 200 for a centre-cracked specimen but only 25 for a
compact-tension specimen. Thus, a CCT specimen must be much larger than a CT

specimen to generate an equivalent valid result.
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Tests have been performed on pressure tube material using both CT and CCT
specimens to generate resistance curves[39]. It was found, however, that although
the tangency point with the crack driving force curve occurred beyond the wvalidity
limits for J, predictions of critical crack length based on R-curves from the CCT
specimen were in excellent agreement with the results of burst tests. Predictions
based on R-curves from CT specimens tended to underestimate CCL, reflecting
the increased constraint and triaxiality for the bending geometry. It was agreed at
the time that it was preferable to have conservative predictions of critical crack
length and that estimates obtained from compact-tension specimens were not so
conservative as to unduly penalize the material. For this reason, and because
CCT specimens tend to be difficult to test, little attention has been given to test-

ing with the CCT geometry over the last few years.

Recently, however, there has been renewed concern about the magnitude of effects
of specimen geometry on predictions of critical crack length. The uncertainty is
undesirable and it is felt that a small specimen with a crack geometry most similar

to that in a tube may be better suited to providing an accurate prediction of CCL.

An additional complicating factor that has not yet been properly addressed, is the
likelihood that a crack in a pressure tube may not be amenable to single-

parameter J characterization.

Since an axial crack in a pressure tube is essentially loaded in tension by the hoop
stress (the longitudinal stress has been shown to have no effect[40]) it is possible
that the HRR singularity does not dominate the crack-tip stress-strain field beyond
certain limits. In this case, the significance of the measured J value is not clear,
but it may explain the observed good agreement between CCT specimen predict-

ions of CCL and the burst test results.

4.4 Flattening — The Impetus for Curved Specimen Development

The vast majority of small specimen fracture toughness tests on pressure tube
have been performed using compact tension specimens machined from flattened and

stress-relieved material. The flattening operation reduces the wall-thickness of
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the specimen and introduces residual stresses that are not entirely removed by the
stress relief operation, which is designed so as not to significantly alter the cold-
worked microstructure of the pressure tube. These residual stresses probably have
an effect on test results, and certainly make it difficult to prepare specimens

having specific hydride structures.

In many instances flattening is simply not possible. Material removed from reac-
tors, which may be embrittled due to irradiation or high hydrogen concentrations,
would probably break if flattened. Even if flattening could be performed, sub-
sequent stress relief operations would render further testing pointless by altering
the hydride structure and annealing out irradiation damage. For these reasons, at-
tention has turned to the development of small fracture toughness specimens that

retain the curvature of the pressure tube.

Three different specimen designs have been proposed and have been reviewed
in[41], which also gives some background to the development of the curved centre-
cracked specimen. Results of testing experience with the curved double torsion
specimen (Figure 6) are reported in [42] and [43]. A description of the wuse of the
curved compact-tension specimen (Figure 7) in the failure investigation of a rup-
tured pressure tube is given in [44]. Each of these specimen types has its own
merits and disadvantages. They are still being developed and it is likely that each
will find application in the field of small specimen fracture toughness testing of

pressure tube materials.

The problems associated with flattening material to obtain test specimens apply
equally well to other tubular and piping components. In some cases the com-
ponent thickness is sufficient for flat specimens to be obtained, but generally, the
availability of a curved specimen would simplify fracture testing of many other

materials.

4.5 Summary — The Need for a Curved Centre-Cracked Specimen

It is evident that there are a number of uncertainties remaining in the prediction

of fracture toughness in CANDU pressure tubes. While the J-integral based crack
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growth resistance curve appears to offer the best technique for predicting fracture
in pressure tubes, the effects of specimen geometry are not yet fully wunderstood.
Related to this is the question of whether or not the J-integral is really an ap-
propriate parameter for characterizing the stress-stain field for a stable crack in
a pressure tube. Given these uncertainties, it seems reasonable that a centre
cracked specimen, having a geometry similar to that of an axial crack in a pres-
sure tube, would give more realistic indications of how a real crack would behave.
In addition, the curved centre cracked specimen also meets the requirements for
testing embrittled material since flattening is not required. Thus is would appear
that there are sufficient reasons for justify the development of a curved centre-

cracked specimen.

5.0 CURVED CENTRE CRACKED SPECIMEN DESIGN

The curved centre cracked specimen (Figure 8) is simply one third of the circum-
ference of a section of pressure tube 60 mm long. A radial-axial starter notch is
spark machined in the centre of the specimen and sharpened by fatigue.  The
specimen is pin-mounted to specially designed grips, through four holes that are
drilled with the aid of a rotating jig, (Figure 9). It is the grips that provide the
key to testing the specimen by constraining it to deform radially and circumferen-

tially in a manner approximating that of an internally pressurized tube.

5.1 Design and Analysis of the Testing Grips

Figure 10 shows an unnotched specimen mounted in the grips. Referring to the
side view in Figure 11, the grips consist of two interlocking sections, a, connected
to the side plates, b, by pins, c. The specimen, d, is fixed to the grips by four
pins through the L-shaped plates at e. When a tensile load is applied from the
clevis and pin assemblies, the two interlocking sections, a, will rotate slightly
about their respective connecting pins, ¢, which act as pivot points. Because
these pivot points are offset from the centre of curvature of the specimen, the
curved surfaces of the grips, which initially follow the inside surface of the

specimen exactly, push radially outwards on the inside of the specimen, constrain-
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ing it to deform in a manner approximating that of a tube under increasing inter-

nal pressure.

The operation of the grips is demonstrated more clearly in Figures 12 and 13,
which show the grips with the specimen removed. The curved surfaces of the
mating grip halves consist of interlocking "fingers" that are initially closed (Figure
12) and open up as a load is applied (Figure 13). This motion effectively increases
the length of the grip curved surface, although there are now some small gaps
where the underside of the specimen is unsupported. This motion also increases
the radius of curvature of the grip curved surface, and consequently that of the
specimen. At this point, the radius of curvature is no longer uniform over the

length of the specimen.

A computer analysis was performed to determine the precise shape of the curved
surface for specified rotations of the grip halves. It was found that the variation
in radius could nominally be restricted to only a few hundredths of a millimetre
at the largest expected test displacements by optimizing the location of the pivot

points (¢ in Figure 11).

Based on the average radius increase as determined by the computer analysis, cir-

cumferential strain was calculated from thin-walled pressure vessel theory as:

€cir = Rj — 14
(5)
T
where: €., = circumferential strain
R, = average deformed internal radius of specimen, determined by com-
puter analysis
r; = undeformed internal radius = 51.5 mm

Circumferential strain was also calculated as the difference between the deformed
and undeformed arc lengths of the grip curved surface, as calculated numerically

over the angle subtended by the specimen mounting pins. Comparisons of the
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strains determined by these two methods showed the two values to be in very
close agreement (Table 1). This supports the contention that the grips produce
radial and circumferential strains in the specimen that are in close approximation
to those sustained in a tube under internal pressure. Note that the rotation
angles given in Table 1 refer to one half of the grips only. The other half would

rotate the same amount.

Figures 14 to 19 show computer generated plots of the displacement of the curved
surface of one half of the grips for rotation angles of 0.4°, 0.8°, 2° 39 4° and
59 These plots were created as part of an analysis to optimize the position of
the pivot points. In all these figures, the lower curve represents the wundeformed
position. The upper curve gives the location of the grip surface and thus the
shape of the specimen inside surface after a counterclockwise rotation of the
specified angle. The displacement of the other half of the grips could be shown
by reflecting these curves about the line x = 0, which correspnds to the plane of
the crack in the specimen. The 5° rotation is probably the maximum that would
ever be encountered in a test. Figure 19 shows that the radial strain at this
rotation remains fairly uniform beneath the entire specimen, and thus the surface

remains essentially a circular arc.

A two-dimensional finite element analysis was performed to gain an understanding
of the behaviour of the grips under load. The analysis was performed using the
mesh in Figure 20. The specimen was assumed to be unnotched and was rigidly
connected to the grip mesh at nodes 66, 65, 38, 39 and 40. Thus the pin connec-
tions holding the specimen to the grips were not modelled. The pin connections
at the load application point (node 11) and the pivot point (node 50) were also not
modelled explicitly. Node 50 was fixed in both the x and y directions so that it
would act as a pivot. Gap elements were used to separate the grip and specimen
elements at nodes 71-84. Displacement increments of 0.1 mm were applied to
node 11 in the positive x-direction to simulate loading. Loads, displacements and
rotations were calculated at each increment and used to analyse the behaviour of

the specimen.
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It was determined that 97.5% of the applied load is transferred through the
specimen. The remaining 2.5% is transferred through the connecting plates at the
pivot pins (node 50). These proportions of load transfer were found to be constant
up to and beyond specimen yield. Thus it can be assumed that the same load dis-
tribution will be obtained with cracked specimens having different values of com-

pliance.

The grips themselves were found to be somewhat more compliant than had been
anticipated, although this does not constitute a problem. As has been stated, the
design of the grips is such that the application of a load will produce a rotation
about the pivot points (node 50). However, it was found that the rotation at the
load application point (node 11) was significantly greater than the rotation occur-
ring along the region in contact with the specimen. This excess rotation is at-
tributed to elastic bending of the grip lever arm (ie, the section between nodes 50
and 11). This is borne out by the fact that rotations along the grip curved sur-
face (nodes 66 - 84) are essentially a constant fraction of the rotation at the load
application point (node 11) for loads up to specimen yield. This is not really im-
portant since it would be impractical to monitor rotations during a test. The
amount of rotation at a given load will also depend on the specimen compliance
{ie, crack length). What is important here is that the analysis shows that the
amount of rotation of the grips is essentially constant over the region in contact

with the specimen. This insures that the specimen will be uniformly loaded.

5.2 Frictional Effects

An important factor to consider with this testing arrangement is the effect of
friction between the grips and the specimen. If frictional forces are significant,
they are likely to affect the strain distribution within the specimen, thereby af-
fecting the results of a fracture toughness test. It is difficult to predict exactly
what the nature of any frictional forces will be since they will vary directly with
the contact force, which itself may vary substantially over the specimen inside
surface. In addition, due to the interlocking design of the grips, the direction of
the frictional forces will be different from one grip half to the other. Whatever,

the direction, it is conceivable that the frictional forces could either restrict or
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enhance the crack opening in a test specimen and in this way alter the crack
driving force at the crack tips, leading to an inaccurate test result. It is impor-

tant, therefore, that any frictional forces be as small as possible.

By making a few assumptions as to the relationship between forces and stresses in
the specimen, and those in an actual tube under internal pressure, it can be
demonstrated that any stresses due to friction are likely to be extremely small

compared to the other stresses in the specimen.

The first assumption to be made is that the main stress present in the specimen
is a fairly uniform stress in the circumferential direction, analogous to the hoop
stress in an operating pressure tube, Oy. The second assumption to be made is
that the contact stress of the grips on the specimen inside surface approximates a
uniform internal pressure, P. Then, using thin-walled pressure vessel theory and
the pressure tube geometry we can express the tube stress, Oy, in  terms of the

contact stress, P, as follows:
°H s — = — 2 125P (6)

The frictional force at any point is proportional to the normal or contact force at
that point, the proportionality constant being the coefficient of friction, U which
has some value between 0 and 1. By considering a unit area on the contact sur-
face, we can discuss stresses as opposed to forces. Assuming a coefficient of
friction of 0.5, (typical of dry metals in contact[45]), we can estimate the fric-
tional stress, O = 0.5 P. Thus, referring to the previous equation, the stress
within the specimen would be about 25 times greater than the frictional stress in

the same region.

During a test, the grip surface is coated with graphite and a thin strip of teflon
is sometimes placed directly under the crack in the specimen. Together, these
lubricants probably reduce the coefficient of friction to 0.1 or less. In this case,
the maximum sustainable frictional stress would be less than 1% of the com-
parable stress in the specimen. Thus it would appear that frictional effects may

be safely neglected.

27



5.3 Summary — Specimen Design Concepts

The basic concept behind the design of the grips just described was to somehow
constrain the specimen to deform in the same manner as it would if it were part
of a complete internally pressurized tube. Although the axial stresses and the ef-
fects of bulging around the crack cannot be simulated, analysis suggests that the
circumferential stresses and strains can be very closely approximated. The com-
puter analyses may be somewhat simplistic in their modelling of the grips. This
arises from necessity since it is basically impossible to model all pins and gaps in
the assembly exactly. However, the analyses do provide a starting point for pre-
dicting specimen behaviour, and give information that can be compared with ex-—
perimental results in the future. The indications are that the grips and specimen

will function as originally conceived.

6.0 STRESS INTENSITY FACTOR CALIBRATION

In order to apply this specimen in practical research situations it is necessary to
be able to calculate both linear-elastic (K) and elastic-plastic (J) stress intensity
factors as a function of applied load and crack size. There are two techniques
available to do this, both of which were employed in this project. The first is an
analytical approach using finite element methods. This has the advantage of being
useful in both the linear—elastic and elastic—plastic regimes although it is sensitive
to simplifications in the model and to numerical problems. The other available
method is to perform an experimental compliance calibration. This can be an ac-
curate technique but is limited to use in the linear-elastic regime. The following
sections describe in detail the appliction of both techniques to the stress intensity

factor calibration of this specimen.

6.1 Finite Element Analysis

6.1.1 Analysis Technique and Program Description

The finite element analysis was performed using the MARC finite element code

installed on the computer system at AECL’s Chalk River Nuclear Laboratories.
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Due to the necessity to model both the specimen curvature and a through-wall
crack, a three-dimensional analysis was required. This proved to be many times

more complicated than the two-dimensional analysis.

Initially, an attempt was made to model both the grips and the specimen precisely
in their experimental arrangement. A three dimensional mesh was generated that
modelled one half of the grips and specimen in a similar fashion to the two-
dimensional mesh referred to earlier. In the 3-D case, the specimen connecting
pin and both the pivot pin and clevis pin through the grips were modelled. This
mesh is shown in Figure 21. However, due to the large number of gap elements
used to separate the grip elements from the specimen elements, a convergent
solution could not be obtained with the stiffness matrix. The MARC  program
requires a special node numbering scheme to be used with gap elements in an ef-
fort to minimize the stiffness matrix bandwidth. However, the use of gap ele-
ments was too extensive in this mesh to satisfy all the requirements. This,
coupled with the need to constrain certain degres of freedom in the gap element
nodes apparently made the stiffness matrix so complicated that the bandwidth
could not be sufficiently optimized to obtain a solution. (The result was a class 1

system mode error). Thus, this approach was eventually abandoned.

A new (and eventually successful) approach was attempted that involved modelling
only the specimen. Basically, the analysis was performed by applying displacement
boundary conditions to the specimen mesh that were consistent with the deforma-
tion that would be imposed by the grips for a given applied load and rotation. It
was necessary to perform the analysis in two stages, and to make extensive use of

the user—written subroutines that can be utilized in the MARC program.

Initially the mesh to be used in the analysis was generated as that of a flat
specimen having dimensions in the same proprtion as the curved specimen. Due to
symmetry, only one quarter of the actual specimen was modelled. A sample list-
ing of this mesh generation program, CSMESH, is given in Appendix A. A total
of 5 different meshes were generated to provide specimen normalized crack length

ratios, 2a/W, of 0.2, 0.4, 0.5, 0.6 and 0.8, where a is half the crack length and W
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is the specimen width (60 mm). These meshes are shown in Figures Al to A5 in
Appendix A.

To perform the actual analysis, the coordinates of the nodes in these flat meshes
were mapped onto corresponding coordinates for the curved geometry of the actual
specimen. This is demonstrated schematically in Figure 22. It will be useful to
refer to this figure in conjunction with the explanation of the analysis procedure
that follows. A 3 dimensional non-hidden line plot of the resulting curved

specimen mesh for 2a/W = 0.5 is shown in Figure 23.

As just mentioned, the analysis is based on prescribing the displacements of the
specimen inside surface nodes, that is, those on the surface in contact with the
grips. It must be assumed that for a given load and rotation, the elastic defor-
mation of the grip curved surfaces in contact with the specimen is negligible. This
assumption also applies to the mounting pins that hold the specimen to the grips.
Since the grips are much more massive than the specimen, and made of a strong,
hardened alloy steel, this would seem to be a reasonable assumption. Given this
assumption, the position of the grip curved surface, (and therefore the specimen
inside surface), can be calculated precisely from geometric considerations for any
given rotation about the pivot point. It was also assumed that there was no fric-

tion between the grip and specimen along the contacting surface.

For a prescribed rotation, the specimen nodes directly in contact with the leading
edge of the mounting pin will undergo exactly the same displacements as the
mounting pin nodes. It is also apparent that the nodes in the uncracked ligament
of the specimen will be constrained to motion in the plane x = 0. That is, the
rotation of the grip curved surface forces these nodes to move radially outwards,
but remaining in the same plane. The other nodes on the inside surface of the
specimen will have positions located on the curved surface defined by the grips
after the specified rotation. The problem becomes one of how to determine the
displacements of these nodes more precisely for a given rotation increment. To
do this the assumption is made that the specimen nodes will displace along the
curved surface in the same relation to one another as will occur in a flat

specimen of the same size loaded in tension.
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Thus the first stage of the analysis was to apply a fixed displacement to the top
edge of the pin-hole on the flat specimen mesh shown in Figure 22. The resultant
displacements of the nodes on the surface corresponding to the specimen inside sur-
face were stored in a file (DISPNOD) that could be read in a subsequent analysis.
Note that the length of the flat specimen in Figure 22 is longer on one side than
the other. This was done to preserve the volume of the specimen in the trans—
formation from a flat to a curved geometry. This keeps all nodes in the same
relative position in both the flat and curved meshes. This analysis was performed
using a program known as NDISP. A sample listing is supplied in Appendix B.

Displacement increments of 0.05 mm were applied to the pin hole.

It was now necessary to determine the applied rotation of the specimen grips that
would result in an increase in the curved arc length measured along the grip sur-
face between the crack plane and the specimen contacting edge of the loading pin
that was equal to 0.05 mm. This was done using a small analytical program
called LARC that calculated the increase in arc length between these two points
for a range of rotations about the pivot points. Arc length calculations were per—
formed using a trapezoidal approximation with 500 divisions. The calculation was
done using a function representing a 10th degree polynomial fit to the equation of
the curved surface. When checked against an exact arc length based on the ini-
tial circular position, this technique was found to be accurate within 0.0001 mm.

A sample listing of program LARC is given in Appendix C.

All this data was combined for rotations up to 4.0 degrees, and an equation was
fit to the data. It was found that the increase in arc length increased almost
linearly with the rotation angle. This is shown in Figure CI1. Thus, for a
specified angular rotation of a grip half section about its pivot point, it was pos-
sible to analytically predict the corresponding increase in length of the specimen
inside surface measured between the contacting edge of the mounting pin and the
crack plane. Conversely, the grip rotation angle required to produce a given in-
crease in arc length can be calculated. Once this rotation angle is known, it is a
simple matter to calculate the equation of the curved surface from geometric

considerations.
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This was done using another small analytical program called DEFIT, a listing of
which is given in Appendix D. DEFIT used the relation between rotation angle
and length increase calculated by program LARC as input and determined equations
of the curved surfaces for rotation angles corresponding to arc length increments of
0.05 mm. These equations were then used as input to the actual analysis program,
CURK.

A sample listing of program CURK is provided in Appendix E. The analysis was

performed in the following steps.

First, program CURK wused the user subroutine UFXORD to transform the nodal

coordinates in the CSMESH files to the curved specimen geometry.

Following this, user subrouting FORCDT was used to calculate the incremental and
total displacements of the specimen inside surface nodes that were in contact with
the grip surface and the leading edge of the connecting pin. The new displace-
ments were applied as boundary conditions for the given analysis increment. To do
this, FORCDT required as input the corresponding DISPNOD file created by the
NDISP program, which contained inside surface nodal displacement data for the
flat mesh for a displacement increment of 0.05 mm. The equation of the curved
specimen inside surface for an incremental arc length increase of 0.05 mm was

obtained from program DEFIT.

For a given increment, the distance measured along the inside surface between the
crack plane and the mounting pin was the same for both the curved and flat
geometry. Thus, the updated coordinates of the inside surface nodes for the
curved geometry could be found by finding the point on the curved surface that
was the same distance from the crack plane, measured on that surface, as the

same node was on the flat specimen mesh,
The corresponding load through the specimen was found by summing the reaction

forces for the ligament nodes in the crack plane. This was done with user sub-

routine IMPD.
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The stress intensity factor, K|, was calculated using the stiffness derivative tech-
nique of Parks[46]. This is also known as the virtual crack extension technique.
This is a simple and widely accepted method of calculating elastic stress intensity
factors by finite element methods, and a routine has been built into the MARC
program for this purpose. Basically, this technique makes use the original defini-
tion of the J-integral by Rice[20] as the change in potential energy corresponding

to an increment in crack length or
J = dU/da (7

In the linear-elastic case, J is equivalent to the strain energy release rate, G, and

may thus be related to the stress intensity factor, K, by

G = K2 wE (8)

Where o = 1 in plane stress and 1 - v2

in plane strain, Vv being Poisson’s ratio.

In the finite element case a potential energy change is determined by comparing
the difference between the original solution and the solution where element stif-
fnesses within a user—defined contour are recalculated once the crack-tip element
nodes are moved by a small increment, to model an infinitestimal increase in
crack length. The change in potential energy for the given crack length change

can be directly related to G and thus K.

Use of this approach requires that special crack tip elements of the type
described by Barsoum[47] be used to correctly model the 1// r singularity at the
crack tip. These are quadrilateral elements that have been collapsed into  tri-
angles and have had the mid-side nodes in the sides adjacent to the crack tip
shifted to a position one quarter of the distance from the crack tip measured

along the element side. The crack tip elements used in this project were of this

type.

Recently, it has become common to retain the nodes of the collapsed side rather

than combine them into a single node, as was done here[48]. This has the advan-

33



tage of permitting crack tip blunting to be modelled once loading exceeds the
linear elastic regime. For this reason, the results of this analysis are expected to
be most accurate in the linear elastic regime, before significant crack tip blunting

takes place.

Reference 48 also investigated different arrangements of elements around the
crack tip. It was found that the use of collapsed quadrilateral elements with
straight sides gave the highest accuracy. It can be seen from Figures A.l to A.5
that the shape of the elements at the crack tip is unchanged as they are shifted
to change the specimen crack length. The shapes of the elements in the surround-
ing rows become somewhat skewed as the position of the crack tip is shifted, but

this is not thought to have any effect on the accuracy of the K solutions.

Stress contour plots were obtained at mid-thickness for both the flat and curved
meshes at each load increment for different values of 2a/W. Some of these are
shown for the curved geometry in Appendix F. The stress shown corresponds to
that in the tube circumferential direction and gives an idea of the development of
stresses and the plastic zone at the crack tip. Enlarged plots of the crack tip

elements show the detailed contour patterns in this region.

Figure 24 shows the plot of applied load against load point displacement determined
by the analysis for each crack size. Values obtained beyond displacements of 0.7
mm are not plotted since the shape of the load displacement curve would in
reality be altered by the onset of stable crack extension. The finite element
model cannot account for this. The load point displacement is determined as the
change in the distance between the two pairs of loading pins as measured along

the specimen inside curved surface.

6.1.2 Finite Element K Calibration Results

K values were calculated for two separate contour paths around the crack tip at
each load/displacement increment in the analysis. A third contour path was
specified but for reasons not presently understood, failed to return a logical num-

ber. The K values from the other two contours always agreed to within 10% at
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the very worst, and often much less. The best agreement was obtained for 2a/W
values of 0.4 and the worst for 2a/W = 0.8. The average of the two K values are

given in Table 2 for each load increment and crack length.

An independent determination of the accuracy of K determined by this method was
made using the analytical expresions relating the stress intensity factor to the
nodal displacements along rays emanating from the crack tip. The general expres—

sion is given[49] as:

36
(2k-1) cos = - cos —
2 2 27 (u
Ky =40/ — % § 9)
38 r (v
(2k+1) sin = - sin —
2 2

Where

k = (3-v)(1+v) for plane stress

U = the shear modulus = E/2(1+V)
V = Poisson’s ratio
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This approach was applied to the second and fourth load increments for 2a/W =
0.5. Figures 25 and 26 show how the K values calculated at the nodes approach
the value calculated by the stiffness derivative technique. The very large K;
values determined for the nodes closest to the crack tip are a result of the 1/V r
singularity imposed by the 1/4 point position of the crack tip element mid-side

nodes.

The Table 2 values of K vs. load for each crack length are plotted in Figure 27.
It can be seen that for higher crack lengths and loads, the curves are non- linear,

reflecting the increasing plasticity in the ligament ahead of the crack tip.
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6.2 Experimental Compliance Calibration

6.2.1 Calibration Theory

Compliance is defined as the amount of displacement produced in a body for a
given applied load. To see how this can be related to the crack size in a body
refer to Figure 28 which shows the load-displacement curves for a body containing

half crack lengths of a and a+ da.

Under a load P, a cracked plate of thickness B will undergo a displacement v. If
the crack increases in size by an amount da, the displacement will increase by an

amount dv, and the work done by the load will equal Pdv.

The total elastic energy, U,, stored in the plate will then equal 1/2 Pv,, change
from the previous value, 1/2 Pvl, of 1/2 P(v2—v1) or 1/2 Pdv which is the area of
the shaded region in Figure 28. The strain energy release rate, G, will equal the
difference between the work done on the body and the increase in stored elastic

energy for a given increase in crack length, da. This can be expressed as:

1 Pdv dU;
G=-(—-—)) (10)
B da da
since U, = 1/2 Pv and compliance, C = v/P it follows that
U, = 1/2 cp? (11)
Substituting into (10) gives
1 Pdv d 5
G = — (c— - — (172 CPYy) (12)
B da da
1 Pdv p2dc  cpdp
G =—-(—-1/2 _— - —) (13)
B da da da
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Substitute v = CP to get

1 cpdP  Plac 1p? dc cpdp

G = - — 4 —_———_ - (14)
B da da 2 da da
P2 dC
G = — — (15)
2B da

Further details of the preceding analysis can be found in most introductory

textbooks on fracture mechanics, i.e. [53].

Since G is defined per crack tip a factor of 2 must be added to the left hand
side of (15) to account for the two crack tips in the curved centre cracked
specimen. If we substitute normalized values of compliance (EBC) and crack

length (2a/W) into (15) we can now write

P2 1 2 4EBC)
26 = — .

—_ - —— (16)
2B EB W d(2a/W)

p2 d(ECB)

or G (17)

2WEB2  d(2a/W)

From equation (8) in section 6.1.1 we know that in plane stress, K =,/ EG and

therefore

P /1 d(ECB)
K=/ — . — (18)
BJ 2W  d(2a/W)

Thus the procedure used to experimentally determine the stress intemsity factor K,
was to measure compliance for a range of crack lengths and to analytically obtain
a polynomial relationship for normalized compliance (EBC) as a function of the
crack length ratio (2a/W). The derivative of this function was then substituted

into (18), permitting K to be evaluated for any load or crack length.
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6.2.2 Experimental Test Procedure

Compliance calibration tests were performed on 3 specimens with electron dis
charge machined starter notches 10 mm long. The specimens were fatigue cycled
at constant load amplitude of between 0 and 50 kN at 1 Hz. At regular intervals
of crack extension, compliance unloadings were performed by unloading from 50 kN
to 37.5 kN. The relatively high loads were used to get maximum displacements

but still not exceed the maximum load used for fatigue cycling.

Compliance was measured with an MTS extensometer modified so that contact with
the specimen surface was made with two compass points. The contact points were
approximately 4 mm above and below the crack at its centre. The extensometer
was held in position with a mounting bar and two springs as shown in Figure 29.

The extensometer output signal was amplified such that 0.5% of the total 8 mm
displacement range gave a 10 V signal. A computer was used to automatically
sample the signal via a 12 bit analog to digital converter giving a theoretical

resolution on displacement of about 2 x 1075 mm, based on a resolution of 5 mV.

A total of 3 compliance unloadings were performed at each crack length, following
which the specimen was heat tinted in a furnace for 10 minutes at 300°C to
delineate the crack length at that point. The compliance was taken as the
average of the 3 readings. Readings were obtained for about 6 or 7 different
crack lengths on each specimen. Finally, the specimens were broken open and the
crack length was measured for each heat tint band as the average of 7 readings
taken through the thickness. Two typical specimens are shown in Figure 30 from
which it can be seen that significant crack front curvature was present and that

the crack fronts are quite symmetric.

For analysis purposes, the compliance, C, was normalized using the measured
thickness, B, of 4.1 mm and a value of 105 MPa for the modulus, E. The crack
length readings, 2a, were normalized with respect to the specimen width, W,

nominally 60 mm.
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6.2.3 Experimental Compliance Calibration Results

The normalized compliance data for the three specimens is given in Table 3 and
plotted in Figure 31. Figure 32 shows the curve for the best 2nd degree poly
nomial fit to the combined data. Although higher degree fits gave lower sums of
squares of residuals, the quadratic form was used because higher order fits gave
improbable shapes to the curve outside the range of the experimental data. The

resulting equation relating normalized compliance to normalized crack length is:
EBC = 0.173922 + 0.370214 (2a/W) + 2.24334 (2a/W)2 (19)

Differentiating this and substituting into (I18) gives

K:._.
B

P /1 (0.370214 + 4.48668(2a/w))
(20)

w
Table 4 compares K values determined wusing (20) with the theoretical values ob-

tained using the formula for a flat plate in tension[50].

P/ "a -a 1/2
(sec —) 20n
BW W

K:

Figures 33 to 37 plot K as a function of load according to: 1) theory. by equation
(21); 1ii) experimental compliance by equation (20). and; iii) the finite element

results of Figure 27, for values of 2a/W of 0.2, 0./4. 0.5. 0.6 and 0.8,

Figure 38 shows the best fit curve from Figure 32 along with a theoretical com-
pliance curve for a flat plate determined using equation 41 of referemce[51]. It
can be seen that the experimental curve lies somewhat below the theoretical curve
at higher crack lemgths. It is not clear whether or not this is a real effect or
simply an experimental inaccuracy. However. both slopes are quite similar in the

region of most interest from 2a/W = 0.4 to 2a/W = 0.6.
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7.0 DISCUSSION ON THE STRESS INTENSITY FACTOR CALIBRATION

Referring to Figures 33 to 37, it can be seen that the finite element and
theoretical results agree reasonably well for all values of 2a/W. The effects of
crack tip plasticity can be seen in the finite element results, causing the curves
to bend upwards at higher loads. This effect is more pronounced at larger crack
lengths. In all cases, the K values predicted by the finite element analysis are
slightly higher at equivalent loads, even when the effects of plasticity are negli-
gible. This may be due in part to the curved geometry. In the analysis of
axially cracked cylinders, a curvature correction is introduced to account for a
slightly increase in crack tip stress intensity factor arising from curvature. This
correction becomes larger at longer crack lengths due to bulging of the material
adjacent to the crack. Since no bulging occurs with the curved specimen, this ef-
fect would not be expected to increase with crack length. It is also possible that
the difference between the theoretical and finite element results is simply due to

slight numerical inaccuracies in the analysis.

Compared to the finite element results, the K values obtained via the compliance
calibration do not agree as well with the theoretical results. At lower crack
lengths, the experimentally determined K values significantly exceed the theoretical
values, while at larger crack lengths the theoretical values are underestimated.
However, at intermediate crack lengths, with 0.5 < 2a/W < .65, the agreement be-

tween the experimental and theoretical results is quite good.

At the longer crack lengths, part of the discrepancy is almost certainly due to er-
ror in the polynomial equation chosen to fit the experimental data. Figure 32
shows that beyond crack length ratio of 0.7 the compliance increases quite rapidly
while the best fit curve has a shallower slope. Had more data points been ob-
tained in this range, the fitted slope would have been steeper and equation (20)

would probably have given better agreement with the flat plate theory.
At lower crack length ratios it is possible that some error has been introduced by

the curvature of the crack fronts. It is quite likely that the compliance of a

specimen with a straight crack front is less than that of a specimen with a
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skewed crack front of equivalent average length. This would explain the overes-

timates of the theoretical K values.

If this is the actual case, it is reasonable to presume that the results of the
finite element analysis, for which the crack front was straight, give a fairly ac-

curate description of the response of the specimen.

The uneven crack fronts observed in the experimental compliance specimens must
be due to through wall stress variations. Although pressure tubes are usually
treated as thin walled pressure vessels, application of the vigorous equations used
for calculating the hoop stress in thick walled vessels shows that the hoop stress
at the inside surface is 8% higher than at the outside surface. Since K varies
linearly with stress, K at the inside surface will also be 8% higher than at the
outside. Since in fatigue, the crack growth rate is proportional to AK raised to
some power, n, a small increase in K can lead to a much greater increase in the
crack growth rate. (i.e. if AK increases by 8%, da/dN increases by a factor of
(1.08)™). If the grips really do simulate the effects of internal pressure on the
specimen, then the larger inside surface crack lengths could be explained on this
basis alone. This effect is not normally seen in fatigue cycled pressure tube sec—
tions since the bulging that occurs with internal pressurization results in higher

stresses at the outside surface.

However, a more likely cause of the skewed fatigue crack fronts is the imposition
of a bending stress on the specimen due to slackness in the fitting of the
specimen on the grips. Load-displacement traces with the extensometer attached
indicated that the outside surface of the specimen actually goes into compression
briefly before returning to tension as load increases and the grips open up in the
way they were designed to. This behaviour is presumed to result from the neces-
sary machining tolerances that must be incorporated into the grips to ensure they
will fit together and the specimen can be easily mounted. Upon loading, the
specimen bends out of its arc of curvature slightly as the slack from these
tolerances is taken up. As a result of this the inside surface will go into tension
before the outer surface and, in cyclic loading, will see a higher AK. Recent

tests have shown that this behaviour can be reduced by inserting a narrow strip of
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teflon between the specimen and the grips, and straighter fatigue crack fronts can
be produced[41].

Another possible cause for the shorter crack lengths on the specimen outside sur—
face may be a small compressive residual stress resulting from the centreless grind-

ing operation applied to the outside of the tubes during manufacture.

A further explanation for the difference between the experimental and theoretical
K values may come from the method of loading of the curved specimen in the
grips. It is presumed that all load through the specimen is transferred to it
through the loading pins. However, if some of the load is transferred by fric—
tional forces at points of contact with the grip curved surfaces, then the K vs
crack length relationship could be significantly altered. This was shown in [52]
where it was demonstrated that the K vs a relationship could be "customized" by
varying the location of the load application points. However, this effect is un-
likely since the graphite lubricant used in the tests would probably reduce any
frictional forces to a minimum. The analysis of section 5.2 also suggests that any

redistribution of applied load due to friction would be small.

To summarize, the potential user of this specimen has a choice of two expressions
to calculate the linear-elastic stress intensity factor, Ky, from the applied load, P,
and the crack length, a. For all values of 2a/W, the expression given in equation
(20) should be used. A slight increase in accuracy may be obtained by fitting a
higher degree polynomial to the experimental data given in Table 3 and substituting
this for equation (19) in the derivation of 20. Such an expression would be valid

for values of 2a/W between 0.15 and 0.76, the range of the experimental data.

For values of 2a/W between 0.5 and 0.65 the analysis has shown that the flat plate
equation given in equation (21) is sufficiently accurate for most practical purposes.
In either case, it should be noted that the finite element analysis indicates that the
load transferred through the specimen is 97.5% of the total applied load. However,
this has not been experimentally verified and will not lead to large errors if it is

neglected.
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8.0 CURVED SPECIMEN TESTING EXPERIENCE AND FUTURE PROSPECTS

Naturally, at the present time there is only limited testing experience to report
for the curved centre cracked specimen. The toughness measured with a small
curved compact tension specimen machined from one half of a fractured curved
centre cracked specimen that had been hydrided was virtually identical to the

centre cracked specimen result as evaluated using equation (21).

Tests performed on non-hydrided and unirradiated material have revealed a few
minor problems with the design. Material in this condition is essentially not mnotch
sensitive in the centre—cracked geometry, and failure occurs by collapse of the net
section, or in some cases, shear at the pin holes. This is not totally surprising
since many of the finite element stress contour plots in Appendix F show large
stress concentrations at the pin holes. In some cases, fatigue cracks have in-
itiated at the pin holes when trying to initiate fatigue cracks from short, shallow
surface notches. The ASTM designation E338-81 on Sharp Notch Tension Testing
of High-Strength Sheet Materials recognizes this problem and suggests the use of
reinforcing plates around the pin hole. A similar approach is currently being ap-
plied to a new design for the gripping arrangement which will redistribute the load
away from the pin holes. Another approach that has been applied to surface
cracked specimens is simply to reduce the mid-section width of the specimen and
thus increase the net section stress in the notch region. If this approach were to
be used regularly, the grips would probably also be modified to insure that the
specimen is supported equally by each grip half. This is currently only true for a

specimen 60 mm wide.

Whatever technique is eventually chosen, it is felt that these problems can be
overcome, and since most tests are likely to be performed on embrittled material,

they may not be of much practical significance.

One of the main advantages of this specimen design is the opportunity to test sur-
face cracks. The problem of assessing safety margins in the presence of surface
cracks and irregularly shaped cracks exhibiting extensive tunnelling is becoming

quite important. Currently this specimen is being used to perform calibrations to
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use the potential drop technique to monitor the depth of a part—through crack in a

full sized burst-test specimen.

A remaining problem to be addressed with this specimen will be to determine
resistance curves to characterize stable crack extension for the centre-cracked
geometry. Traditionally, these resistance curves have been based on the J-integral.
However, as mentioned in section 4.3, the significance of the J-integral in the
centre—cracked geometry is questionable since J will only characterize the crack-
tip stress strain field over a very small region. For this reason, it is likely that
future work on resistance curves for the centre—cracked geometry will rely on

crack opening displacement (COD) as a characterizing parameter.

9.0 CONCLUSIONS

1) There is a need for a small fracture toughness specimen that maintains the
original curved geometry of the CANDU pressure tube. This will eliminate
the need to flatten embrittled material, which would either cause breakage

or introduce undesirable residual stresses.

2) There is also a need for a small specimen with a centre—cracked geometry.
This will better simulate the situation of an axial crack in a pressure tube
and will reduce uncertainties in fracture toughness results arising from

geometry effects.

3) A set of testing grips have been designed that, to a reasonable degree, con-
strain the central portion of a 120° circumferential tube section to undergo
radial and circumferential deformations similar to those in an internally

pressurized tube.
4) Finite element analysis indicates that the mode I linear elastic stress inten-

sity factor (K;) relation for the curved centre cracked specimen is very

similar to that of a similar sized flat plate in tension.
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5) The finite element results also show that non-linearity due to crack tip
plasticity invalidates the use of the LEFM parameter K at higher loads and
crack lengths.

6) An experimental compliance calibration has shown that the K relationship for
the curved specimen is similar to that for a flat plate, at least for inter—
mediate crack length ratios (0.5 < 2a/W < 0.65).

7) At lower and higher crack length ratios the K relations for curved and flat
specimens do not agree very well. However, there are reasons to suspect
that improved experimental data could show that the curved specimen obeys
the flat plate relation in these regions as well.

8) The development of the curved centre cracked specimen offers a new alter-
native for small specimen fracture toughness testing of CANDU reactor pres
sure tubes, and could be modified for testing of piping and tubular compo-
nents in general.
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Table 1 — Comparison of Theoretical Strains! in a Pressurized Tube and
Those Predicted in the Specimen from Radius Increase Produced by a
Given Rotation

Rotation Angle2 Average Radius Strain on Theoretical
(degrees) Increase (mm) Deformed Surface Strain
1 0.6015 011677 .011680
2 1.2058 .023415 .023414
3 1.8119 .035192 .035183
4 2.4190 .046981 .046971
5 3.0261 .058789 .058759
R:. -1
i i
1 - €cir =
T
r; = undeformed internal radius
R; = average deformed internal radius
2 - rotation applies to one half of grips only — the other half will also rotate by

the same amount.
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Table 2 - Finite Element Stress Intensity Factor Estimates

2a/W  Load (kN) K| (MPa Vv m)

0.2 14.706 8.64 + 0.12
28.829 17.07 + 0.28
42.848 25.51 + 0.44
55.208 32.93 + 0.65
65.799 39.33 + 0.88
75.212 45.08 + 1.13
82.652 49.48 + 1.39
0.4 13.588 12.38 + 0.12
26.616 24.71 + 0.24
39.799 36.74 + 0.23
52.175 48.42 + 0.06
62.605 58.37 + 0.03
72.338 68.21 + 0.15
80.364 76.66 + 0.31
0.5 12.724 13.96 + 0.26
25.251 27.80 + 0.47
37.517 41.65 + 0.57
49.686 55.11 + 0.57
59.641 67.13 + 0.93
69.189 79.01 + 1.57
77.544 90.34 + 2.21
0.6 11.757 15.41 + 0.34
23.199 30.72 + 0.63
34.600 45.98 + 0.77
45.996 61.38 + 1.08
55.826 75.89 + 1.91
64.619 90.25 + 3.31
72.331 105.10 + 5.14
0.8 9.126 18.63 + 0.44
18.007 37.12 + 0.78
26.926 55.64 + 0.98
35.466 74.97 + 1.97
42.998 95.75 + 4.45
47.931 11527 + 3.99
50.244 149.78 + 16.54
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Table 3 - Experimental Compliance Data

Normalized Normalized
Specimen I.D. Crack Length (2a/W) Compliance (EBC)

#1 .154 .2789
277 .4499
.289 .4826
.322 .5399
.364 .6041
.396 .6503
#2 167 .2642
.236 .3881
.283 4867
.342 .5980
.409 .7292
.509 .8908
.604 1.1567
#3 .166 .2769
.376 .6773
.468 .8393
.551 1.0491
.617 1.2409
.694 1.5092
.759 1.7988
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TABLE 4 - Curved Specimen K Calibration Analysis
Comparison of Compliance K vs Theoretical Flat Plate K

A K K K AR K AR K K oK K K K

*k 2a/W = .2 *x

5K oK A K AOK K KK K K KKK K
LOAD K(THEORETICAL) K(EXPERIMENTAL)
(MN) (MPa/m) (MPaJ/m)
0.01 5.72 7.93
0.02 11.45 15.856
0.03 17.17 23.78
0.04 22.89 31.71
0.G05 28.61 39.63
0.06 34 .34 47 .56
0.07 40.06 55.49
0.08 45.78 63.42
0.09 51.51 71.34
0.10 57.23 79.27

KKK K K K K 3K K K K K K Kk

Xk Z2a/W = .3 %X

K K K K K K K K K K K K KKk
LOAD K(THEORETICAL) K(EXPERIMENTAL)
(MN) (MPa{m) (MPalm)
0.01 7.24 9.22
0.02 14.48 18.45
0.03 21.72 27.67
0.04 28.87 36.90
0.05 36.21 46.12
0.06 43.45 55.34
0.07 50.69 64 .57
0.08 57.93 73.79
0.09 65.17 83.01

0.10 72.41 92.24



AR K SR ROk OK K 3Ok KKK K

Xk 2a/W = .4 XX

HOKOK K K KK K K ok ok ok 3k
LOAD K(THEORETICAL) K(EXPERIMENTAL)
(MN) (MPavm) (MPaym)
0.01 8.78 10. 36
0.02 17.556 20.72
0.03 26.33 31.08
0.04 35.10 41 .44
0.05 43.88 51.80
0.06 b2.65 62.16
0.07 61.43 72.52
0.08 70.20 82.88
0.09 78.98 93.24
0.10 87.75H 103.60

SR oK R 3K K K K K ok K o ok K K

Xk 2a/W = b *kx

5k 2K N K K K K R K K ok ok ok K
LOAD K( THEORETICAL) K(EXPERIMENTAL)
(MN) (MPavm) (MPaJm)
0.01 10.49 11.38
0.02 20.99 22.77
0.03 31.48 34.15
0.04 41 .98 45.53
0.05 52.47 56.91
0.06 62.96 68. 30
0.07 73.46 79.68
0.08 83.95 91.06
0.09 94 . 456 102.44
0.10 104.94 113.83

3k K 3K Kk K K K K XK K K Kok

Xk 2a/W = .6 %X

KK KR KK K K K K KKK K K
LOAD K(THEORETICAL) K(EXPERIMENTAL)
{(MN) (MPavm) (MPaym)
0.01 12.61 12.32
0.02 25.22 24 .64
0.03 37.83 36.96
0.04 50.43 49.28
0.05 63.04 61.6Q
0.06 75.65 73.93
0.07 88 26 86.256
0.08 100.87 98.57
0.09 113.48 110.89
0.10 126.089 123.21



3K ROK R KKK KOK KK KKK

% 2a/W = .7 %%

3K KKK KK 3K OK K KK R KK K
LOAD K(THEORETICAL) K(EXPERIMENTAL)
(MN) (MPa{m) (MPavm)
0.01 15.50 13.19
0.02 30.99 26.39
0.03 46 .49 39.58
0.04 61.98 52.77
0.05 77.48 65.96
0.086 92.98 79.186
0.07 108.47 92.35
Q.08 123.97 105.54
0.09 139.47 118.73
0.10 154.96 131.93

3K KK K K K KKK KR KR KK

Xk 2a/W = .8 *x

R K K K K R 3Kk KK KR K K
LOAD K(THEORETICAL) K(EXPERIMENTAL)
(MN) (MPadm) (MPaJm)
0.01 20.08 14.01
0.02 40.16 28.02
0.03 60.24 42.03
0.04 80.32 56.04
0.05 100. 40 70.05
0.086 120.48 84.06
0.07 140.56 98.07
0.08 160.64 112.08
0.09 180.72 126.09
0.10 200. 80 140.10
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FIGURE 4

THE DEPENDENCE OF HYDRIDE CRACKING VELOCITY (da/dt)

ON THE STRESS INTENSITY FACTOR (K))
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CRACK DRIVING FORCE (K)

R—CURVE (MOVES ALONG
ABSCISSA FOR TANGENCY)

CRACK DRIVING FORCE
FOR PRESSURE_ Tll'JBE -~ -
AT PRESSURE P ’ e

-
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CRITICAL CRACK LENGTH !
|
|
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pr o=

b_\a

CRACK EXTENSION (Aa)

FIGURE 5

DEMONSTRATION OF THE TANGENCY METHOD OF ESTIMATING
CRITICAL CRACK LENGTH WITH THE R-CURVE (REFERENCE 19)
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Four-point loading applied by means of rollers
on upper plate surface and roller bearings on
lower plate surface.

FIGURE 6
CURVED DOUBLE TORSION SPECIMEN CONFIGURATION
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FIGURE 7
CURVED COMPACT-TENSION SPECIMEN
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FIGURE 8
CURVED CENTRE CRACKED SPECIMEN
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FIGURE 12 FIGURE 13

GRIPS IN THEIR INITIAL GRIPS AFTER
CLOSED POSITION OPENING UNDER LOAD
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FIGURE 15
DEFORMATION ANALYSIS FOR GRIP-HALF ROTATION OF 0.8°
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DEFORMATION ANALYSIS FOR GRIP-HALF ROTATION OF 3°
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Nodes fixed in x direction \

Specimen Elements

Applied
LoadAr

Node 50 Fixed
in x and y directions
to function as a pivot

FIGURE 20

MESH USED IN TWO-DIMENSIONAL FINITE ELEMENT ANALYSIS OF
BEHAVIOUR OF SPECIMEN AND GRIPS UNDER LOAD. ONE HALF OF
THE SPECIMEN AND ONE HALF OF THE GRIPS ARE MODELLED



FIGURE 21

MESH USED FOR UNSUCCESSFUL ATTEMPT AT
MODELLING SPECIMEN AND GRIPS IN 3 DIMENSIONS
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Displacement A is
applied to pin-hole

on flat specimen mesh \
Displacements of surface
\ nodes are written
T* to tape file
A

| A

Nodal displacements
S stored on tape are
mapped onto curved
surface corresponding
-— . ,
to grip rotation
—> —> about pivot that

gives arc length
increase equal to A

-

Crack
Flat 3-D Mesh Flat Mesh Curved Mesh
1/4 of Specimen Side View Side View
FIGURE 22

ILLUSTRATION OF MAPPING OF FLAT SPECIMEN MESH ONTO
CURVED GEOMETRY AND TRANSFER OF INSIDE SURFACE NODAL
DISPLACEMENTS BETWEEN GEOMETRIES
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FIGURE 23

NON-HIDDEN LINE PLOT OF

CURVED SPECIMEN MESH USED IN ANALYSIS

3-DIMENSIONAL,
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FIGURE 24

FINITE ELEMENT PREDICTIONS OF LOAD VERSUS
DISPLACEMENT MEASURED ALONG THE CURVED
SPECIMEN INSIDE SURFACE
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Distance from Crack Tip (mm)
FIGURE 25
VERIFICATION OF FINITE ELEMENT K CALCULATIONS
BY EXTRAPOLATION OF NODAL K VALUES
(DATA FROM 2a/W = 0.5, INCREMENT 2)
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FIGURE 26

VERIFICATION OF FINITE ELEMENT K CALCULATIONS
BY EXTRAPOLATION OF NODAL K VAILUES
(DATA FROM 2a/W = 0.5, INCREMENT 4)
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FIGURE 27
FINITE ELEMENT PREDICTIONS OF K VERSUS
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Displacement, v

FIGURE 28
ELASTIC LOADING CURVES
FOR CRACK LENGTHS a AND a+da

172540 RD

84



FIGURE 29

VIEW OF EXTENSOMETER USED FOR DISPLACEMENT
MEASUREMENTS, (THE SPECIMEN SHOWN DIFFERS FROM
THOSE USED IN THE COMPLIANCE CALIBRATIONS]
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FIGURE 30

FRACTURE SURFACES OF TWO OF THE CALIBRATION
SPECIMENS SHOWING TENDENCY FOR SKEWED CRACK
FRONTS AT SHORTER CRACK LENGTHS. THE SCALE
IS IN ¢m AND 1S ADJACENT TO THE SPECIMEN INSIDE
SURFACE. CRACK FRONTS AT EACH HEAT TINT BAND
HAVE BEEN HICHLICHTED FOR BETTER VISIBILITY.
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FIGURE 31

COMPLIANCE. DATA FROM 3 TEST SPECIMENS

87

(¥ by
—

172541 RD



Normalized Compliance (EBC)

w ALL DATA COMBINED

1.8

1.6

1.4

1.2

0 T T T | T T 1
0 A .2 .3 .4 .5 .6 v

Normalized Crack Length (2a/W)

a—
m~
—

FIGURE 32

CURVE REPRESENTING SECOND DEGREE POLYNOMIAL FIT TO
COMPLIANCE DATA FROM 3 SPECIMENS IN FIGURE 31
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FIGURE 33

COMPARISON OF K VALUES OBTAINED FROM EXPERIMENTAL COMPLIANCE,
FINITE ELEMENT ANALYSIS AND THEORETICAL FLATE PLATE

EQUATION FOR 2a/W=0.2
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FIGURE 34

COMPARISON OF K VALUES OBTAINED FROM EXPERIMENTAL COMPLIANCE,
FINITE ELEMENT ANALYSIS AND THEORETICAL FLAT PLATE

aa

EQUATION FOR 2a/W = 0.4
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FIGURE 35

COMPARISON OF K VALUES OBTAINED FROM EXCPERIMENTAL COMPLIANCE,
FINITE ELEMENT ANALYSIS AND THEORETICAL FLAT PLATE

EQUATION FOR 2a/W = 0.5
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FIGURE 36

COMPARISON OF K VALUES OBTAINED FROM EXPERIMENTAL COMPLIANCE,
FINITE ELEMENT ANALYSIS AND THEORETICAL FLAT PLATE

EQUATION FOR 2a/W = 0.6
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FIGURE 37

COMPARISON OF K VALUES OBTAINED FROM EXPERIMENTAL COMPLIANCE,
FINITE ELEMENT ANALYSUS AND THEORETICAL FLAT PLATE
EQUATION FOR 2a/W = 0.8
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FIGURE 38

COMPARISON OF EXPERIMENTAL COMPLIANCE DATA WITH
A THEORETICAL COMPLIANCE RELATION FOR A FLAT PLATE

94

1.0

172548-RD



APPENDIX A

Program CSMESH

Listing of input coding to MARC-MESH3D-CDC Revision K.1-1 to generate a 3D

flat specimen mesh with 2a/W = 0.5.

Meshes for different values of 2a/W were generated by altering the coordinates of

points 3347 and 80-94 on pages 1, 2 and 3 of the input listing.

Figures A.1 to A.5 show 3D hidden line plots of the meshes generated in this way

for ratios of 2a/W of 0.2, 0.4, 0.5, 0.6 and 0.8.

Listings of element connectivity and nodal coordinates are omitted for brevity.

Note: In order to simplify the later transformation to a curved geometry, the x-
coordinate of thee meshes were generated in degrees. These coordinates were

later transformed into millimeters via subroutines in the analyses programs.
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FIGURE A-1

FLAT SPECIMEN MESH FOR 2a/W=0.2
(ONE QUARTER OF FULL SPECIMEN IS MODELLED)
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FIGURE A-3
FLAT SPECIMEN MESH FOR 2a/W = 0.5
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FIGURE A-y
FLAT SPECIMEN MESH FOR 2a/W = 0.6
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FIGURE A-5
FLAT SPECIMEN MESH FOR 2a/W = 0.8
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APPENDIX B

Program NDISP

Listing of MARC-CDC input for a typical run of program NDISP, in this case
increment 6 with 2a/W = 8. The program determines the displacements of inside
surface nodes following an incremental displacement of the pin-hole nodes of 0.05
mm, for a flat specimen. These nodal displacements are stored for later use by

the probram CURK, which does the K calculations for the curved specimen.

Subroutine UFXORD contains FORTRAN coding to transform the flat mesh coor-

dinates from degrees to millimeters.

Subroutine FORCDT applies the incremental displacements to the pin-hole nodes.

Subroutine IMPD writes the displacements for the nodes that will be on the curved
specimen inside surface to a tape file for later access by program CURK. It also
sums and prints the reaction forces for the nodes in the specimen uncracked liga-
ment, providing an easy way to determine the load corresponding to a given dis-

placement.

Only the listing is given. The output is not included since it is of no importance

and was never used.



SUBROUTINE UFXORD T4/74 OPV¥=2 ROUND=#+-x/

FIN 4,8+498 85=04-23 23.29.34 P AGE
1 SUBROUTINE UFXORD {XORD¢NCRD,N)
DIMENSION XORDINCRD)}CRD(3)
XORD(1)=XORD{1)%*3,1415927*XQRD(2)/180.
RETURN
5 END
SYMBOLIC REFERENCE MAP (R=1}
T TRY POINTS
3 UFXORD
VARIABLES SN TYPE RELOCATION
14 CRD REAL *UNDEF 0 N INTEGER *UNUSED FePo
0 NCRD INTEGER Febo 0 XORD REAL ARRAY FePa
STATISTICS
PROGRAM LENGTH 178 15

60000B CM USED

[\



NOSl.’o—S'N I8 20 ..

RIRIRIR© JROUTINE FORCODT T4/74 O0PT=2 ROUND=+¢=-%/ FTN 4.8+498 85-04~23 23.29.34 P AGE

SUBROUTINE FORCDY(U4VAyDPyDUSTIMEIDYIMEZNDEG NODES
+UG s XDRDINCRD 9y IACFL Gy INC)

DIMENSION U(NDEG) sVINDEG) yDPUNDEG) +sDU(NDEG) yUGINDEG)
+XORDINCRD)

C DISPLACEMENYS SPECIFIED FOR PIN HOLE NODES

XMIN=46.89%3,1415927%X0RD (2}/180.
XMAX=48.91%3.1415927*X0RD(2)1/180.

'10 IF(XORD(1)GE JXMINJAND.XORD(L).LE.XMAX) GO TO 30
G0 TO 50
30 CONVINUE
o
1% IMIN=-3,51
IMAX=3,.,51
w IF(XORD{3) .GE« ZMINJANDXDRD(3},LEIMAX) GO TO 40
G0 TO 50
20 40 CONTINUE
Du(l)=.05
U(l1)=utl)+.05
25 50 CONTINUE
RETURN
END

SYMBOLIC REFERENCE MAP (R=1)

BSTRY POINTS
f 3 FORCDTY
BARIABLES SN TYPE RELOCATION
0 A REAL #UNUSED F.P. 0 DP REAL ARRAY Fofe
0 OTIME REAL * UNUSED FePo 0 DU REAL ARRAY Felfe
0 IACFLG INTEGER *UNUSED FoFP. 0 INC INTEGER *UNUSED F.Pe
0 NCRD INTEGER Fefa 0 NDEG INTEGER FePa
0 NODE INTEGER #UNUSED FePo 0 TIME REAL SUNUSED FePo
Q v REAL ARRAY FePa 0 UG REAL ARRAY F.Po
o v REAL ARRAY FoP. 37 XMAX REAL
36 XMIN REAL 0 XORD REAL ARRAY FoPo
41 ZMAX REAL 40 ZMIN REAL

23 50



SUBROUTINE IMPD 14/74 OPT=2 ROUND=+-%/ FTN 4.8+498 85~04-23 23.29.34 P AGE

1 SUBROUTINE IMPD(N<+DDeTDeXORDsFyVyAyNDEGyNCRD)
DIMENSION DD(NDEG) sTDUNDEG) s XORDI(NCRD) yFINDEG) yVINDEG) sA{NDEG}

XMIN=46.89%3,1415927%X0RD(2) /180,
5 XMAX=48.91%3.1415927*X0RD(2)7/180.
IFUXORD(1).GE « XMINCAND XORD(1)<LE . XMAX) GO YO 20
GO TO S0
20 CONTINUE
ZMIN=-3.51
10 IMAX=3,51
IF(XORD(3).GE«ZMINJANDLXORD(3) LE«ZMAX) GD TQ 30
G0 TO 50
30 CONTINUE
IFI(N.EG.5) GO TO 35
15 READ(22+%) F1
REWIND 22
FOL)=F(LI+FL
IF(N.EQ.328) GO TO 40
35 CONTINUE
20 WRITE(224%) F(1)
REWIND 22
o] 60 10 50
40 CONTINUE
HWRITE(6999) F(1)
> 25 99 FORMAT(1IX*REACTIQON FORCE AT PIN =*%4F10.,34% N¥)
50 CONTINUE
YMIN=51.46
IF{XORD(2).GE.YMIN) GO TO 100
TD(1)=TD(1)+XORD(1)
X WRITE(24+%) NoDD(1)5TDI(1)
N3=797
IFIN.EQ.N3) GO TO 60
G0 Y0 100
60 REWIND 24
35 '
100 CONTINUE
RETURN
END

SYMBOLIC REFERENCE MAP (R=1)

ENTRY POINTS

3 INMPD
VARIABLES SN TYPE RELOCAT ION
0 A REAL ARRAY FePo 0 DD REAL ARRAY F.P,.
0 F REAL ARRAY F.F, 124 F1 REAL
0 N INTEGER FePe 0 NCRD INTEGER FePe
0 NDEG INTEGER FePo 126 N3 INTEGER
o TO REAL ARRAY FePeo o Vv REAL ARRAY F.P.
121 XxXMax REAL 120 XMIN REAL
0 XORD REAL ARRAY FePeo 125 YHMIN REAL

123 IMAX REAL 122 INMIN REAL



CARD

CARD

CARD

C'carD

CARD

CARD

CARD

CARD

CARD

MARC-CDC

CARD INPUT DATA

P AGE 1

10

15

20

25

30

35

40

45

5 10 15 20 25 30 35 40 45 50 55 60 65 70 75

80

TITLEGFLAT CURVED SPECIMEN ANALYSIS
SIZING+40000+13848004250+10421,

INPUT TAPEs1l,

MESH PLOTs1ly

ALL POINTS

LOAD COR

TAPESs2241000y

TAPES+244+2000,

ELSTO

VECSTO

ECSe45,

FORCDT 429,

RESTART

END

NEW

CONNECTIVITY

13841

COORDINATES

3980041,

UFXORD

1 TO 800 BY 1

DEF INE NCDE SET XLIG

T264727 3728 9729973043731 7329733 497349735+736+7379738+739,740,CONTINUE
Tale74297439744v7454 746974797489 7499v75097519752975397549 7559 CONTINUE
7563757 375897599760+ 761 97629763 97649765 3766476847097 71L+4772CONTINUE
T749775979747985799,800

DEF INE NODE SET ZEDGE
4294795095595989639669T19T4977980483988491,396,CONTINUE

994910494107 431129115911841214124412991329137+9140414591484+411,CONTINUE
4129413 941424159416 9417 141849419 94204421 94479451 945894624869 ,CONTINUE
473+4809484+488+492+496

DEF INE NODE SET PINH
59831391692193249299329359389415469499454957CONTINUE
62965970929292954930093039308931193169319+322+3255328»

FORCDT

PINH

UDumMpP

19138914800

PROPERTY

1y

95000443844 39800,

1 7O 138

WORK HARD

29

L666.67 40y

5 10 15 20 25 30 35 40 45 50 55 60 65 70 75

80



P AGE 2

5 10 15 20 25 30 35 40 45 50 55 60 65 70 75

09.03
PRINY CHOICE
Le6sly
133,138,
CARD 50 597092929328+94479447+480948047206977597974800,
14,
B8 OUNDARY CONDITIONS
3
Oy
CARD 55 1y
XLIG AND PINH
(VY
29
5593010462+ 747,
CARD 60 Os
3
2EDGE
CONTROL
20934040y
CARD 65 a1y
us) RESTART
3995
! OPTIMIZE.1,
o 1509599300,
CARD 70 END OPTION
AUTO LOAD
1,
CONTINUE
PLOT TYPE
CARD 75 1,
1591000,0,
SECTIONING
040,
0930952¢8154429=15915»
CARD 80 SCALING
I )
10410y
CONTOURS
1142969591 9599 51y
CARD 85 =-200+800,
SLICE
1,
59
39499910915916921922+27928+33934439,40+454CONTINUE
CARD 90 46950953956959962+6595709T71972979,80981+88989,CONTINUE
90+97+9899991063107 9108 4911591169117+9122+1254128413141343CONTINUVE
137,
TITLE
X=DIRes STRESS/MID WALL/D=.30MM
CARD 95 CONTINUE

5 10 15 20 25 30 35 40 45 50 55 60 65 70 75



CARD

CARD

CARD

gCARD

100

105

110

115°

P AGE 3

5 10 15 20 25 30 35 40 45 50 55

PLOT TYPE

1y

049100040,

SECTIONING

ly

T0v 79988997 910691159122912541284131491344137
SCALING

) Y

10510,

CONTOURS

1192959591l s49991y

0+800,

SLICE

1

X
T097998899791069115912291259128913191344137,
TIiTLE
X=STRESS/MID-WALL/D=.30MM
CONTINUE

END PLOT

1,

-—— ——— o e " iy e

60 65 70 75

80

60 65 70 75

80




APPENDIX C

Program LARC

Program LARC was a FORTRAN program to determine the relation between grip-
half rotation angle about the pivot point, and the corresponding increase in the
length of the specimen inside surface, measured between the loading pins and the

crack plane (line y=0).

LARC gave as output the equation of a 4th degree polynomial fit giving rotation

angle as a function of arc length increase.

This was used as input to program DEFIT.

The relationship determined by LARC is plotted in Figure C.1.



RROGRAM LARC

T4/74 UPT=1 ROUNDz4=%/ PMOMP FTN 4,8+498 B4m12=02 11,59,27 PAGE 1

—_——————,
-

PRDgﬁﬁﬂ LARG(IMPQT,OQTPUT.PLOT:TAPES=INPUT;TAPE6=OUTFPT)

T

PURPQSE OF PRNGRAM T8 TO DETERMINE WHAT INCRFEMENTAL LENGTH
INCREASEY ARE PRODUCED RY CORRESPONDING INCREMENTAL ROTATIONS

OO n

SROUAD THE GRTP FIVAT POINTS, THE DISTANCE OF TONCERN IS
THAT BETWEEMN THE Y~AXIS AND THWE LEAD I,D, PINeHOLE NODE,

10

REAL X0 (1T, yncfad),Xxne1ady, vyDCIO0Y,YF{100),4(100),P(C10),
+E(10,19),%5€1250),0IST(100), THET(100)
INTEGER ™A

19

COMMON/SCTALES/XNIN, XMAX, YTCX,FXSCAL, YNIN, YMAX, YICY,FYSCAL
COMMON/FORMAT/XL , YL, FTITLECQ) ,FSUBTIT(8),FXAXTIT(8),FYAXTIT(8),
+NSTVARS,STVARS(10)

FOLLOWING NETERMINES OQRIGINAL UNDEFORMED ARC LENGTH,SO,

1001

50=51,45+x08, 9«3 1415%27/180,
ARITEC(6,1001) S0
FORMAT(1X,*THEORETICAL UNNDEFORMED LENGTH =#,F10,5,% MMx)

20

XPIV=23d,5
YPIV==5,5

a5

c

FIRST APPLY “ETHOD TN CRIGINAL UNDEFORMED SURFACE

30710 I=t,100Q
2X0=,5

X0(I1)=(I+DX0)+(38,7708=50) X JALUES?

Qsasors €00 NEGARTIVIE

30

YO(T)SSART (S, Isx« 2= (AGS XA (1Y 1%*2]
CONTINUE

e Nel

FI%ND ORIGINAL ARC LEMNGTH BY APPROXIMATION FOR COMPARISON ~
TO THEQRETICAL

3%

SXSEX0CL00) /500,
529,
09 20 1=1,500

40

Xi=(I=1)%xDxS
X2=T14DXS
Y1=SURT (S, , U4S5awp=)]1x4k2)

Y2=5GRT (ST, ASA*2=xX2x%2)
AL=ABS(X2=X1)
YL=ABS(Ya=Y1)

45

20

DSSSIRT (XL wa24Y[ 422)
S=3+08
CONTINYE

1002

WRITE(Hh,1202) S
FORMAT(1X,*APPRNOXIMATED UNDEFORMED ARC LENGTH =%,F10,3,% MMx)

FALLOMTIAG DETERMINFS EGUATTONS FOR AND LENGTH INCREASES OF
ARCS DFFORMEN IN INCREMENTS OF 0,04 DEG,
N0 100 ITHFT=1,100

YEFASGZITHET A, 00
FOLLOWING CALCULATES EGN OF DEFORMED SURFACE

M 30 I=t,100
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PROGRAM 1 LARC

7478

1003 FORMAT(1H1,ACOEFFICIENTS OF ANG(DEG) AS A FUNCTION OF DISP(MM)#//)

1006 FORMAT (1X,*FIT OF DEGREFx,12/)
WRITE(6,1004) (P(I),1=1,10)

RITE(6,1006) MA

OET=1_RDUNR=+-1/

PMOMP

FTN u!p+u¢5

BlU=12-02 11,39,37

PAGE

1004 FORMAT(1X,E15,8)

WRITEC(A,100%) 838R

FXAXTIT(1)=10H(xPIVOT PO
FXAXTIT(2)=10HINT RQOTATI

125

130

FXAXTIT(3)=210H0ON ANGLE
FXAXTITCU)I=EHDFE ) R)
FYAXTIT(1)=10A(%xARC LENG
FYAXTIT(2)=1UHTH INCREAS
FYAXTIT(3)=8HE (MM)a)
FTITLECL)=10H(XaAREC LENG

1005 FURMAT(140,4SUM OF SQUARES OF RESIDUALS = #,E15,8)

FYITLE(2)S1OATH INCREAS
FTITLE(3)=104F v3, ROTA
FTITLEC4)Y=S10HTION ANGLE

135

FTITLE(S)=10F AFTWEEN"Y
FTITLE(6)=10H=AXIS AND
FTYITLE(T)=L104LEAD PINeH

D

FTITLE(EY={ROLE NODE*X)
FSUBTIT(1)=10HIFIT OF O
FSURTIT(2)Y=10HEGREEX,F2,

140

FSUBTIT(3)=10KN,* = S8R
FSURATIT(4)=9H=x,E{5,8)

1458

X441t =0,
XAAXZY,
XL=150,
Y3150,
TICx=.S
TiCy=,5

150

NSTVARSEZ ~~ T T
STVARS(1)=FLOAT(MA)
STVARS(2)25SR

1000

CALL SIMPLTM(1,THET,DIST,N,1,0)

ConrlmuEw__

155

STOP

$YMBOLIC REFERENCE M4P (R=3)

ENTRY POINTS DEF LIVE REFERENCES
6216 LARC 1 o .
VARIABLES SN TYPE RELOCATINN
6773  ANG1 REAL

6766 DEFANG REAL
12650 DIST REAL

ARRAY

REFS
REFS
REFS

DEFINED
CEFINED

153

62
53
DEFINED

100
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INCREARSE (MM)

ARC LENGTH

o0 | | | | |

0.0 S 1.8 1.5 2.9 2.5 3.0 3.5 4.9

PIVOT POINT ROTATION ANGLE (DEG)

FIGURE C-1

RELATION BETWEEN GRIP CURVED SURFACE ARC LENGTH
INCREASE AND GRIP PIVOT POINT ROTATION ANGLE.
ARC LENGTH IS MEASURED BETWEEN THE CRACK PLANE
AND THE TOP EDGE OF THE SPECIMEN MOUNTING PIN-HOLE.
THE ROTATION ANGLE IS FOR ONE HALF OF THE GRIPS ONLY
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APPENDIX D

Program DEFIT

DEFIT was a FORTRAN program that used the equation generated by LARC to

determine the rotation angles that would produce curved surface length increases of

.05, .10, .15, .20,..., 2.00 mm.

Then, based soley on geometry, DEFIT would calculate the 10th degree polynomial

equation for the resulting curved surface in an x-y plane.

This equation was used as input by the analysis program CURK, which used it to

locate positions of nodes on that surface.



PROGRAM

N2 ER)

Oc

DEFIT =~ 74/74 ~OPT=1 ROUND=+-%/ PMDMP FTN 4.8+498 85-0

- PROGRAM DEFIT(INPUTOUTPUT TAPES=INPUT,TAPE6G=0UTPUT)

REAL X0(10C),YC(100)9XD(L100)sYDOLOOIsYF(LO0)»h(LOO)»P (10},
+E(10s10)¢eWS(L2%0)yDISTLLOCIZOTHET(40)4PP(5)
INTEGER MA

XPIV=34.5
YPIV=-5.5

FOLLOWING DETERMINES POINTS ON UNDEFOURMED SURFACE

00 10 1=1,100 o
DX0=45 T T .
XO({I)=(I%DX0)+(44.557-50)

YOU{I)=SQRT(51,45%%2=(ABS(XO(I)))%%2)

10 CONTINUE o
FOLLOWING CALCULATES EQN COF DEFORMED SURFACE FOR RNOTATION DTHET (1)
FULLOWING ARE COEFFICIENTS UOF 4TH DEGREE FIT GIVING
DTHETA AS F{DS):

PP(1)=.17783106€E-03
PP(2)=,1006092PE+01
PP(3)=-.5364349345-02
PFl4)=,61H16981E~04
PP(S)I=—,665717276-06

00 100 1=144Y

DS=1+.05

DTHET (1) - PELI)+PP{2)%]5

DO 20 J-3,4

DTHET(I)=DTHET(I1+PP (JI*DS*%(J~-1)
20 CONTINUE

FOLLOWING FINES ECQUATICH OF CURVED SURFACE
AFTER PIYOT POINT ROTATION JF OTHET(I)

DEFANG=DTHET(1)
DG 30 J=1,100
DX=XO0(J)I=XP IV |
DY=YO(J)=YPLV
R=SQRT((ABS(OX ) )¥%42+ (A3S(UYII#%2)
PIVANG=ATANZ (DY 0X)
ANGL=PIVANG-DEFANG*3,1415927/180.
XDCII=RHCOS(ARLL) +XPLV
YD(JI=PHSINCANGL) +YPIV
30 CONTINUE
N=100
C NE=10
MA=9 :
CALL PRESET(YF(1)4100,0,)
CALL PRESET(W(1),100,1,)
CALL PRESET(P(L1y10+0.)
CALL PRESET(E(1),100,0.)
CALL PRESET(WS(1)125040,)

CALL POLFITIXDsYDsWeYFsPyNoyMAyLyNEZSSPyHS)



PROGRAM DEFIT

14/74 O0PY=1 ROUND=+-%/ PMDMP FTN 4.8+49°¢ §5-02-1

WRITE(&4200) CSH»OTHET(I)
200 FUORMAT(IHOLXy*FOR ARC LENGTH INCRFASEWDS =%4F5,2¢% MME/IXa*CORRES
+PONDING ROTATION ANGLE =%yF7.449% DEGREES*®/)
WRITE(64+300) (P{K)sK=14+10)
300 FORMAT(LIX¢*COEFFICIENTS OF FIT TO DEFORMED SURFACE (Y=F(X)1) ARE:x%/
+{5XyE15.8)1
WRITE(6y400)
400 FORMAT(SOH~~~m—m—m e e e e e e )
100 CONTINUE
STOP
END

w

INLIC REFERENCE MAP (R=3)

Ts
7

AMG

DEF LINE REFERENCES
1
TYP L ReELOCATION

REAL REFS 44 45 DYFINED 43

REAL RLFES 43 DEFLINED 37

REAL *UNDEF R{LFS 3

PE AL REFS 28 30 58 DEFINED

REAL ARRAY REFS 3 30 27 5%

REAL REFS 41 42 DEFINED 39

REAL REFS 14 DEFINED 13

RELL MEFD 41 42 DEFINED 40

BEAL ARRAY REES 3 b3 36

INTEGER 2LFS 2¥1lu 2%1% 27 28

DEFINED 12 Z6
INTEGER REFS 2%¥30 39 40 44
DEFINED 29 3n

INTCEGER PEFS 61 DEFINED 1l

INTEGEF REFS 5 He Dt FINED 49

INTEGER REFS 56 DEFINED 47

INTEGER REFS 56 DEFINED 43

REAL ARRAY REFS 3 52 56 ol

REAL REFS 43 DEFINED 4?2

REAL ARRAY REFS 3 2%238 3v DEFIMED
23 24

REAL REFS 44 45 DEFINED 41

REAL REFS 56

REAL ARRAY REFS 3 51 56

REAL ARRAY REFS 3 b4 56

PEAL ARRAY REFS 3 56 DEFINED 44

REAL REFS 39 44 DEFINED 7

REAL ARRAY REFS 3 15 39 DEFINED

REAL ARRAY REFS 3 56 DEFINED 44

PEAL ARRAY REFS 3 50 56

REAL REFS 40 45 DEFINEY 3

REAL ARRAY REFS 3 40 DEFINED 15

-3






FOR ARC LENGTH INCREASE,DS = .20 M
CORRESPONDING -ROTATION ANGLE = .2012 DEGREES

L.

COEFFICIENTS OF FIT TO DEFORMED SURFACE (Y=F{X)) ARE:
'\ .51571458E+02
1 45114884BE-03
3 - 9R121074€-02
W L,76484337E-06
§ .236841876-05
b =e471244B6E-06
¥ +29143010E-07

§=.94515071E~09
4 .15491729€-10
# —e10409186E~12

- T o A A = f—— - o ———— - — o — i T o v _. Sttty " S W S ] e A v g TS P s e

FOR ARC LENGTH INCREASE.DS = +2% MM
CORRESPONDING ROTATION ANGLE = .2514 DEGREES

COEFFICIENTS NF FIT TO DEFORMED SURFACE (Y=F(X}) ARL:
«+H1601H052F+02
«H177~348E-03

—«981306/4QE-02
«14195403E-04
IHLT77T13I07 05

- 47337 -0
2T AT (07

—d 1A IVIISE 0
LIHTI 7N -1

—.10%34%4500 -1

FO® ARC LFEWGTH INCREASE,ZDS = .30 8
CORRESPONDING ROTATION ANGLE = 3015 UDEGREES

COEFFICIENTS OF FIT TO DEFORMED SURFACE (Y=F(x)) .7,
+51531324E402
. 7246782 2E-03
-.93139366E-02
-.516973L0E-06
+26719418E-05
-. 49884159E-06
+30450476F-07
=497913484E-09
+15951175€6-10
~-.10661295€E-12

— o —— o~ — iy —— — o ot VD ‘e St
- v — iy - —— . " — — T — i T Tt -

FOR ARC LENGTH INCREASEZDS = 35 MM _
CORRESPANDING ROTATION ANGLE = .3517 DEGREES

COEFFICIENTS NFE FIT TO DEFORMED SURFACE (Y=F(X)) ARE:
516619756402 D - 5
_ +83224006C-03
-.9814715H2€-02
-.12129995E-05%
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" FOR ARC LENGTH INCREASE,DS = 35 MM
CORRESPONDING ROTATION ANGLE = 43517 DEGREES

COEFFICIENTS OF FIT TO DEFORMED SURFACE (Y=F(X)) ARE:
«51661975€+02 .
«B83224006(-03

-.9B147162E-02
-<12129995E-05
«28312272€~05
-<51315720F-06 '
W31124138E-07
-+99656195E-09
.16185912E-10
-.10789712E~12

TR Ly S T Y R Y S G e G P e A P T - Y D VoD T i T S Ty Tt D Y S T ey P o S i T i A Vo v -

FOR ARC LENGTH INCREASEsDS = .40 MM
CORRESPONDING ROTATION ANGLE = ,4018 DEGREES

CNEFFICIENTS NF FIT TO DEFURMEC SURFACE (Y=FH(X)) Akrt:
« 51692104402
«940343571F-03
-.N3153372F-0"
~-a194 75333720 -0)>
23 7LA%E =0y
I A A T AR L
« 317114247 =07
-.10142 757 =03
. l LA nays it ...l’)

- 109117300 ~172

. ——— . S A Y b A T W — e A - - e S e e M an

FOR ARC LENGTH INCREASESDS = .45 1N
CORRESPONDING RUTATION ANGLE = 4518 DEGPEES

COEFFICIENTS 9F FIT TU OEFORMED SURFACE (Y=F(A)) anr:
+51722212E+02
+ 104925611 -02

~-+«93159730E-02
=.27222047£~05
«31655477F-05
-e542362228-06
«32512597E-07
-+10323105E~08
«16665653E~10
-+11051371€E-12

—— . - i - —— s - — T A A S} T - - Aa W o o T T W ——— —

FOR ARC LENGTH INCREASELDS = 50 M#H
CORRESPONDING ROTATION ANGLE = 5019 DEGREES

COEFFICIENTS NDF FIT TO DEFORMED SURFACE (Y=F(X)) ARE:
«51752299F 4072 D - 8
«11586716+-07



3L LI (.t—U {
-.103231056-08
<16665653E~10
-v11051371E=-12

v —— - S N W —— —— - — e o - — - — ——
- - — - - - ———— - — - ——— —

FOR ARC LENGTH TINCREASESZDS = .50 MM
CORRESPONDING RUTATION ANGLT = 9019 U GYLES

COEFFICIENTS NF FIY TO DEFCRMED SURFACE (Y=F(X)}) ARE:
W5175229QF 402
L11586716F=02

-.98164366E-02
-.35382934F-05
.33403741€E~-05
~.55826782E~06
.33227921E-07
-.10506418E-03
.16910775E-10
~+1118465%5€E=12

W e Em M e e o et . - dme A e e ma e M T v e A W d e A = e R e s r ————— o S - ——— —

FOR ARC LENGTH INCREASEWDS = +25 MM
CORRESPONDING RPOTATIDN ANGLE = 45519 DEGREES

CRNEFFICIFNTS NF VIT TO VEFUDRMED SURFACE (Y=F{(X)) ARE:
2517223045402
e 17A77315( -0
-, Q81473081 =072

~. 439733107 -0,
W35 NASGE-0R
=« BTN AF 0N
33957/ 7
=2 1O0RITA4HE —03
L17159447F ~10
--113135604E£-12

T - e T ——— —_——— — —— — - - W dm NS e TS e e P e Aet Gk e = e e e

FOR ARC LFAN5TH INCREASE,DS = .60 MM
CORRESPONDING ROTATION ANGLE = 6017 OQEGREES

COEFFICIENTS OF FIT TO OEFCRMEC SURFACE (Y=F(X)) ARE:
+51812408E+02 '
. s137936456~02 .

~+98169973E~02

-.53010412€-05
«3708H1526~05

-.59022702L~0b
«34702113F~-07

-+10832440FE~03
«17411731E-10

~+11456239E~12

———" - - - - = —— -
el - — e A o T T At —

FOR ARC LFENGTH INCREASE,DS = 65 MM

L CDRRESPANNTING DATATINM ANCEL = PRI SRS SR A P R




APPENDIX E

Program CURK

Program CURK was the main analysis program that calculated loads and the stress

intensity factor for the actual curved specimen geometry, for various displace-

ments.

Subroutine UFXORD transformed the coordinates in the mesh file by mapping the

flat mesh onto the curved specimen geometry.

Subroutine FORCDT takes the equation for the deformed surface corresponding to
the displacement increment and determines the location on this surface of the in-
side surface nodes. This is done by equating the linear distances from the crack
plane to the same nodes in the file created by program NDISP with the distance

measured from the crack plane along the curved, deformed surface.

The entire program input listing and data output listing are reproduced for incre-

ment 5 at 2a/W = 0.5.



SUBROUTINE UFXORD Ta/T4 OPT=2 ROUND=+—%/

1 SUBROUTINE UFXORD{XORDyNCRDyN)
DIMENSION XORD(NCRD)4+CRD(3)

C COORDINATE MOCDIFICATION FOR ALL NODES

THETA=XORD(1)#%3,1415927/180.
R=X0ORD(2)
XORD(1)=R=SIN{THETA}
XORD(2)=R*COS(THETA)

10
RETURN
END

SYMBOLIC REFERENCE MAP (R=1)

ENTRY POINTS

3 UFXORD
& YARIABLES SN TYPE RELOCATION
i 24 CRD REAL $UNDEF 0 N
0 NCRD INTEGER F.P. 23 R
J 22 THETA REAL 0 XORD
EXTERNALS TYPE ARGS
cos REAL 1 LIBRARY SIN
STATISTICS
PROGRAM LENGTH 278 23

600008 CM USED

FTN 4.8+498

INTEGER
REAL
REAL

REAL

*UNUSED

ARRAY

1 LIBRARY

85-04-23

F.PI

FesPo

22.01.22

PAGE

1



SUBROUTINE FORCODT T4/74 OPT=2 ROUND=¢+-%/ FTN 4,8+498 85-04-23

1 SUBROUTINE FORCDT(UsYsAryDP 9DUs TIMEDTIME+NDEGsNODE,
+UGy XQRDINCRO s IACFLGe INC)
DIMENSION UINDEG) s VINDEG ) +DP (NDEG) yDUINDEG) yUG(NDEG),
+XORDINCRD }»P(10)

FOLLOWING GIVES COEFFICIENTS OF 10TH DEGREE FIT VO
DEFORMED SURFACE FOR INCREMENT 5.

OO0

P{1)=.51601652€+02
10 P(2)=.61775848E-03
P(3)=-.98130649€-02
P(41=.14185403E-06
P{5)=.25177180E-05
PLb)==~.43487337E-06
15 PL7)=4.2979018 4E-07
P{(81==,96199935E-09
P(9)=,15719796E~10
P(10)==-.10534460E-12

05=.25
20 DEFANG=.2514
XPIV=34.5
YPIV==5.5
[
[ TEST FOR PIN-HOLE NODE NOT ON I.D.
25 € PIN—HOLE NODES NOT ON I.D. BUT CONTAINED IN LIST ®"NIDPH®
c WILL HAVE DEFORMED CO-0QRDS CALCULATED FROM A STRAIGHT
c FORWARD ROTATION OF "DEFANG™ DEGREES.
c
IMIN=-3,51
30 ZMAX=3.51
IF(XORD(3) JLT.ZMINJOR.XORD(3).GT.ZMAX} GO TO 10
R=SQRTIXORD( L) **2+XORD(2)}*%*2)
RMIN=51.5
IF(R.LT.RMIN) GO TO 10
35 C
C FOLLOWING TO "GO TO 500™ IS ONLY APPLIED TO
C P IN-HOLE NODES NOT ON THE SPECIMEN I.Ds
C

DX=XORD{(1)-XPIV

40 DY=XORD(2)~-YPIY
R=SQRT((ABS(DX))I¥**2+(ABS(DY))*¥2)
PIVANG=ATANZ2(DY,DX}
ANGl=PIVANG-DEFANG#*3,1415927/180.

C
45 C X2+Y¥2 ARE DEFORMED COORDINATES
C UP= PREVIOUS INCREMENTY'S TOTAL DISPLACEMENT
C Utl) = TOTAL X DISPLACEMENT FOR THIS INCREMENT
C DUCLY = INCREMENTAL X DISPLACEMENY FOR THIS INCREMENT
c SIMILARLY U(2)y0U(2) ARE Y DISPLACEMENTS
50 c
X2=R¥COSCANGL)+XP 1Y
Y2=R*SIN(ANGLI+YPIV
UP=U(1)
UL1l)=x2=-X0RD(1)
55 DUCLlY=U(Ll)-UP
ue=u(2l

U(21=y2-X0RD( 2}

22.01.22

PAGE

S » 8 O
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SUBROUTINE FORCDT T4/74 OPT=2 ROUND=+-%/ FTN 4.8+498 85-04-23 22.01l.22 PAGE

DU(2}=U(2)-UP
G0 TO 500
60 10 CONTINUE

READ FLAT SPECIMEN DISPLACEMENT DATA FROM DISPNOD_PTY_ FILE

65 N1 = [.D. NODE NO,

XI1eXTL ARE RESPECTIVELY INCREMENTAL AND TOTAL ™X™ DISPLACEMENTS
FROM FLAT ANALYSIS,

XT1 ALSO EQUALS DISTANCE MEASURED CIRCUMFERENTIALLY FROM

Y—AXIS TO DEFORMED NODE.

GCOOOO00O0O0O0

70
READ(249s %) NLoXI1leXTL
IF(NODE.NE.NL) GO YO 900
DELTAX=,0001
X2=0.
75 Y¥2=0.
S=0,.
IF(S.GE«.XT1) GO TO 200
DO 100 I=14+5000
X10=(I-1)%,01
80 00 90 II=1,100
X1=X10+{II-L)*DELTAX
X2=X10+II*DELTAX
Y1=P{1}+P(2)*X1
Y2=P(1l)+P(2)%*X2
85 DO 50 J=3,10
Y1=Y14+P(J)®eX1%*(J~1)
Y2=Y2+P{J)eX2%%({J-1)
50 CONTINUE
XL=ABS(X2-X1)
90 YL=ABS(Y2=-Y1)
DELTAS=SQRT(XL*¥*2 +YL*%¥2)
S=S+0ELTAS
IF(S+GE,XT1)GO0 70O 300
90 CONTINUE
95 100 CONTINUE
GO TO 300
200 CONTINUE
Y2=P(1)
300 CONTINUE
100 uP=ul1) -
U(1l)=x2-XORD(1)
DUCLY=U(1)-UP
uP=u(2)
U(2)=Y2=-X0RD(2)
105 pu2i=uL2)-u?
500 CONTINUE
WRITE(69599) NODE+X29Y2yXORD(L)+XORD(2)sUCLI4U(2)9DUCL)DU(2)+S)y
+XT1
599 FORMAT(5Xy[5+10(2X4FB.4))
110 G0 T0-1000
900 CONTINUE
WRITE{6+999) NODE N1
9399 FORMAT(IHO,*=<~ERROR—=%42X 4y[5s% NE. *¥,05//)
1000 CONTINUE



1 SUBROUTINE IMPD(NyDDsTDsXORDsF y¥9AsNDEGINCRDY
DIMENSION DO{NDEG )y TD(NDEG) yXORDINCRD )y FINDEG )9 VINDEG } 5 ACNDEG)
c
c CTNZ=1 CO-ORD OF CRACK TIP NODES
5 C
CTNZ=0.~.01 .
IF{XORD(3).LT.CTNZ) GO TO 100
XMIN=.01
IF{XORD(1}.GE.XMIN) GO TO 100
10 N2=T726
IF(N.EQ.N2) GO TO 20
READ(22+%) F1
REWING 22
FULISF(1)+F1
15 N3=800
IFINJEQ.N3) GO TO 50
20 CONTINUE
WRITE(224%) F(1)
REWIND 22
20 60 TO 100
50 CONTINUE
WRITE(6499) F(L)
99 FORMAT(LHOs*REACTION FORCE OVER LIGAMENT =%,F10.3,% N¥)
100 CONTINUE
25 RETURN
END
SYMBOLIC REFERENCE MAP (R=1)
ENTRY POINTS
3 IMPD
VARIABLES SN TYPE RELGCATION
0 A REAL ARRAY FoP. 61 CTNZ REAL
0 DD REAL ARRAY FoPa 0 F REAL ARRAY
64 F1 REAL 0 N INTEGER
0 NCRD INTEGER FePa 0 NDEG INTEGER
63 N2 INTEGER 65 N3 INTEGER
0 TD REAL ARRAY FoPa 0 v REAL ARRAY
62  XMIN REAL 0 XORO REAL ARRAY
FILE NAMES MODE
TAPE22 FREE TAPEG FMT
STATEMENT LABELS .
23 20 30 50
32 100
STATISTICS
PROGRAM LENGTH 668 54

SUBROUTINE IMPD

74/74 0PT=2 ROUND=+-%/ FTN 4.8+498

600008 CM USED

99

85-04-23

FePe

FePe

FNT

22.01.22

PAGE

1
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CARD

CARD

CARD

CARD

CARD

CARD

CARD

CARD

CARD

MARC-COC

C ARD I NF UT D AT A

P AGE 1

10

15

20

25

30

35

40

45

5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80
TITLEsCURVED PRESSURE TUBE SPECIMEN KSUBI CALCULATIONS
SIZINGy40000+138,9800,457+0921,

INPUT TAPEs1,

MESH PLOT .1y

ALL POINTS

LOAD COR

TAPES+2241000,

TAPES+2452000,

ELSTO

VECSTO

ECS 445,

FORCDT 9182,

RESTARTY

J=INT 22374243,

END

NEW

CONNECTIVITY

13841y

COORDINATES

3980041y

UFXQORD

1 YO 800 8Y 1

DEF INE NGDE SET XLIG

7264727 9728 972937300731 ¢73297339734973597364+737437384739,740,CONTINUE

T419 742974397449 T459 7469 747974897499 7509751975297539754979559CONTINUE

756975797589 753, 7603761 37624763 97641765 +766,5768,376947T7L37T2yCONTINUE

77497759797+ 7984799+800,

DEF INE NCOE SET ZEDGE

42947450955958963966971974977980983+88991+965CONTINUE

9941049107 +1125115+411891215124491294132413741405145,148,411+CONTINUE

41244135414 941554169417 94189419 94209421 944749451 9458 9462 ¢469,CONTINUE

473+480+4849488+492+496

DEFINE NCDE SET NIDPH

195293943598413+516921+24+429430431432435,CONTINUE

38041942943 9544345946949 95495796296597097L5729CONTINUE

73983984985986+9879112911391149124+125+126491274+1284153,CONTINUE

15491955¢165916691679168916991949195+196920692079208920992109CONTINUE

23592369237 +247 9248 424932504251 327642774278 4288 3289529043291 +CONTINUE

2929295+4300930393089311931693179318931993229325932893299330+CONTINUE

34093449345939593599360937093719331+385+386+396+40094019411yCONTINUE

41202422 042614309431 984194429443 19949+445+446 94479481 94824483,CONTINUE

484+497+498+49945009501+502+530953145329542+543454495459546+CONTINUE

5474575057695 7795879588 458995909591 9592+62046219622+63296339CONTINUE

6349635:16369637966596669667967796783679:6804968L46829710+711+CONTINUE

TL247103+9726972797289729973097319732976697679777978L97859789+CONTINUE
5 10 15 20 25 30 35 40 45 50 55 60 695 70 75 80
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CARD

CARD

CARD

CARD

CARD

CARD

CARD

CARD

CARD

CARD

P AGE 2

50

55

60

65

70

75

80

85

90

95

5 10 15 20 25 30 35 40 45 50 55 60 65

70

75

80

7934797,

FORCOT

NIDPH

UouUMP
112413847269800,
PROPERTY

1,
950009.389994800y

1 7O 138

WORK HARD

2

1666.6740y

0se03

PRINT CHOICE

Ly6aly

133,138,
5¢709292+3289447+44794804480472697759797+800+
l4,

BOUNDARY CONDITIONS

ZEDGE

J-INTEGRAL

29

0304,001

766976897699 77107729774+4775,

0+0++00075
T674770+7739776977797789779978097819782+783+47849785+78697879CONTINUE
788:789+790+791 97924793 4794379597969797+798,799,800,

29

0+04.001

441 9448 94529459+463 947094745481 v48594899493494974+50395069512,CONTINUE
51595219524+5309533953695399542195484551+4557+45009566956995759CONTINUE
5789581 958495879593 9596,602:6059611+9614496201623962646294632CONTINUE
6389641164 7365096569659966596689671Ly6T49677168316869692v6959CONTINUE
70197049710+ 71497108+722+726973397379744+974849755975997669767+CONTINUE
T68376937T0977197729773 9774977547769 777977847794780,781+782,CONTINVE
78397849785+ 786+1787+7883789979097919792+379397943795+7969797+sCONTINUE
79847994800,

0+09.0005

4429453 946494759498450795169525994319552+561L9570+588 49597 ,606,CONTINUE
6159633 9642+651+66096784687969647059727+738+74949760,

29

5 10 15 20 25 30 35 40 45 50 55 60 65

70

75

80



CARD

CARD

CARD

CARD

CARD

CARD

CARD

CARD

CARD

CARD

100

105

110

115

120

125

130

135

140

145

F AG E 3

5 10 15 20 25 30 35 40 45 50 55 60 65

70

75

80

0’0' «001

44109424493 44484449+4524453 145444999460 0463+1469+4465+470:4471L,CONTINUE
4740475947609 4819482+485+48694899490+4939494+4979498+49995039CONTINUE
504+50649507+508451295139515+5169517+4521052295249525+9526+530,CONTINUE
5319533 4534+536+537+539,540954295439544+548,5499551955245534CONTINUE
5579558956095619502950645679569957095719575+5769578:5799581+CONTINUE
5829584+58519587+588+5894593,594155964597+598,602+603 605,606 ,CONTINUE
6073611 3612+461456154616 962096211623 3628+16264627+1629+63046324CONTINUE
633+634+9638+63996419642+6439064790489650165196529656965796599CONTINUE
6609661 9665366649668 ,3669 46714672 267416759677 9678467926839684,CONTINUE
6863687968816929693+695+6961697970197029704970597069710+4711sCONTINUE
TL49 71597189 719072297239726972797289733973497379738+73947449CONTINUE
T4597483749+7509755975697599760976L 976697674768 976947704771 ,CONTINUE
P72+ 773977407750 7769 777977897799 7800978L97820783+4784478547864+CONTINUE
7879788 3789,7904791 479237933794 97954796,4797,798,7994800,

090+.0005
4%8945594669477+50095099518952715459554956395729590+5994608sCONTINUE
651746359644 1653 960291680 46894698 +707+729474097519762

CONTROL

20939040y

«ly

RESTART

3994,

QPTIMIZE.1y

1505999300,

END OPTION

AUTO LOAD

L1y

CONTINUE

PLOT TYPE

Ly

05100040

SECTIONING

1l

70979488397 41069115912291259128413151349137

SCALING

)

10410y

CONTOURS

1142959531 v499 91

05800,

SLICE

|

S5

70979988 4979106911591229125+128+13191345137,

TITLE

X~DIRe STRESS/MID-WALL/+2514DEG

CONTINUE

END PLOT

1,

70

75

80



B

MARC-CDC Ka.ls 85-04-24

ELEMENT
STRESS
STRAIN
PLAS &ST

ELEMENT
STRESS
STRAIN
PLAS.ST

ELEMENT
STRESS
STRAIN
PLAS.ST

ELEMENT
STRESS
STRAIN
PLAS.SY

ELEMENT
STRESS
STRAIN
PLAS,.ST

ELEMENT
STRESS
STRAIN
PLAS WST

TRESCA MISES
INTENSITY INTENSITY

133 POINT 14
9.091E+02 8,208E+02
3.329E-02 2.097E-02

QUTPUT FOR INCRENMENT 5.

CURVED PRE

SSURE TUBE SPECIMEN KSUBI CALCULATIONS

STRAIN ENERGY DIFFERENCE FOR J-~INTEGRAL ESTIMATION -

EVALUATION STRAIN ENERGY DIFFERENCE
NUMBER
1 «9993E-01
2 «9458€-01
3 ~«3082E-02

MEAN PRINCTIPAL
NCRMAL MINIMUM INTERMEDIAT
INTENSITY

1.368BE+03 9.908E+02 1.213E+03
3. 456E~03-9.779E-03-3. 362£~03

2. 010E-02 1.247€~02-9. 252E=13-7«764E-03-4.571E-03

134 POINT 14
9.,013E+02 8.201E+02
3.243E-02 2.051€-02

1.312E+03 9.448E+02 1l.144E+03
3.313E-03-9.433E-03~-3,6296-03

14936E—02 1.2056=02—9+ 252E-18-7+432E-03-4.+ 499E-03

135 POINT 14
B.612E+02 8.237E+02
3.,46LE-02 2.246E-02

1.062E+03 7.479E+02 8.,291E+02
2.683E-03-9.854E-03-6,853E~03

20221E-02 1.418E-02~3.70LE~-17-8.068E~03~6.069E-03

136 POINT 14
9.035E+02 84019E+02
1.507€-02 9+963E-03
1.949€-03 1.150E-03

137 POINT 14
9.185E+02 8.,028E+02
1l.624E-02 1.036E-02
2.896E-03 1.687E-03

138 POINT 14
9.330E+02 8.08lE+02
2.1986-02 1.318€-02
8.423c—-03 4.866E-03

NODAL

le 244E+03 84512402 1.127€+03
3.144E-03-3.425E-03 1.208E-03
2.602E~18~8.568E~04-2.358E-04

1.180E+03 7.570E+02 1.108E+03
2¢G826-03~4.504E-03 1.714E-03
3. 469E-18-1.338E-03-2.200E-04

9.950E+02 5.334E+02 9.853E+¢02
2.514E-03-8.423E-03 2.411£~03
1. 446E-18-4.,232E-03 3.529€E~05

POINT DATA

YVALUES
E MAXIMUM

1.900E+03
2+351E-02
1.233E-02

1.846E¢03
2.300E-02
1.193E-02

1. 609E+03
2,476E~02
l.,414€-02

1. 755E+03
l.165€E~02
1,093€~-03

1.,676£+03
1.173E-02
1.558€E-03

1.466E+03
1.355%E-02
4.196E-03

PHYSICAL COMFF ONENTS
1 2 3 4 5

1.895€6+03 1.213E+403 9.,962E+02 5.,202E+00-1.085E+01
2¢323E~02-3.38B4E-03-9.474E-03 3.674E-04-7.333E~-04
1e212E-02-4.586E-03-7,530E-03 2.162E-04-4.182E-04

1.842E+03 1.131€+03 9,624E+02 1,487E+01-4,878E+01
24,2756~02-4,134E~03-8 ,680E-03 8.520E-04-3.218€-03
1.174E—02-4.820E~03-6+.922E-03 4.199E-04-1.801E~03

1. 604E+03 B.O077E+02 7.748BE+02 5.354E+01-3.476E+01
2.444E-02~8.293E-03-8.101E-03 4,288E~-03-2,688E-03
1.3896-02-7.282E-03-6.611E~03 2.733£~-03~1.678E-03

1. 743E+403 8.512E+02 1.139E+03-1,018E+00 1.,166E+00
14 145E-02-3,425E-03 1.402E-03-2.680E-05 2.791E-05
1.064€-03~8.568E-04~2.074E~04 2.768E-06=5,948E-00

1.665E+403 7.,717€+402 1.104E+03 5.268E-01-7.064€+01L
1.153E-02-4.252E-03 1.662E-03 1. 415E-05-2. 465E-03
10514E-03-1.299E-03-2.149E-04~1., 155E-06—4. 124E-0 4

1.458E+03 5.336E+02 9.934£+02 1.240€E+01 5.770E+00
1.3326-02-8,417E-03 2.,643E-03 b6.786E~04 2.499E-04
40076E—03~4,228E~03 1.524E~04 3.185E-04 8.226E-05

6+.648E£+01
6.101E-03
4.170E-03

6.1 77E+0L
5.566E-03
34771€-03

442006E+01
4.951E-03
3.729E-03

8+390E+01
2+4822E-03
3.841E-04

7.820E+01
2827E-03
5+550E-04

6.208E+01
3.180€&-03
1.376E-03

L8
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3.44000E-02
297 474E-02
2.48463E-02
3.,01883€-02
3.53227E-02
3.06076E-02
2.48440E-02
3.10810E-02
3.62122E-02
3.16609E-02
2.49076E-02
3.23212€-02
3.71078E-02
2.69000E~-02
2.24331€-02
3.56056E-02
2.31265E-02
2432924E-02
3.73620E-02
2.08000E-02
2466 000E-02
1.92624€-02
3.58695E-02
2.13041€-02
2.76344E-02
1.97897E-02
3.67407E-02
2.17305€E-02
2+83245E-02
2.03098E-02
3.76149E-02
2.20859E~02
2.89178E~-02

«17266
«14988
+12609
«15179
«17694
215377
«12631
«15599
«18140
«15865
«12692
«lb6l66
«18539
13777
«11649
«17835
«14429
«12086
«l8716
«11048
«13889
«10350
«17966
.11326

INCREMENTA AL

=~3+84445E~03
-4 .65917£-03
~5.445836~-03
=5.04746E-03
-~4.,69520E-03
~5.37058E-03
-6.55817£-03
—5475891£-03
=5.50744£-03
-6425137€-03
-8.023496-03
~-6.91403E-03
-6.31491£-03
—~4478690E-04
-3 ,48106E-04
~4.44692€-03
-1.923236-03
-1.,96614E-03
~6.08943E-03
5.79453E-03
3.84453g-03
5+43404E-03
-3.40153E-03
5.04477€-03
2467211603
5.03163E-03
—4.22737E-03
4041153E-03
2.02010E-03
4.63480€-03
-5.05027E~03
3.93203e-03
1.74338€-03

TOTAL

—=1.87796£-02
—2443001£-02
-2 .91346E-02
—2.61512E-02
-2.32028£-02
~2.78047E~02
-3.49491€-02
~2.97942E-02
-2.72626E-02
-3.22028E-02
-4,20893€E-02
-3.53566E-02
~3.12985E~-02
-6439654E-03
~8437824£-03
-2.19569€-02
—=l.4l614E-02
-1.69680€~02
=3.01671€~-02

1.82880E-02

1 .32664E~02

L.61045E~-02
-1.67193E~02
L.47067E-02

-1.70838E-03
1.60481E-04
1.,39324€-03
1.49702E-04

~1.72918E~-03
1.38537€-04
1.43629€-03
1.29250E-04

-1.75396€E~-03
Lle23975E-04
1.,48941E-03
1.23157€-04

~1.80483E-03

-1.90800E-03

=2+85946E-03

~6+84079€-05

-1.87031E-03

-2.62183E-03

~1.45343E-04

—%.45045E-04

-9.48213E-04
0.

~2+54452E-03

~4.38051E-04
~9.71589E-04
0'

-2.28359€-03

-4,11818E~-04

-1.04891E-03
0'

—2+36764E-03

~3+78194E-04

-1.59661£-03

DIrIse

~7.50556E-03
1.13971E-03
7.31391E-03
l.11168E-03
—-7.71118E-03
1.05217E-03
7.50681E~-03
9.95660E-04
-7.99083£-03
9.57284E-04
7.73703E£-03
9.12882E~04
-8.26373E-03
~8420042E-03
-1.16733E~02
~4.31179E-04
-8+13926E-03
-1.06343E-02
-1.17618E-03
-2.06142E-03
-6457202E-03
Oo
-7.38619E-03
~1+95990£-03

L ACEME

2.49181E-02
3.48787E-02
2.71913E-02
3.41094E~-02
2+48318E-02
3.57668E-02
2.75127€E-02
3.54355E-02
2+48592E-02
3.66599E-02
2+81L060E-02
3.67656E-02
2¢19000E-02
3.47000€E~02
2.74250€-02
2.28688E-02
3.64818E-02
2.88279E-02
1.90000E-02
2430000€-02
3.55000E-02
2.31700E~02
1.95127E~02
24328326-02
3.63050E-02
2434530€-02
2.006456-02
2435668€E-02
3.71771€E-02
2.36711€-02
2.05389€-02
2¢37163E-02
3.,80528€E-02

«12646
«17471
«13725
«17050
«12615
«17916
«13922
«17638
«12656
«18364
«14221
18242
«11439
«17409
«14078
«11865
«18275
14790
«10239
.12131
«l7750
«12312
«10462
L2416

DISPLACEMENTS

~5.11577E~-03
~4.,28712€-03
-5.15841€-03
~5+78142E-03
-5.97546E-03
~5.101926-03
~6.13386£-03
-6.23278E-03
~T.29225e-03
-5.91184€-03
-7.46447E-03
—-6.82622E-03
5.72726E~04
-3.59107E-03
-l.13486E-03
-1.16137E-03
~5.26952E-03
-2.92007E-03
5.63795e-03
5.54973E-03
-3.06957€-03
5.02136E-03
5+23899E-03
4.57548€E-03
-3.81514E-03
4.11468E-03
4+83926E-03
3.72249€-03
-4.,63887€E~03
3.28479E-03
4,44272E-03
2.93273E-03
~5.46029E-03

—2+71781E-02
=2+11630E-02
-2.74582E-02
—=2.86501E-02
-3.19483E-02
-2.52357E-02
-3.24018E-02
-3.12467E-02
~3.85531E-02
—=2+92839E-02
-3.89147E-02
=3.45660E-02
-3.25276E~03
~1.75269€E-02
=~1+00995E-02
~1.28004E-02
=2+60688E~02
—=1490596E-02

1.73186E-02

1.91137E-02
~1.455196£-02

1.62994E-02

1l.48543E-02

1.38657E-02

1.37692E-03
—=1.72093E-03
1.05513€£-03
-8.,21907E-04
1. 40885E-03
-1.73846E-03
1.06715E-03
~8.730656-04
1.45902E-03
—1le 77514E-03
1.10602E-03
-9.,26723E-04
—2.84591E-03
-1.25576E~-05
—1.84979E-~03
~2.82725€E-03
=1.74271E~04
—-2.04932E-03
0.
~5+97421E-04
=-2.66007€-03
-6.01371E-04
o'
=6026231E~04
-2.43087E~03
=646 490E-04
0.
=6 +79249E-04
-2.15607E-03
-6.91572E~04
o'
~6.90838E~-04
~2.80545E~-03

7.24251E-03
=7.59895£-03
5.40708E-03
-3.57736E-03
7+ 38906E-03
=7.84473E-03
5.45836E-03
-3.83589€-03
7.59783E~03
~8,10784E-03
5.58473E-03
-4.13189€E-03
=1 15963E-02
~4.21321E-04
-8.05654E€-03
~1.14993£-02
-9.6264LE-04
-8.84859€-03
OQ
=3+33615E-03
-~7.88083€E-03
=3,45136E-03
Q.
-3.62840r-03

9
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43388 TxIZLAGE DY

=11326

«la389

«1L0585

«18403 ~2 408474E-02 —6.67225£-03
11572 1.14002E~02 ~1.87424E-03
<14709 3.75174€~03 -7.229856-03
.10827 1.09813€-02 0.

.18842 —2.496086-02 -7.26343E-03
11781 8.56305E-03 -1.714836-03
15016 1.546076E-03 -9.12793E-03

66

70

«10709
«L2611
«18622
«12696
«10938
12757
+19061

TOTAL EQUIVALENT NODAL FORCES (OISTRIBUTED PLUS POINT LOADSH

[\ [V O
0. 0. C.
O Oe a.
O O Q.
0. O O
0. Q0. O
C. O O,
O Q. Q.
O 0. 0.
O [V 0.
0. 0. Q.
O 0. Q.
0. Q. 0.
Q. O. 0.
0. Q. 0.
0. Je 0.
0. Q. Q.
0, 0. 0.
0, 0. 0.
0. O. 0,
0. 0. 0.
0. C. Q.
0. O 0.
0. Oe 0.
O O O
Ce 0. 0.
0. 0. 0.
O 0. O
O O Q.
O. O 0,
o 0. Ue
0« Q. 0.
0. 0. O

REACTION FORCES AT FIXED BOUNDARY CONDITIONS,

359.93 61.408 3.7426
«37374 -+36387 -+ 49198
~-5.22505E-09 5.38421E-10 -4,77485E-12
=-2.1764 263457 2.1563
177.64 290.64 7.0923
«02456 ~+69524 -.47130
2.79397E-09 -4.00178E~-11 1.175526-10
~2.3067 1.0Ll69 2.133y

2Z Y. lb 254.96 7.131o

O.
O.
Qe
0.
C.
0.
O.
O«
0.
0.
[V
O.
0.
O.
O.
Q.
O«
O.
O.
Q.
0.
Ce
O
Ce
0.
O.
0.
O
Ce
0’
Oc
0.
C.

L. 16186E~02
1.23102£—-0¢
9.68770&~-03
—2429043E~-Q2
7.55583€-03
9.71387&-03
5.76200€-03
~2.70103E-02

-3.83922€-03
-6.46312E~-03
=3.91992E-03
O.
~3.99545€E-03
-8.80950E~03

RESIDUAL LOAD CORRECTION ELSEWHERE

6

3
10
12
14
Lo
L3
20
22

1.67620E~09
323.59
4.82260E-10
2.1414
4+123826-09
711.89
~1426624E-09
2.4010
340 3623E-09

~8+62997E-10
~1456.7
1.92813E-09
-2+3453
1.19223€E-09
-1999.1
4.91127E-11
-3.1375
62391310

24.40107E~-10
-3.3583
7.09406E-11
~-2.5129
~Le23691E~-10
-3.0836
-4436557€~11
-2 .4629
6.54830E-11

¢ ¢ © ¢
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292
234
296
298
300
302
304
306
303
310
312
314
316
318
320
322
324
326
328

292
294
296
298
300
302
304
300
308

hat AR
22916
«30405
4,38945E~10
~+42741
95.788
-29,399
1a44291E-09
404 .48
1.9883
7.70001E-10
-815.30
-92,634
-182.83
-5,04185E-10
1802.6
—-3.71340E~-10
15.438
1.70320E-09
190l.2
—-5.94810E-10
11.300
2.76395E~09
1541, 2
2472848E-11
-1.6493

3.55000£-02
2.09262£-02
1l.40255E-02
2.09811E-02
3.63050E-02
2.1147SE-02
1.,42817E-02
2.12559€-02
3.71771E-02
2413747602
1.45063E-02
2+14475E-02
3.80528€E-02
2.60000E-02
2.07143E-02
3.56056E-02
2.71681E-02
2.12355E-02
3.73620E-02

«17750
+11173
7.81082E-02
11262
«18185
«11364
7.91023E-02
e11l442
«18622

ER AR 4
254.56
—.53608
2.11912E-10
- 91781
—=370.56
=-237.61
—6473026E~-11
~766.38
—2.39b2
~1.28352E-10
-1500.8
163.28
2066 .0
1.39516E-09
=2130.2
—=1.04501E-09
=-12.658
3.96540E-10
-1947.5
1.34605E-10
=14.983
1.17871£-09
-1813.6
-8 .,54925€6~-11
-1.2973

£ ed I3ID
7.1316
-+50733
=1.28011E-10
1.0418
3.6555
=-2.0926
1.66392E-10
-32.670
-5.6373
~5.79803&-12
-12.577
-1.25056E£-10
-1.8044
460.02
9.7338
5.54792E-11
—1.9992
507.17
11.520
1.65528E-10
-+ 62487
504.21
F.4904
~5.91172E-11
-2.2762

INCREMNENTA

~3.06957E-03
8.03474E-03
1.42221£-02
7.62304E-03
-3.81514E-03
7.13526E-03
le37659E-02
6.72838E-03
-4 .63887€-03
6.25972E-03
1.32083E-02
5.85946E-03
=54+ 46029E-03
7.86174E-04
2.141576-03
—4.44692E-03
-8.41938E-04
3.04948£-04
~6.08943E-03

TOTaAL

-1.45519E~-02
3.15892€E-02
5.,78831E~02
2.91561E-02

-1.87868E-02
2.68218E-02
5.52714E-02
2.48379€-02

-2.29043E-02

-7.14691E-04
-1.99561E-05
9.85077E-03
-2+52531E-05
-1.08168E-03
~4.45758E-05
9.87391E-03
-5.28046E-05
-1.47871E-03
-7.03605E-05
9.86088E-03
-1.00431E-04
-7.84873E-04
2.21357E-03
7+ 74030E-03
-3.59310£E-03
2+.07251E-03
7.64843E-03
~3.64789E-03

DI SP

-9.80897E-03
1.95100E-03
4.54165E-02
1.97829€-03

-1.11800E-02
1.91149€-03
4.54979€-02
1.89833E-03

-1.23949€E-0

R “

e
22
24
26
28
30
32
34
36
38

42
44
46
48
50
52
54
56
58
60
62
64
66

70

CeVIVY
3.03623E-09
475.50
8.29004E-10
«31912
93,232
1605.4
1.8640
=2.06705E-09
274.76
«50954
50.724
-237.26
856.86
3.2579
6.44832E-10
-6.2608
1003.4
3.2171
1.51113E£-09
~4.5993
1136.1
1.9001
=7.23048E-10
-+79583
759.78

L 0I SPLACEMENT

293
295
297
299
301
303
305
307
309
311
313
315
317
319
321
323
325
327

1.39446E-02
3.58695E-02
1.77863E-02
2.62676E-02
1.41413E-02
3.67407E-02
1.80946E-02
2.T1298E-Q2
1.43940E-02
3.76149E-02
1.83798E-02
2.79511€-02
2,.,05000E-02
3.47000E-02
2.64821E-02
2.09632E-02
3.04818E-02
2.78677E-02

LACEMENTS

293
295
297
299
301
303
305
307
309

S

T.79679E-02
«17966
9.55503E-02
«13716
7.85448E-02
«18403
9.73777€-02
«14119
7.96408E-02

LR

ETE X
6.23913E-10
-1104.8

-7+55563E-10
-« 79250

353.37
1094.2
-2.0790

-1.10958€-10
-879.03
~+99176

94.222
—90.363
-590.19
~2.2929

-7.33507E-10

4.4380
-800.17
—-3.0511
1.25328E-09

5.4971
—739.48
-3.3214
4.46562E~10

77378
-589.09

1.44053€E-02
=3+40153E~03
1.02787£~-02
4.56422E-03
1.40075E~02
—-4422737E-03
9.63114E-03
3.96840E-03
1.34949E-02
-5.05027E~03
9.08004E-03
3.70947E-03
3.02185E-03
—3.59107E-03
3.81221E-05
1.23813E-03
—5426952E~-03
-1+93194E-03

5.88519E-02
—1e67193E-02
4.06947E-02
1.607656-02
5.66457E-02
-2.08474E-02
3.73378E-02
1e27393E-02
5437369E-02

v

ey

6.54836E-11
-3.5463
—1.00044E-10
-1l.1954
9.86233E~12
~12.449
-5.2724
4.54747E-11
-36.279
-2.0410
324,45
25090
9.5968
-1.0728
492.61
4,.,3983
23.468
—+37994
475.77
3.4982
24.214
3.12257E-02
231.25
1.6163
7.7607

9.83578E-03
-8.96824E-04
4. 01406€E~-03
-1.46156E-03
9.87452E-03
~1.28811E-03
3.95620E-03
-1.47395E-03
9.87483E-03
—1.23244E-03
3.82857€~03
-1.01898E-03
T.70570€E-03
~3.61496E-03
2+ 10558E-03
7.77029€-03
-3.54653€-03
2.21322E-03

4.54771E-02
-1.05487€-02
1.98504E£-02
-4,84009€-03
4.54913E~02
-1,183026-02
1.95731E-02
-4, 77107€~-03
44 55346E-02

T TP Y L



%

306
308
310
312
314
316
318
320
322
324
326
328

292
294
296
298
300
302
304
306

310
312
314
316
318
320
322
324
326
328

292
294
296
298
300
302
304
306
308
310
312
314
316
318
320
322
324
326
328

e A G

«1l1442
«18622
«11527
8.02044E-02
«11590
«19061
«13387
«10804
«17835
«14010
«11087
«187%16

2.483796-02
-2.29043€-02
2426004602
5421528E-02
2.06516E~02
-2.70103E-02
-~9.43111E-04
4.18543E~03
-2.19569€-02
-8.89623E-03
~5,20771E-03
~3.01671E-02

1.89833€-03
=1e¢23949€E-02
1.83358€-03
4.54524E-02
L.82137E-03
~1.04416E-02
L. 04565E-02
3.59256E-02
-1l.61728E-02
9.90260E-03
3.56092€E-02
-1.65690E-02

o

307
309
311
313
315
317
319
321
323
325
327

e e e e -

«14119
1496408E~-02
«18842
9.90437E-02
«14487
«10729
«17409
«13668
«10935
18275
14372

TOTAL EQUIVALENT NODAL FORCES (DISTRIBUTED PLUS POINT LOADS)

REACTION

1148.8
2.94896
~4.53088E-09
-6.9287
1160.0
4.2184
-5.22596€E-09
-9.1916
1333.5
1.6939
—-2+89945€6-09
-2.9462
785.62
-182.90
1.29239E-09
337.15
«38953
-1.16989E-09
-1075.1

FORCES AT FIXED BOUNDARY CONDITIONS»

-633.92
-2.0221
-2.29898€-09
5.7960
-934.27
-4,9610
1.11140E-09
10.196
-837.81
-3.8543
—-3.32420€E~-10
1.1341
-152.65
~168.61
~7+59428E-10
~826.39
-1.3266
4.54747E-12
-1769.5

0.
0.
0‘
0'
0.
O.
0.
o.
0.
0.

-2.3975
«53409
~7.23048E~-10Q
= +40740
-8.8171
-1l.4420
-2.13277€E~-10
3.5759
-7.8705
4.8175
-1.78261E-10
-3.39698E-02
=1.5946
«91574
-9.32232E-11
17.844
3.4495
1.04720E~10
5.1963

293
295
297
299
301
303
305
307
309
311
313
315
317
319
321
323
325
327

PRy

1.27393€E~02
5+37369E-02
~2449608E-02
3.42673€E-02
L.09836E-02
8479870E~03
-1.75269€E-02
~4.68463E-03
~5.87272E-04
~2.60688E~-02
-1le41371E-02

ey
~4%44,77107€~03
44 55346E-02
-1 .17714E-02
le 90 842E-02
~3.,17027E-03
3.57441E-02
~le 58463E-02
1.00391e~-02
3. 60679E~02
-1.61430E-02
1.04344E~02

RESIDUAL LOAD CORRECTION ELSEWHERE

293
295
297
299
301
303
305
307
309
311
313
315
317
319
321
323
325
327

5.78530E-09
2050,.5
=1.22600QE-09
13.516
1.25465€~-09
2189.0
—2.85354E-09
5.3538
2.93551E-09
1633.3
4.22517€-10
-19.707
197.33
1920.8
77754
9.86802E-11
224437
~2+33314E-02

3.90719&-09
—-2416.4
1L.81535€-09
-11.425
2.69711€-09
-2224.8
-9.80435E-10
~12.775
2.38424E-09
-2073.0
1.03910E-10
18.812
190.75
1435.3
-.78178
2.55568E~-10
-944.41
~6.28086E-02

7. 48287€~-10
_5.6298
-1.81899€~10
—-1.1347
2.46473E-10
-9.1251
-1.32786E-10
-9.2662
2.14982E-10
-18.326
3.05590e-10
12.129
8.66365€E-11
4.4738
2.9949
—-2.13731E-10
21.703
« 97860

@ 6 o o o & ¢ o o o O © ¢ O © O ¢ ¢ o o O



FI

4487

447

447

447

480

480

480

480

I NCREMENTA AL

1.80000€e-02 3.01822E-02 0.

DISPLACEMENTS

TAOVT AL 0l SPLACEMENTS

9.830000E-02 «15162 O

TOTAL EQUIVALENT NODAL FORCES (DISTRIBUTED PLUS POINT LODADS)

(¢ Q. 0.

REACTION FORCES AT FIXED BOUNDARY CONDITIONSs RESIDUAL LOAD CORRECTION ELSENWHERE

-5.3760 11.525 ~116.02

INCREMENTAL

1.e92475€6-02 3.11148E-02 Q.

DISFLACEMENTS

TOTAL DI SPLACEMENTS

«10551 «15696 0.

TOTAL EQUIVALENY NODAL FORCES (DISTRIBUTED PLUS POINT LOADS)

0. 0. 0.

REACTION FORCES AT FIXED BOUNDARY CONDITIONSy RESIDUAL LOAD CORRECTION ELSEWHERE

~1.03668E-11 =-9.87392E~10 <-116.17

I NCREMENTAL

DISPLACEMENTS

L

o

S

® O O ¢ & 95 9 9



o

774

726
728
730
732
734
736
738
740
742
744
746
748
750
752
754
756
758
760
762
764
766
768
770
72
774

6.,81318E-03
0.
Ol

2.48589E-02
0.
0.

TOTAL EQUIVALENT

I N C R EMENT A L

3.01940E-02
3.01940&-02
3.01940E-02
3.01940E-02
2.98833E-02
3.00959E-02
2492839&-02
2.97403E-02
2499126602
2.82595€-02
2.96666E-02
2.75133€E-02
2.89850E-02
2.,94895€-02
2.98063E-02
2.87028€E-02
2..97117€-02
2+75932E-02
2.88594E-02
2+93629E-02
3.01940€E-02
2.95838E-02
2+95537E-02
2.81690E-02
2.67956E~02

~8.83580E-03
~8414494E-03
—-B8.62344E-03
-9.,39588€~03
-8.14826E~03
-9.40192€E-03
-8.33487E~03
-8.31835E~03
-9.03047E-03
~8.65963E-03
~B8.69175E-03
-8.,62520E-03
-8.29069E-03
-8.74118E-03
~-9.47821E-03
~8.40443E-03
=9.52940E-03
-8,72862E-03
~8+59819E-03
=-9.22227£-03
-8.,25140€-03
-8+436793€E-03
-7.79734€-03
-8+.34783E-03
~8.559308E-03

TOTAL DI SP
«15165 ~4.613256-02
«15165 -4 ,24240E-02
«15165 ~4.57966E~02
«15165 ~5.05611E-02
«15005 -4,24342E-02
«15092 =5.05714E~02
«14724 -4.31310E-02
«14911 -4,37551€-02
«14985 ~4.82539E-02
«14327 -44,57251€-02
«14849 -4,60711€-02
«14004 ~4.54507€-02
«14538 -4.,29909E-02
«14748 -4.62870E-02
«14892 -5.09083E-02
«14392 -4.34538E-02
«14829 ~5.,11515E-02
»13890 -4.43632E-02
«14428 -4.49628E-02
«14650 -4.91141E-02
«15165 -4,78495E-02
«14929 —4479700E-02
«14831 ~4.71321E-02
«14293 -4,76883E-02
«13773 -4.81791E-02

727
7729
731
733
735
737
739
741
743
745
747
749
751
753
755
757
759
761
763
765
767
769
771
773
75

LACEMENT

127
729
731
733
735
737
739
741
743
45
747
749
751
753
755
57
759
761
763
765
767
769
71
773
775

DI S PLACEMENTS

0.
00
C.
0‘
0.

6 ,80000E-03
0.
0.
6.67527E-03
0.

2.46000€E~-02
O‘
0.
2.46326E-02
O.

NODAL FORCES (DISTRIBUTED PLUS POINT LOADS)

3.01940£-02
3401940E-02
3.01940£E-02
2.96195E-02
3.00185E-02
2.89905E-02
2.95830E-02
2.98449€~-02
3.00050E-02
2.92777€-02
2.99026E-02
2.83565E-02
2.92882E-02
2.96328E-02
2.67293E-02
2.93193E-02
2.60916E-02
2.84206E-02
2.91585€E~-02
2+96224E-02
3.01973E-02
2+93343E-02
2.90560E-02
2.87682E~02
2.52479E-02

«15165
« 15165
«15165
«14909
« 15057
«14639
«14849
«14953
«15024
«14690
+ 14956
«14275
+14663
+14813
»13660
«14650
+13368
«14250
«14557
«l4770
«15166
«14760
+14605
« 14429
«13112

~B8e30482E-03
-8.29717E-03
~9.00652E-03
-8.78334E-03
-8.62999E-03
=B.70698E-03
~8.17467E-03
~8.65480E~03
~9.41349E-03
-8.21977€-03
-9, 43919€-03
-8.36588€-03
-8.42712E-03
-9,10023€-03
~B.568989E-03
~8.79983E-03
—8.82643E-03
-8.954522E-03
—-8.86552E-03
-9.60281E-03
-7.58425€E-03
-8.45670£-03
-8.37745E-03
-7.92477€-03
-7+ 89660€-03

—4.+31330E-02
—4+3627LE-Q2
~4.81926E-02
-4.60813E-02
-4.58066E-02
-4,59458E-02
—4.25345E-02
~4.59094E£-02
~5.06109E-02
-4,27041E~-02
-5.,07282€E-02
-4.31601E-02
-4.42224E~-02
—4485664E-02
—4.48516E-02
~4.65550E€-02
—4.52329€£-02
-4.40762E-02
—4.6840LE-02
=5.15002E-02
—~%4.66399E-02
~4.80291E-02
-4, 78680E-02
—4.72550E-02
=%+ 49406E-02

e & o & o o o W
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9T

726

797
799

REACTION

423417
515.88
351.59
171 .86
-1906.9
-593.13
—-2432.5
~-1615.1
-1317.3
—2231.2
—1423.3
749.21
1012.1
722.45
345.64
=1765.6
~5664+23
-1037.8
-761.67
-618.09
207.20
—626.08
1.4904
339.68
-534.10

O

FORCES AT FIXED BOUNDARY CONDITIONS,

'380001
-87.010
-160.06
-80.585
=2 +25668€E-11
1.82308E-09
5.55929E~11
~4.48381E£-10
8.64929€E-10
2.54732E-02
1.31593E-09
«13785
-1.17222€-09
~4.11819E-09
~1.89493E-09
2+42204E-09
2.59007€E-09
1.06237€-10
6.73750£-10
3.90393€E~-10
18.571
«17872
-6.13027E-02
-+81125
1.4354

I NCREMENTA AL

-«26011
-2.41016E-11
=-5.10738€E-11

2.09784E-10
1.40972E~10
-1.99819€-10
=-1.34150E-11
-4.07283E~-11
2.89901E-12

-84070

6.77574E-11

« 89982
1.53705E-10
6.,90648E~11
=7.32996E-11
6.36646E-12
4,02487E-10
4.06999E-11
-1,00613E-11
1.07264E-10

2.8619

~4.7739

-3,4217

5.7090
~4.5815

3.01940£-02 ~-8.,90629E~03
2.76487E-02 ~8+464573E~03

727
729
731
733
735
737
739
741
743
745
747
749
751
753
755
757
759
761
763
765
767
769
771
773
775

727
729
731
733
735
737
739
741
743
745
747
749
751
73
755
757
759
761
763
765
767
769
771
773
775

D ISP LA

798
800

-1264.4
-87L.64
~721.10
-2279.6
~14464+5
822.37
1051.5
728.14
354.19
~1887.0
-582.41
-2289.3
-1561.8
-1279.3
-1950.7
-1387.2
422.6%
482.34
357.74
172.76
=52.522
428,44
-612.27
1.6379
191.13

-11.672
150.60
203.37

~5+59301E-02
-2+98030E-10
=5.39407€-02
-7.99105€E-10
=5.47971E-11
—8.97444E~-10
3.51065E-10
~4.86011E-10
1.50408E-10
3.34921E~-10
7.99446E-10
~+60521
1.04342E-09
22253
~7.83956E-10
=3.73674E-10
=6 .,75429£~10
14.293
» 14749

—e26638

-+24318

-2.2109

CEMENTS

0.
G

2+91114E-02
2.46212E-02

RESIDUAL LOAD CORRECTION ELSEWHERE

-3.00417E-11
5.56213E-11
-3,75806E~-11
=7.20122E-02
=1.19371E-10
« 91975
1. 69393E-10
-~2434422E-10
1,30427E-10
—3.81988E-11
2.93269€E-10
-2.13731E-11
=1.69308E-10
~9.76286E-11
~+ 41697
6.32099E-11
«29252
3.86535E-11
l.66665E—10
-9.11626E-11
-+89135
5.8089
-4.8874
=2.6566
2.6713

/
-8.67010E~03
=8.47233£-03



TOT AL DI SPLACEMNENTS

797 0. «15165 -4.78974E-02 798 0. «14703

799 0. «l4123 ~4.72013-02 800 O. «12973

TOTAL EQUIVALENT NODAL FORCES (DISTRIBUTED PLUS POUOINT LOADS)

797 0. 0. 0. 798 0. 0.
799 0. 0. 0. 800 O. 0.

-4.75346€E-02
~4.52960£-02

0.
0.

REACTION FORCES AT FIXED BOUNDARY CONDITIONS, RESIDUAL LOAD CORRECTION ELSEWHERE

797 -770.23 -36.944 «25054 798 -1461.2 -1.861706-02
799 -1376.5 =5.51618E-03 -1.0941 800 =550.61 -+ 42906

=l REACTION FORCE OVER LIGAMENT =-29820.673 N
!

3 END OF INCREMENT 5
TINE = 4811.60

RESTART DATA AT INCREMENT 5. 0 ON TAPE 8

PLOT TYPE 1 -~ PERSPECTIVE 3-D PLOT

VIEA-POINT COORDINATES 0.000 1000.000
DIRECTION PLOTTED ALONG HORIZONTAL AXIS 0,000 0,000
NUMBER OF ELEMENT SECTIONS 1

A LIST OF ELEMENTS GIVEN BELOW
70 79 88 97 106 115 122 125 128 131 134 137
FRAME SIZE 10,000 10.000

CGNTOUR PLOT OF VARIABLE L1 RANGE TYPE 2 NO.LEVELS 5 ON SLICE(3-D ONLY

CONTOURS wILL B8& PLOTTED ON DEFQORMED MESH

FIRST CONTOUR LABELLED 1 INCREMENT FOR LABELLING
CONTOUR LEVELS RANGE FROM 0. T0 .800€E+03
1 SETS OF SLICES TO FOLLOW

SLICE
A LIST OF ELEMENTS GIVEN BELOW
70 79 88 97 106 115 122 125 128 131 134 137
X-DIR. STRESS/MID-WALL/.2514DEG

PLOT SIZE (INCHES) 10.00 10.00

4

-1.1269
~+40307

0.000
0,000



APPENDIX F

Stress Contour Plots

Figures F.1 to F.15 show the development of the stresses perpendicular to the
crack plane, which roughly correspond to the tube circumferential direction in the
curved specimen. The values of displacements and rotations are analytical values

and apply to one half of the grips only.

Figures F.1 to F.5 show the development of stresses near the crack tip for 2a/W

= 0.5 as displacement increases.

Figures F.6 to F.15 show near tip and surrounding stress contours for the range of
2a/W values analysed at a constant half grip rotation of 0.3015°, corresponding to a

displacement increase on the half specimen inside surface of 0.30 mm.
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Contour Stress (MPa)

5 0
6 200 1

FIGURE F.1

MID-THICKNESS X-DIRECTION (TUBE CIRCUMFERENTIAL)
STRESS CONTOURS AFTER 1ST LOAD INCREMENT
FOR 2a/W = 0.5 (FULL MESH SHOWN)
DISPLACEMTNET = .05mm
MOTION = .0505°

F-z 172569 RD
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FIGURE F.2

MID-THICKNESS X-DIRECTION (TUBE CIRCUMFERENTIAL)
STRESS CONTOURS AFTER 1ST LOAD INCREMENT
FOR 2a/W = 0.5
(CRACK TIP ELEMENTS ONLY)
DISPLACEMENT = .05mm

MOTION .0505°
-3 172568 RD
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FIGURE F.3

MID-THICKNESS X-DIRECTION (TUBE CIRCUMFERENTIAL)
STRESS CONTOURS AFTER 3RD LOAD INCREMENT
FOR 2a/W = 0.5
ELEMENTS SURROUNDING CRACK TIP ELEMENTS ALSO SHOWN
DISPLACEMENT = .15mm
MOTION .1510°

Hot
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FIGURE F.4

MID-THICKNESS X-DIRECTION (TUBE CIRCUMFERENTIAL)
STRESS CONTOURS AFTER 5TH LOAD INCREMENT
FOR 2a/W = 0.5
(TWO ELEMENT ROWS NEAREST CRACK TIP SHOWN)
DISPLACEMENT = .25mm
MOTION = .2514°

172566 RD
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FIGURE F.5
MID-THICKNESS X-DIRECTION (TUBE CIRCUMFERENTIAL)
STRESS CONTOURS AFTER 7TH LOAD INCREMENT
FOR 2a/W = 0.5
(TWO ELEMENT ROWS NEAREST CRACK TIP SHOWN)
DISPLACEMENT = .35mm
MOTION .3517°

i
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FIGURE F.6

MID-THICKNESS X-DIRECTION (TUBE CIRCUMFERENTIAL)
STRESS CONTOURS AFTER 6TH LOAD INCREMENT
FOR 2a/W = 0.2 (HALF OF MESH SHOWN)
DISPLACEMENT = 0.3mm

MOTION = .3015°

- 172564 RD
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FIGURE F.7

ENLARGEMENT OF TWO ROWS OF ELEMENTS
NEAREST THE CRACK TIP FROM
FIGURE F.6 FOR LOAD INCREMENT
6 AT 2a/W = 0.2

172563 RD
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FIGURE F.8

MID-THICKNESS X-DIRECTION (TUBE CIRCUMFERENTIAL)
STRESS CONTOURS AFTER 6TH LOAD INCREMENT
FOR 2a/W = 0.4 (HALF OF MESH SHOWN)

DISPLACEMENT = 0.3mm
MOTION = 0.3015°
F-9

172562 RD
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FIGURE F.9

ENLARGEMENT OF TWO ROWS OF ELEMENTS
NEAREST THE CRACK TIP FROM
FIGURE F.8, FOR 2a/W = 0.4

¥F-10 172560 RD



FIGURE F.10

MID-THICKNESS X-DIRECTION (TUBE CIRCUMFERENTIAL)
STRESS CONTOURS AFTER 6TH LOAD INCREMENT
FOR 2a/W = 0.5 (HALF OF MESH SHOWN)
DISPLACEMENT = 0.3mm
MOTION 0.3015°

172561 RD
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FIGURE F. 11

ENLARGEMENT OF TWO ROWS OF ELEMENTS
NEAREST THE WORK TIP FROM
FIGURE F.10, FOR 2a/W = 0.5

172559 RD
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FIGURE F12

MID-THICKNESS X-DIRECTION (TUBE CIRCUMFERENTIAL)
STRESS CONTOURS AFTER 6TH LOAD INCREMENT
FOR 2a/W = 0.6 (HALF OF MESH SHOWN)
DISPLACEMENT = 0.3mm
MOTION 0.3015°

F-13 172558 RD
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FIGURE F.13

ENLARGEMENT OF TWO ROWS OF ELEMENTS NEAREST
THE CRACK TIP FROM FIGURE F.12 FOR 2a/W = 0.6
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FIGURE F.14

MID-THICKNESS X-DIRECTION (TUBE CIRCUMFERENTIAL)
STRESS CONTOURS AFTER LOAD INCREMENT 6
FOR 2a/W = 0.8. (HALF OF MESH SHOWN)

DISPLACEMENT = 0.3mm
ROTATION = 0.3015°
F-15

172556 RD
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FIGURE F.15

ENLARGEMENT OF TWO ROWS OF ELEMENTS NEAREST
THE CRACK TIP FROM FIGURE F.14
FOR 2a/W = 0.8

F-16 172555 RD



