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Abstract

Damage tolerance requirements, which are consi-
dered in aeronautical military specifications and
in spacecraft design criteria, are now entering al -
so in civil regulations.

Adequate methodologies are to be employed to
fulfill such requirements. They interest the loa-
ding condition analysis, the dynamic responce of
the structure, the defect detection by means of NDI
methods, the material qualification as concern re-
sidual strength and crack propagation in ductile
metal behaviour and a comprehensive safety philoso
phy.

With, "the aim of contributing to the knowledges
in such fields a joint research effort is carried
out in Italy by Universities and Industries under
the sponsorship of National Research Council.

Among the objectives of this research, this pa—
per summarizes some results obtained on: 3-dimen~
sional stress intensity factor; models for ductile
fracture; crack propagation in riveted structure;
crack growth computation; minimum weight design.

A focusing on NDI method with their capability
evaluation and a description of fracture mechanics
application in an industrial spacecraft design are
also reported.

1. Foreword

The development of damage tolerant structure
technology to ensure safety of aerospace structure
promoted important research activities in frac-
ture mechanics and in other concerned areas as the
NDI methods.

The need of ensuring in Italy an adequated tech
nological level in such a field suggested to the
italian "National Research Council®™ (C.N.R.) to
support a research program, coordlnated between U-
niversity and Industry.

Beside this program the development of industrial
activities, particularly international programs such
as the SPACELAB, created other sources of knowledges
and needs of applications in this area.

The scope of this paper is a presentation of re-
search and development activities performed in Ita-
ly and their setting in the present state of art.

2, Safety and structural damage

The safety of modern aircraft structures larger—
ly depends on their capability to operate in the
presence of damage without suffering catastrophic
failures for a specified operational time. The
structural damage may stem directly from the manu—
facturing processes or may arise during aircraft
operations due to such causes as fatigue, corrosion
and accidental damaging events.

The damage can grow under service loading and
environment and reach dimensions which are felt
dangerocus, as the residual static strength decreases

to such an extent that a catastrophic failure results

reasonably probable.

Therefore if safety must be guaranteed, the struc

ture must be designed in such a manner that, should
damage occur, the structure would retain adequate

strength until the damage is detected in a schedu-
led inspection.

At first the design against structural damage
was a chdllenge only for the designers of commer-
cial transport. airplanes. In fact airworthiness
standards for this cathegory of aircraft were
demanding the consideration of in-flight damage in
the early sixties.

The basic point of view of this airworthiness
philosophy was, untill recently, the identification
of structural damage with fatigue cracks. Therefore
the safety requirement was that any critical part
of the airplane structure had either adequate fati-
gue strength (capablllty to withstand the repeated
loads expected in service without crack occurrences)
or adequate "fail-safe" strength (capability to
withstand specified loads (°) after a fatigue fai-
lure of a single principal structural element).

These rules were the reference frame for the de-
sign of all existing commercial transport airplanes.

The manifactures of such airplanes have success—
fully dealt with the problem of the "fail-safe"
structures through design practise based on the mul
tiple load paths, crack stopping ability and slow
crack growth. The existing structural criteria ne-
vertheless do not exhaust all the important damage
conditions and may conduct to unsafe design if not
applied with great ingenuity. Service experience
has in fact indicated that fatigue cracks may deve~
lop despite exhaustive analysis and testing; corro-
sion may weaken the structure and accidental damage
may occur. Recognizing that the existing rules can
conduct to an unsafe design, an action has been
undertaken by FAA to amend and update existing fa-
tigue and fail safe requirements. The new approach
is based on the idea to utilize, where practical,
structural design based on damage tolerant and to
utilize the more conventional fatigue (safe-life)
design only for that particular structures which
are impractical for a damage tolerance design. The
damage tolerance criteria which will guide the de-
sign of new generations of transport airplanes can
be summarized in the statement that "the strength,
detail design, and fabrication of the airframe
structure must be such as to avoid catastrophic
failure due to fatigue, corrosion, or accidental
damage throughout its operational life'".

In the field of military aircraft the conventio-
nal safe-life concept was considered until recent
time as the best approach for achieving structural
safety and durability. The goal of this approach
lies in designing a fatigue crack free structure
for its service life. To reach such a goal it is
felt adequate to use full-scale-fatigue results
and a scatter factor to guarantee the structural
safety of all the fleet. Service experience has
nevertheless indicated that in several cases this
approach did not assure the required safety. In
particular an initial flaw in a critical area could
cause early operational failures even though the
test article demonstrated the required durability
throughout in fatigue testing.

In other words the assumption, typical of the
safe life design of an initially unflawed structure

(°) Such loads are a given percentage of the limit

load.
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may lead to an unsafe design for those airplanes of
the fleet which contain flaws larger than the ones
of the test article.

The realization of this state of thing promoted
a significant review of the philosophy for achiev-
ing structural safety in military aircraft. A lead
ing action in this area came from the U.S.Air Force
since the 1969-70 time period. This action is now
reflected in a specification issued in 1974, (MIL~
A-83444) which establishes the new requirements for
the safety of flight structures.

In the current Air Force approach the safe—llfe
design has been abandoned. Instead structural safe-
ty is obtained by requiring damage-tolerant structu
res. Damage tolerance is intended as the capability
of the structure to accomodate flaws, induced either
in manufacturing or in service, through a slowcrack
growth or a fail-safe behaviour. Fail-safety is
there intended as the capability of the structure
to operate with a primary structural element failed
for a specified period of time. Such a capability
can be obtained either with multiple load paths or
with crack arrest ability. Slow crack growth is the
capability to operate with flaws or cracks which
grow due to load/enviromment spectta without attai-
ning critical dimensions in a specified period of
time. Damage tolerance must be guaranteed in all the
critical structural areas; such areas must be care-
fully identified by an appropriate selection logic.

Another field where damage-~tolerance concepts are
playing an important role is the design of new gen-—
eration multimission aerospace vehicles.

Here material, structural configuration, and ma-
nufacturing are typical, and past experience cannot
be easily transferred in the design of such compo-
nents where welding of high strength light alloys
(like 2219) is the current trend.

Damage tolerance design of aerospace vehicle is
currently considered in NASA SP-8057 a document
issued to assist in the preparation of structural
requirements and specifications for Space Shuttle.
This document can also be considered a reference
frame for structural d-sign for the Space-Lab, a
fundamental payload of the Space Shuttle.

Two approaches are considered, namely safe crack
growth life (safe-~life) and fail-safe.

The first approach is conceptually equivalent to
the slow crack growth approach of aircraft design
and the second is coincident with the equal name
concept of the aircraft design.

Damage tolerance requirements has prompted sub-
stantial innovations in the design procedures,
through the the introduction and/or the riconside-
ration of disciplines im the design offices and
test facilities.

In fact demage tolerant design procedures depend
© heavily on fracture mechanics for predictions of
crack propagation rate and fracture strength and on
NDI methodologies to assess allowable initial flaw
dimensions.

Research and development in these areas have
been steadly increasing in the recent period and
currently a body of knowledge is available to face
the main design problems with some confidence.
However the soundness of a damage-tolerant design
at present must be assessed against a body of data
to be collected through complex and costly test
programs.. In particular tests must be conducted to
verify the rate of growth under realistic load con
ditions and the residual strength for obvious or
detectable flaws.,

Further the reliability of detection
res must be adequately substantiated.

There is therefore the need of further advance

procedu~

in such fields to put the damage tolerant design
technology on more efficient and reliable bases.

Such an advance could be obtained through the
conduction of fundamental researches on the main
topics of fracture mechanics and NDI procedures, as
well as through the critical appraisal of signifi-
cant damage tolerant designs.

3. Current status of Damage Tolerant design techno-
logy.

The design of damage tolerant structures can ta-
ke up different features in the variuos feilds of
application (commercial or military aicraft, or ae-
rospace vehicles) due to large differences in confi
gurations, operational environment and usage.

Nevertheless a common base supports the design
methodologies, which, essentially, are aimed at
predicting and substantiating by tests the growth
of a flow or a fatigue crack.

Three basic tools are therefore necessary.

- NDI procedures to characterize the initial flaw
dimensions;

- prediction methods and substantiation test proce-
dures to evaluate the growth of a crack under
realistic load conditions, and; .

~ prediction methods and substantiation test proce-
dures to evaluate the residual strength of a
cracked structure.

The current status of the knowledge on these to-
pics and the areas of potential improvements can be
better appreciated referring to a typical design ca
se: the Module Structure of the SPACE-LAB.

SPACE-LAB is the European Space Laboratory that
will be used over the next decades for scientific
and technological space research, in conjunction
with the United States Space Transportation System,
the SPACE-SUTTLE.

The responsibility of the Module Structure ele-
ments has been assigned to AERITALIA that is one
of the eleven Aerospace Companies joined in a
Consortium lead by ERNO VFW-FOKKER.

3.1 Desxgp philosophy .

The primary structure of the module (fig. 1) com
prises the cylindrical shells and the cone end clo—
sures forming the pressurized compartment that pro-
vides the habitation environment and the structu-
ral support for the experimental equipment.

The philosophy of the design of such an advanced
manned reusable vhicle was aimingat the development
of a structure of minimum weight and reduced cost,
capable of performing a defined number or repeated
missions in a specified environment with a prescri-
bed level of safety an reliability.

The development of SPACELAB has been essentially
based on: - Analyses - Tests — Non Destructive In~
spections.

o The structural analysis utilizes the more advan-
ced computational methods to provide the overall in
formation on the stress field of the strucutre, and
traditional hand calculations to provide the local
stress values accounting for the local details of
the structure design. :

The analysis is usually performed in three steps:
The Static verification to evaluate the strength
and rigidity of the structure under the extreme va-
lues of the design static loads.

The Fatigue verification to evaluate the behaviour
of the major structural elements under the repeated
loads.

The Fracture Mechanics verification to assess the
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behaviour of the structure in presence of defects.

o The structural tests are a fundamental support to
the analysis and have became an essential part of
the deisgn.

Usually the structural tests cover:

— Tests on the basic material performed to evaluate
in a consistent way the material structural beha-
viour (static strength, fatigue properties, frac-
ture mechanics properties).

- Tests on components, performed on specified se-
lected components of complex design or critical
behaviour performed to subtantiate the analysis.

= Test on structural elements subsystems as on the
complete structure to verify the adequacy of the
design in its totality by means of static and fa-
tigue tests reproducing the loading conditions
expected during the life.

o The Non Destructive Inspections provide the means
to detect, in the various structural elements, de-—
fects of specified dimensions with an assigned pro-
bability of detection on which basis a detailed
evaluation of thé criticality of the presence of
these defects and of their propagation under loads
is performed. '

3.2 Fatigue and Fracture Mechanics Verifications
SPACELAB Module structural elements have been
designed for what concerns life duration according

the following approaches:

~ Safe life design based on conventional fatigue 1i
fe. No consideration is given to potential undetec—
ted crack-like defects existing into the structure;
the useful life of the structural elements subjected
to respected load conditions is evaluated on the ba
sis of material properties obtained from suitable
tests such as the S-N curve, accounting for the num
ber of cycles required to initiate a visible fati-
gue crack.

~ Safe crack growth life based on Fracture Mechani~-
cs condiserations. The structural elements are assu
med to have defects of defined shapes and sizes;
fracture mechanics analysis allows to evaluate the
criticality of the element by defining the residual
strength in relation to the load and environmental
conditions existing in the operational conditions.
The useful life is defined by analyses, supported
by extensive testing to evaluate the material pro-
pertied, as the period of time for an initial de-
fect to grow under specified loads to a critical
size,

The design approach is strongly dependent on the
capability of the non destructive inspection methods
to detect, with a given probability a crack or de-
fect of specified size. The inspection criteria en
sure that the defects do not grow within two inspec
tion intervals up to a dimension that can endanger
the safety of the element. .

3.3. Evaluation of material properties

The selection of the alluminium alloy Al 2219 -
T851 for the construction of the primary structure
of the SPACELAB module, has been made accounting
for its high strength properties associated with
very good toughness characteristics. The welding
properties of the alloy welded with the T.I.G. pro-
cess with Al 2319 as filler are extremely good, a
condition that has favored as well the selection.

As for the majority of metallic materials of
common application in the aerospace constructions,
the conventional static properties of Al 2219-T851
are well established; statistically based design
allowable have been utilized directly in the design
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with limited experimental investigations to valida-

te the data available.

For what concerns the fatigue data, available in
formation on the basic properties behaviour have
been utilized. An investigation has been performed
for AERITALIA by Istituto di Aeronautica Universiti
di Pisa (44) on the fatigue behaviour of welded
joints in presence of a offset (d/t = 0-25%Z). From
the endurance data families of S~N-P curves have
been obtained from which the influence of the offset
has been evaluated through a fatigue stress concen-
tration factor that resulted to be Kp = 1+2,4 d/t.
These information have allowed to account in the
analysis for rather common defect of a mismatch re-
sulting in butt welding.

On the contrary Fracture Mechanics and Crack
Propagation data needed for the safe crack growth
verification were, as for the majority of the mate-
rial, very poor and missing of the statistical in-
formatlon necessary to derive the design allowable
data.

To overcome this lack of consolidated data, re-
lative to the very material used in the construc-
tion of the Module, that is to say to account also
for the influence of the various manufacturing pro-
cesses applied, in "ad hoc" experimental test pro=-
gram has been performed at AERITALIA to generate,
according to the specific design needs, the neces-
sary data.

Moré general 1nformat10n on the material have
been obtained from.the research sponsored by CNR.

The Aeritalia test program of fracture mechanism
(45) covers:

a) Static Fracture on basic parent material and on
welded material of different thickness represen~—
tative of the shell skins and of the shell Wel-
dments.

b) Cyclic Load Propagation Tests on the basxc parent
material and on welded material of the same thi-
ckness investigated in static tests.

-In both cases through and part-through cracks
were investigated.

The test program allowed the acquisition of the
data necessary for Fracture Mechanics verifications.
In particular the results of the static tests were
summarized in K ~thickness relationships both for
parent and welded material, and the crack growth
data were fitted through the Collipriest correla-
tion formula.

3.4 Description of Analyses procedures and results

The final objective of the fatigue and fracture
mechanics analysis of the pressurized structures,is
the verification that the required life of specified
missions is fulfilled.

A limited number of selected locations (about
eighty) has been comsidered for analysis. Selection
has been made considering the areas of high stresses,
the areas of difficult or impossible inspection and
the elements for which is required the leak before
burst verification. The selected locations include
external shell walls, weldments, frames, longerons,
flanges, fittings and joining elements.

The investigations performed are aimed at estima
ting the probable size of original flaws and cracks,
tracking the sources of these defects and establish
appropriate controls, assessing the inpact of ini-
tial size of defects on the flight worthiness, and
determining the optimum inspection methods and fre-
quencies relevant to each component selected for
fracture control.

The analysis procedures are based on initial
crack lengths, linear elastic fracture mechanics,
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sequences of events, material properties and stress
spectra.

The evaluation of the specific fracture beha-
viour for the components safelife, fail safe as
well as "leak before break" properties are esta-
blished and the inspection procedures are selected
which will prevent catastrophic damage to the frac
ture critical parts.

A detailed analysis of the stress field in the
areas considered for verification has been performed
starting from the overall information obtained
from the general programs.

The fatigue analysis has been performed using a
standard program based on the linear damage accumu
lation theory.

The computations of the crack growth has been
made using a special program that, starting from
the type and initial dimensions of the defect, lo-
cal spectra and material properties, gives the
growth of the cracks as a function of the number
of missions (fig. 2).

For each location starting from an initial de-
fect size it has been evaluated the size for the
part through defect to become through and the size
for through defects to become critical and the num
ber of mission associated is determined and compa-
red with required life (50x4 = 200 missions).

After minor redesign of some details in few
areas, the final verification has confirmed that
no element is critical for fatigue, being the
maximum damage equal to 0.08 largely inferior to
the requested one (D = 0.25); the fracture mecha-
nics analysis has confirmed as well, that there
are no critical areas in the Module Structure the
element with the shorter life surviving up to 350
missions.

3.5. Plans for Verification Tests

In the frame of the qualification program of
the SPACELAB Module Structure, a full scale test
has been envisaged to verify the durability and
damage requirements imposed to the structure.

The purpose of such test is to evidentiate possi
ble areas that have not been covered by analysis
where the design could result to be critical for
repeated loads, and to assess the ability of the
structure the withstand the initial defects for

the required life and eventually to define the
inspection interval and methods of inspection to
be adopted if the above requirements are only
parially met.

The test will be run to cover the spectrum of
loads resulting from the mission both pressure and
inertia loads; two times the lifetimes (100 mis -
‘sions) will be utilized to assess the fatigue be~
haviour, then on the same article a limited num -
ber of defects of specified dimensions will be in-
troduced in areas expected to be the most sensible
to fracture propagation and two times the lifetime
will be simulated checking at intervals the propa-
gation of the cracks.

Extensive instrumentation will be used; strain
gauges fatigue type and position transducers are
utilized for the fatigue part of the test and crack
wire gauges for the fracture mechanics part.

The test article will be periodically inspected
and non-destructive controls, like X-rays liquid
penetrant will be performed on selected areas to
monitor the damage propagation.

The information obtained from the test will be
compared with the analytical results and will con-
stitute the final verification of the design of
the Module Structure of the SPACELAB.
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4, Research activities in Italy

To enhance the research in the field of Damage
Tolerant Design in Italy a group was formed, con—
tributed by the "Istituto di Ingegneria Aerospa -
ziale of the Politecnico di Milano", the "Istitu-
to di Aeronautica of University of Pisa", the
"Istituto di Progetto di Aeromobili of the Poli -
tecnico di Torino" and the "Space Sector of AERI~-
TALIA S.p.A.". :

Such group has a fairly good potentiality, as
it can rely on the research facilities of four dif
ferent organizations and on the activity of about
25 researchers, whose experience covers a relative
ly wide range, from theoretical to technological



subjects.

The main financial support of the group so far came
from the "Consiglio Nazionale delle Ricerche" (C.N.
R.){°), responsible for the promotion of the Gover-
nment supported Researches in Italy, with other con
nections, and minor supports from other Organiza-
tions.

The first research term covering 18 months, was
completed within the end of October 1977. A second
term is now on and a new term will start at the end
of the second one (°°).

The management of the research project was de~
volved to a research committee, composed by the
Authors of this paper, which was responsible for
the planning and the definition of the whole pro -
gram, and for the evaluation of its results; this
proved to be an effective means to coordinate the
efforts of the different laboratories.

The first activity of the group was a review of
the current state of the art, which allowed to loca
te some fields where the available knowledge was
not adequate for a reliable design approach. Conse-
quently a more détailed planning could be made.

An outline of the project plan is depicted in
Fig, 3, together with its main flow lines.

The results of the whole plan are intended to
be integrated with the available knowledge in the
Manual "Fracture Mechanics Methods in the Design of
Aerospace Structures"

Moreover work has been initiated on the defini-
tion of a computer program for the evaluation of
the Safety and the Durability of aerospace Structu-
res containing possible flaws or cracks, and sub~
jected to variable loads.

The most relevant results obtained so far and
not yet fully published are briefly presented and
discussed in the next part of the paper.

Bibliographic quotations are also given at the
end of the paper about other results already publi-
shed.

5. Numerical procedures for the evaluation of K in
three-dimensional problems

The knowledge of the stress intensity factors
along a crack front is necessary to evaluate the
evolution of the crack front itself, by means of a
suitable propagation law [1].

Stress intensity factors in closed form are avai
lable in the literature, for certain significant
classes of geometries and stress conditions.

In other cases the values of K pertaining to so
me particular geometry and stress condition is known
from experimental tests or from numerical analysis.

But unfortunately, in the design of an advanced
aerospace vehicle, it occurs often to have to eva-
luate cracks for which not any solution is availa-
ble. One example of these situations is a part
through crack located in the fillet between the skin
and a stiffener of an integrally machined cover pa
nel. These are typical three-dimensional problems,

(°) C.N.R. financed the "Research on Fracture Mech
anics of Pressurized Space Vehicles subjected
to acoustic Fatigue" with the contracts n.SAS—
760030~760031-760032 and 760040.

(°°) The three University componentswere previously
supported by italian C.N.R. in an experimental
research on "Fatigue Phenomena and Aeronautical
Structure behaviour under Acoustical Loads"
(contracs n. 73.00166 and 74.00374).
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where the knowledge of the values of K in several
points of the crack front may be needed to evaluate
the different propagation velocities of the same
points, and hence the possible distorsion of the
crack front itself, which may be relevant to eva-
luate LBB (°) behaviour.

Numerical analysis based on "Finit Elements"
might be a flexible tool for solving such problems,
but usually it is not very efficient, as it is
affected by large errors in K evaluation, unless a
rather fine mesh is employed in the crack tip area.
This will cause the size of the three-dimensional
analyses to become so large that the cost and the
time required may be unacceptable, especially when
several shapes and sizes of the crack fron must be
analyzed to follow its evolution.

As it is well known, [ 36] improvements in the
accuracy of K evaluation can be obtained by the use
of elements containing singularities, but this will
require a different mesh for every crack front, whi
le it would be desirable to have an algorithm allo~
wing the analysis of several crack fronts with the
same mesh. ;

In order to obtain the latter feature an algori
thm has been developed which allows to reduce or
enlarge the crack size by simply activating or remo
ving constraints between the nodes of adjacent ele-
ments.

Such constraints are obtained by means of the
Lagrange's multiplers technique, which allows to
compute the values of the stress intensity factors,
pertaining to the different opening modes, perfor-
ming basically only one major amalysis [2] . With
the same technique, plus some further development,

also one-sided contacts may be simulated, which are

likely to occur in the partial closure of a crack
in bending. [3][4].

The above algorithm has been implemented in a
general purpose FE program (°°) [5], with K evalua-
tion based on the well known crack closure Work
Method and on the Interpolation Method.

As previously noted, the possibility of evalua-
ting different crack fronts in a single basic ana-
lysis requires the use of non-singular elements.

It has been observed that the relatively large
systematic errors in K related to the mesh size can
be strongly reduced, by simply considering an equi-
valent crack front, differing from the geometrical
crack front of the FE idealization, by a displace-
ment proportional to the mesh size itself. This
corresponds to apply large corrections for the coar
ser meshes. '

Several comparison have been made with closed
form solution, and with.FE analysis using singular
elements, for two—-dimensional problems; in all the
cases the equivalent crack front concept: allowed
to keep the errors in K below 17, even with rather
coarse idealizations [2]. The displacement of the
equivalent crack tip respect to the geometrical -
crack tip was found to be a reduction in crack
length, as it is obvious because the usual non-
singular elements give a crack surface which is
not stress—free near the tip, as in reality (Fig.
4).

Such reduction § in crack length has a constant
value when the length of the elements along the
crack is constant. For instance for rectangular.
linear elements (4 nodes) § = £/4, where is element
length; for parabolic elements (8 nodes) it depends

(°) Leakage before burst.

- (°°) The program FIESTA originally developed at the
Istituto di Aeronautica of Politecnico di Mila-
no [37].
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on the order of numerical integration, having the
value 6§ = £/10 for the order 2.

As an example Fig. 5 shows the relative errors
of the values K obtained in a single analysis,with
the crack closure Method, for a center cracked pa-
nel, respect to the theoretical value [ 38].

* Ta
K = ¢ /rasec -

It may .be seen that the equivalent crack tip
concept reduces such errors well below 1%, even in
the worst cases, for instance, when less than two
elements are present in the half crack length.

The evaluations of three~dimensional cases have
been rather limited, because reliable data are very
scarce in the literature.
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) The equivalent crack-front concept seems to work
even in these situations, at least if the mesh is
fairly regular on the crack surface, but more re-
‘search is needed in this field [6].

Experimental measurements of K in suitably se-—
lected test cases have been planned, to obtain the
data needed to evaluate the effectiveness of the
algorithm and the reliability of the criteria deve~
loped.

The experience so far collected indicates that
such FE procedures may become an efficient tool for
producing the data on stress intensity factors nee-
ded to implement a reliable method for predicting
the evolution of cracks and flaws in typical aero -
space structures.

6. Models for ductile fracture

The relative ductilitonf the materials employed

and the ‘smallness of the sheets thickness often
cause the fracture behaviour of aerospace structu-
res to be definitely ductile.

One of the most suitable criterion to evaluate
the ultimate strength of a cracked element with an
extensively ductile material behaviour seems to be
the one based on the critical value of the Crack
Tip Displacement (CTD) [7] (i.e. the measure of the
opening of crack tip occurring at the on set of
unstable -propagation). Unfortunately the accurate
measurement of such critical value is rather diffi-
cult, requiring long and delicate experimental
techniques, so it is unlikely to become a common
practice-[39].

Another sound criterion is the one based on the
critical value of some contour integral, as the
well known J-integral originally demonstrated by
Rice [40].

Generally such contour integrals have the limi-
tations that theyapplyonly to two-dimensional confi-
gurations, and their meaning as fracture toughness
parameters holds only if the behaviour of the mate-
rial can be considered non—-linear elastic, that is
to say as long as strain is increasing in every
points.

But it is well known that during the stable
propagation there is a definite region, a kind of
wake traced by the moving tip area, where stress
and strain are decreasing [ 41].

So the meaning of J-integral, and then its cor-
relation with CTD, must cease when stable extension
starts.

This appears to be a strong limitation in the
use of J to specify ultimate fracture strength, as
the stress corresponding to crack instability is
often significantly higher than the stress at the
onset of stable extension.

Nevertheless such. integral has the advantage
that it can be measured with a good accuracy. In
the case of the simple geometry of a center cracked
panel the contour integral can be evaluated simply
from strain measurements taken along an appropriate
contour [8]]9].

An experimental technique for the above measure
has been developed; it makes use of a limited num-
ber of strain gages, located in optimized positioms.
Fig. 6 shows the positions of strain gdges used in
the tests: strain gages were put only in one quar -
ter in the center-cracked panel, on both panel sur-
faces, giving rise to 14 measuring bridges. This
technique has the advantage of allowing a "direct"
measure, i.e. a measure non depending on further
assumption; an error analysis, carried out to eva-
luate the effect of errors in strain gage locations
and in the measurement of bridges unbalance, estima
ted that, with the available technology, the final
error in J evaluation could be below 27. ‘

The experimental set—up is shown in Fig. 7; the
use of a data acquisition system controlled by a
small computer allowed to speed up the entire proce
dure, and to have the values of J plotted on linej;
the TV equipment was used to record stable crack
extension, together with the measure of the gross
area stress, the latter being a means to synchronize
the position of the crack tip with the other recor-
dings. .

The results of the first tests, [8] , are plot-
ted in Fig. 8. It may be noted that they show a ve
ry smooth trend; moreover they were found to be in
a very good agreement with results dotained with a
more classical procedure [ 9] [1C].

A definite change in the trend of J was expected
to appear at the onset of stable crack extension

146



(that was below ¢ = 25 kg mm_z, for all specimens),
but actually this was not perceptible.
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. A basic approach to the equilibrium of a ducti-

le fracture [11][12] lead to the idea of a model
consisting of a rigid perfectly plastic strip of
vanishing thickness [38] , lying in the crack surfa
ce, embedded in an elastic-plastic strain-hardeni-—
ng sheet [12].

This model is apt to reproduce the blunting of
crack tip prior to stable extension, and hence to
allow an easy evaluation of CTD as the elongation
of the rigid-plastic sttrip at crack tip; moreover
it can be analyzed with usual general purpose non-—
linear FE Programs.

Computations were carried out with the Program
NONSAP [ 42], with different mesh sizes, keeping
the ¢rack tip in a fixed position, with monotoni=-
cally increasing load histories.

From these analyses, besides CTD, also J-inte-
gral was evaluated, substantially along the same
contour used in experiments [8].

A good correlation was found between CTD and J,
as it was expected, since the analyses were domne
with fixed crack tip and increasing loads, and the
contour integral kept its validity all the way.

Surprisingly, a good agreement was found between
the values of J computed with such a model (with a
fixed crack tip) and the experimental valuesobtai-
ned with the techniques outlined above, even in the
stable propagation stage [8][13].

This agreement can be seen in Fig. 9, where com-

puted and experimental values are reported [13].

The reasons for this are not clear, and need
further research; so far they do not seem to depend
on some special mesh size, at least for the material
2024 T3 which was investigated.

Possibly contour integrals have some kind of
meaning, at least with a certain approximation, also
in the stable propagation phase.

Besides its basic interest, this fact may have
also practical importance; for instance if a corre-
lation between CTD and J can be demonstrated up to
crack instability, J measurements could be used to
determine the toughness of ductile materials with
center-cracked specimends, and the corresponding
critical value of CTD to find crack instability with
FE non~linear models.

7. Fatigue crack propagation in riveted stiffened
structures.

The main objective of this investigation is to
produce an adequate set of crack growth data in ri-
veted stiffened built—up structures to assess the
predictability of the growth of a crack through the
AR-rate relationship of the material.

The need of such an investigation stems from
the uncertainty which affects the evaluation of the
stress intensity factor K in a cracked stiffened
structure.

The stress intensity factor relative to a given
crack length depends strongly on the mutual forces

which take place in the joints between the stiffeners

EXPERIMENTAL INSTALLATION (schematic)

CC computer SD stress display

CP cracked plate TP tape punch

Cl1 TV camera(macro lens) TR video tape rec.

€2 TV camera n.2 . TT teleprinter

DA data acg. system TV monitor

PL plotter VS video signal mixer

PS strain gages power supply and 1/2 bridge

Figure 7
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and the skin due to the load transfer from the cra
cked components to the integer ones. The accurate
evaluation of such forces requires on efficient
idealization of the deformations of both rivets and
holes. As this idealization is intrinsicly difficult
the K values obtained with the existing computatio-—
nal approaches- are frequently inaccurate.

The approach followed in pursuing the research
objectives was, at first, the generation of fatigue
crack growth data through tests of stiffened panels
of different configuration (stiffener geometrical
shape, rivet type, initial crack length and posi-
tion). The results of such tests were processed u~
sing theoretical K value based on increasingly so-
phisticated models (rigid rivet, elastic flexible
rivets, friction effects).

Through the comparison of the different K-rate
relationships with the expected ome (the one of the
basic material) it was possible to reach a classifi
cation of the behaviour of the different stiffened
panel configurations explaining at least qualitati-
vely the role played by the joint in the crack
growth under costant amplitude loading.

In the following the main results so far obtai-
ned [14], [15], [16], [17], [18], will be briefly
summarized.

Fig. 10 . shows the scatter band for each panel
geometry, its position with the expected Ak-da/dn
curve of the material, and the a representative
shapes of the Ak-rate relationship in each band.
when K is computed on the basis of a rigid fastener
approach. This figure summarizes the data from 52
crack propagation tests of stiffened and unstiffe-
ned panels.

The double-strip stiffened panels have a crack
rate lower than predicted by the Ak-rate rela-
tionship of the material, while the opposite hap-
pens for all the other type of stiffened panels.
The behaviour of the double-strip stiffened panels
is most probably due to the friction forces between
stiffener and sheet which help the rivets in conve-
ying the load from the cracked sheet to the stiffe-
ners.

The higher crack growth rate found with the
other types of stiffened panels is probably due to
the prevailingly effect of the rivet flexibility.

The results shown in Fig. 11 demostrate the ina-
dequacy of computational approaches of K based on a
rigid fastener hypothesis and display the complex
effects of the joint geometry on the crack growth
phenomenon.

Fig. 11 shows typical improvements of crack
growth prediction in one-side-stiffened panels uti=-
lizing AK values obtaimed by a flexible fastener
approach. Fig. 12 shows similar improvements in the
case of double strip stiffened panels obtained ta-
king into account the friction effects in computing
K.

The summarized results shows that an accurate
prediction of the crack growth in a stiffened struc
ture demands an adequate idealization of the joint
behaviour in the computational methods of the stress
intensity factor.

At present no idealization is available which
works successfully in all the cases of technical
interest. Further researches aimed at improving
such a situation are in progress. '
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8. Reliability of crack growth computation methods

The purpose of this investigation is the deve-
lopment of a rationale to estimate the reliability
of existing methods for predicting the growth of a
crack under variable amplitude loading.

Such a prediction is a very complicated problem
presently not fully understood. Existing methods
largely rely on empirism and drive their evidence
from the ability to cope with an adequate set of
test data. As the growth of a crack is a random
phenomenon and the predictive methods are determi-
nistic any comparison between measured and compu -
ted crack growth data must be Judged on a statisti
cal basis.

The logic of the present approach is shown in
the Fig. 13. The detailed results of the investi-
gation are given in ref. [ 20].

The constant amplitude line refers to the gener
ation of test data relevant to constant amplitude
loading and their statistical treatment. The con-
stant amplitude line is essential since the predi-
ction methods relevant to variable amplitude loading
are typically cycle by cycle computation procedu=-
res which rely on constant amplitude AK-rate rela-
tionship.

The constant amplitude line consists of several
steps, namely:

- generation of experimental crack growth data by
testing sheet specimens made of 2024-T3 aluminium
alloys;

- generation of K-rate relationship in the forms
given by Paris Forman and Collipriest laws through
the computer program DADN. The DADN selects the
constants which define such laws through a linear
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regression analysis substantiated by the usual set
of significant tests;

~ generation of the theoretical relationships between
the crack length and the number of cycles of load-
ing by integration of the best fit curves defined
in the previous step;

~ comparison of the experimental crack growth data
with the theoretical ones. The comparison is obta-
ined through the statistical treatment of the ran-
dom variable Ng/N..

The evaluation of the reliability of variable am
plitude crack growth prediction methods is based on
the steps shown in the right hand side of figura 8.1,
namely:
< variable amplitude crack grouth tests conducted

with a servohydraulic fatigue machine. Sheet spe-
cimens were used, drawn by the same sheet of con-
stant amplitude specimens. Standardized spectrum
like FALSTAFF and TWIST were used:

- prediction of the crack growth by the computer pro
gram CADAV [ 21] through the following methods 1i-
near Willemborg, Wheeler and Bell-Eidinoff. The
constant amplitude crack propagation laws embodied
in the method are the ones obtained in the con-
stant amplitude line;

~ comparison of the experimental crack growth data
with the theoretical omes, through the statistical
treatment of the random variable Fg/F.

Such a variable was found to conform to a Log-
normal distribution. For each prediction method the
mean value of the distribution furnishes a measure
of the correctness of the method. 1In this way it is
possible to compare on a rational basis the diffe -
rent approaches.

At present the variable amplitude line is still
in progress since the variable amplitude tests are
costly and time consuming.

The results until now obtained are limited and
therefore no general conclusion can be drawn.

Nevertheless some trends are well established
so that some comments can be tentatively tried.

The Wheeler method, with an adequate selection
of the value of its plastic zone characteristic
constant produces "exact" prediction, namely mean
value of random variable Fs/F. equal to zero. No
definite results are currently available in the de~
pendence on this constant from the type of spectrum.

The scatter of variable amplitude crack growth
are generally larger than the same quantity under
constant amplitude loadlng.

9, Minimum weight design of damage tolerant structures.

The objective of this investigation is the eva=-
luation of the impact of damage tolerance require—
ments in the design of stiffened structures.

The problem was specialized to the design of
the wing lower surface structure.

Several constraints must be allowed in the de-
sign of such structures, Some of these constraints
refer to the damage tolerant characteristic, other
to the static and fatigue strength requirements and
other to the stiffeness requirements. The princi -
pal constraints considered in the present investiga
tion can be summarized as follows:

a) the damaged structure must sustain a prescribed
load for an assigned inspection interval;
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b) an assigned damage (the largest crack or flaw
missed in the last inspection) has to be allowed
at the beginning on the inspection interval;

c¢) the growth of the initial damage under a given
load spectrum must be allowed in assessing the
residual strength of the structure and its mar-
gin of safety in respect of the fail=-safe load;

d) the structure must sustain the compression loads
(limit and ultimate) due to negative load factor
flight conditions.

Compliance with the positive limit and ultimate
loads requirements, aeroelastic requirements, crack
free life requirements can give rise to further
structural constraints.

The minimum weight approach was based on a mod-
ified penalty function methods. )

Following such an approach the absolute minimum
of the function.

B |

w(x) +r. I g.

i 7t
is searched through the Fletcher=-Powell coniugate

approach [ 221.

W is weight of the structure, g; are functions
that represent the constraints previously discussed,
X is the vector of the state variables which indivi
duate the structure configuration; rj is the jth ﬁé
lue of the penalty parameter.

As far as the constraints considered at the point
d) are concerned, the g function is of the following
type

(x)

w, =
J
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where Ny is the load per unit lenght corresponding
to the one g flight condition; uj is the parameter
choo sen in such a way to obtain the load per unit
lenght in the limit or ultimate load conditions; T
is the mean thickness of the panel; op is a buckling
or crippling stress.

The constraints stated at the points a), b), ¢)
can be quantified in different way in connection
with the structural concepts adopted to guarantee
the damage tolerant characteristics.

If the slow crack growth concept is used the
constraints stated in the previous points give ri-
se to an unique g funtion of the type

BT

8 =1-5

where B is an appropriate factor of safety, T is
the inspection interval and E the endurance of the
damaged structure; the functional relationship per-
tinent to such endurance is the following:

E = E(X, 2, ANy, opgN )

where a, is the initial damage size AN_ a scale
factor specifing the assumed load spec%rum, opg Ny
the prescribed maximum load that the damaged struc-
ture must sustain in the inspection interval.

The computation procedure for obtaining E is the
following: for a given X, starting from the initial
damage a,, the growth of the crack in the sheet co-
ver is evaluated, through a cycle by cycle integra—
tion procedure taking into account the stringer fa-
tigue endurance through a method previously develo-
ped [18].

For each level of damage the residual strength
of the structure is evaluated through the relation-
ship K = K,, and then the margin of safety with re-
spect to oprg Nx. Finally the endurance E is obtained
from the condition that this margin assume a pre—
scribed value. This process to compute E is repea-
ted for different X until the searched minimum of
W. is obtained.

The main results already obtained are reported
in ref. [23] [24].

Fig. 14 shows the application of the described ap-
proach to the minimum weight design of the lower
wing panel of a transport aircraft.

Fig. 15 shows the results obtained in terms of the
mean thickness of the stiffened panel as function
of the inspection interval.

At present the minimum weight design of fail~
-safe crack arrest stiffened panels is being car-
ried on. Together with the constraints previously
discussed a further one is considered, namely
that the structure must be able to operate for a
specified period with a crack of specified length.
The length at which arrest take place. In the cur~
rent computation this length is assumed equal to
two bays of the stiffened structure.

10. Fracture strength of low gage alluminium alloy
sheets.

The fracture behaviour of cracked low gage
sheets is strongly influenced by plastic effects.at
the crack tips.

The current methods applied in evaluating the
fracture strength of such elements generally embody
one or more arbitrary hypotheses so that reliance
on test data is necessary to substantiate their ap-
plicability.

The objective of this investigation was a compa
rative analysis of such methods on the basis of an
omogeneus set of test data.
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To this end a research program was carried out
on the basis of the approach summarized in Fig. 16
where, together with the methods to be evaluated,
the test procedure is schematically shown.

More in detail two test procedures were develo
ped.

The applied load, crack length and panel elonga
tion were measured simultaneously during the test.
The applied load and the crack length were recorded
by a camera, provided with a motor drive allowing 4
photograms per second and an optical equipment to
assure a magnification high enough to clearly detect
the crack tip; the applied load is revealed in the
same photogram by an illuminated display close to
the crack tips.

Then a single test can be elaborated accordlng
to all the methods excep COD and J-integral.

The second test procedure was aimed at measuring
J-Integral, and COD simultaneously toghether with
all the other quantities. J-Integral is measured by
a series of strain—gages in an suitable path on the
panel, and COD by a sequence of couples of calibra-
ted cantilevers so located that COD could be evalua
ted at the successive positions of the crack tip,
during the slow crack growth.

The results of more than 60 tests have been ana-—
lized in the course of the investigation, on sheets
of different dimensions made of 2024-T3, 7075-T6 and
2219-T851, 52 tests were relevant to the first test
procedure and the others the more complete second
approach. The main results of the investigation
are collected in [ 9], [10]. They can be summarized
as follows:

- satisfactory methodology has been set up. to carry
out Fracture Mechanic tests; it is simple and qui
te reliable;

-~ the proposed methodology to measure COD and J In-
tegral simultaneously seems simple and reliable
even if only preliminary results were obtained;

-~ the obtained results can be utilized in the desi-
gn of cracked plates loaded in tension;

- an omogeneus set of data has been generated which
allows a sound comparison between the proposed
methods.

11. NDI Methods

11.1 Role of NDI

NDI must reliably provide detection of flaws and
of their geometrical location and qualification.

A question may arise if a detected flaw is to be
considered a defect, and thus unacceptable.

Detection and judgement are basically an uneasy
and interdisciplinary commitment. Interpretation of
NDI results should be delegated to a team of specia-
lists rather than being left to the sole judgement
of the NDI inspection. This team should be composed
of a stress engineer, a material technologist, a la-
boratory expert and an NDI specialists, [27].

It may be said that almost every measurement of
phisical constants in metals has given rise to a
particular NDI method. The five most commonly used
methods for non-destructive evaluation of materials
may be classified as follows:

- radiographic, magnetic particle, liquid penetrant,
eddy current, ultrasonic.

Each of these methods shows in itself a great
variety of modes of application and practically eve-
ry method is available in a very diverse variety of
hardware and software. Other techniques are curren—
tly undergoing development and many show promise as
standard methods of the future. These include opti-
cal and acoustic holography, acoustic emission and
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thermal methods. Other methods, such as X-ray dif
fraction, will probably remain confined to labora-—
tory uses.

With the development of new radio-sources nuclear
techniques, once restricted to laboratory use, are
becoming available for quality control in the field.

All methods have their own limitation because of
their basic physics, mechanical arrangements, type
of apparatus type of materials tested, accessibili-
ty to the point where a crack is starting or propa-
gating and these limits are combined with human li-
mitations of the testing personnel; consequently,
the success of any NDI cannot be 1007 reliable i.e.
either all flaws are not detected or too many
"flaws" are indicated which do not exist. In the
first case the result is a technical risk, in the
second the method may be uneconomical.

Therefore every organization has to build its
own reliable detectien limits in connection with
the product, the operating conditionm.

11.2 NDI Capability statistical analysis.

To have a synthesis on the NDI method capabilities,
one can refer to ad-hoc publications (see, for in-
stance [27]). '

A often used way of reporting data is the dia-
gram of the "mean values or the confidence zones of
the detection capability in function of the detec-
tion probability for given area interval and confi
dence level".

Another often used way is the diagram of the de
tection capability in function of the crack length
(or depth for given probability and confidence le-
vel). )

For each NDI method capability experimental tests
are performed emploing various operators. Each of
them is requested to do observations, with the NDI
methods subjected to evaluation on g groups of
Np>np specimens (p=1,2,...g), n, of which contain
an artificially created crack of given geometrical
characteristics (for instance length 1.).

The tests are based on the assumption that to
each 1, and in the particular whole of test condi-
tions there exists a defined probability Pp of de-
tecting the crack in cracked specimens. The aim of
the tests is the statistical determination of such
P, on a sample, eventually distinguishing between
tge various operators.

Since the up cracked specimens belonge to a
group of Ny specimens, there are the following pos
sibilities:

1) cracked specimen which is detected

2) non cracked specimen which is not detected
3) cracked specimen which is not detected

4) non cracked specimen which is detected.

The current interpretations of experimental re~
sults take into account the results of the types
1) and 3), which are concerned with up specimens,
to which they apply the theoretical results on the
"repeated tests".

A possible way of thinking in order to have the
statistical evaluation of pp on a set of np speci~
mens, would be the following commonly reported in
elementary works o statistic.

The repeated tests follow the binomial distribu
tion (stochastic variable k, i.e. the numer of de—
tected cracks)

P = (P a-p™F

For u+«, by means of the Sterling-De Moivre for
mule, putting x as stochastic variable instead of -
k, the distribution approaches asyntotically the
Gauss one:
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If n is great it is possible to performe on p
an analysis of the inferior limit of unilateral con
fidence interval corrisponding to a given confiden-
ce level 1-a, on.§he base of the normal distribu-

tion. In fact u = = has a normal distribution.

= /a
n

Using the relation o, = vnp(l=-p), valid in the bi-
nomial distribution, if :
P(u2a<u<u2a) = 1-20,

P[(—i—-p)zf_uza B-(—I-I-E—El] =1-20

: 2
(2x + Uy

2 X1 _ 1L
Plp> -u, Yuy +4X(1-D] =1~

2(n+ u2a)

When it is necessary to elaborate also experi-
mental results of not so great values of n, a pro- '
cedure can be used that performs a stochastic eval
uation of o, on the base of the admission that

o {n-)x

L
b

freedom. Obtained the proper limit of unilateral
confidence limit of oy for a given confidence level
1-a on inferior bound of unilateral confidence in-
terval of n, for a given confidence level,1-B is
obtained from the Gauss's distribution, (for a cri-
ticism of such procedure see for instance [26]).

In fact the most part of the NDI method capabil
ity data are indicated as: probability of detecting
the cracks for given probability (stochastic analy-
sis of n,) and for a given confidence level (stocha
stic anagysis of gy) (see for istance [ 27} ,Phase I).

A straightforward correct procedure (which was
used in ref. [27], Phase II) can be adopted with
the aide of a modern computers. The binomigl distri-
bution of k can be used in order to obtain directly
the inferior limit of unilateral confidence inter-
val of p corresponding to a given confidence level.

This way of thinking seams to be very promising
for further steps in the nisight of NDI method capa
bility and particularly in the teory of approaching
safety as a whole probabilistic problem.

has a x2 distribution of n-1 degree of

12. Concluding remarks

The development of effective methods for the de
sign of Damage Tolerant Structures requires a deeper
insight into Fracture Mechanics and NDI techniques.

In particular the evaluation of initial defects
demands a sensible effort for the integration of
different specialists. A good statistical model is
also needed for the evaluation of the capability of
NDI methods; such model will enable both a better
planning of relevant experiment and a more rational
use of their results.

As far as Fracture Mechanics is concerned the
basic topics are the prediction of the growth of a
crack under variable amplitude loads and theevalua
tion of its critical dimensions. -

Since all the crack growth models assume the
stress intensity factor as the basic fracture para-
meter, more efficient procedures are needed to eva=—
luate K in all those situations arising from practi
ce where known solutions cannot be used. -



Another urgent need is a sound assesment of the
reliability of the crack growth models themselyes,
particularly in the case of variable amplitude loa~
ding. .

In the prediction of critical defect dimensions
ductility may play an important role, demanding
both the improvement of fracture models and the de-

velopment of more suitable experimental techniques.

The joint research referred in this paper has
pointed out and partially answered some of such
questions; besides an example of the impact of Dama
ge Tolerance requirements on. structural design is
also given, through the use of minimum weight ap+—
proach.
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