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Abstract

Pressurized aerospace structures often contain
small flaws or defects that are inherent in the ma-
terial or introduced during fabrication. These de-
fects, under the influence of operative environments,
may grow to such an extent that explosive failures
can tiake place. Noise induced vibrations can be quo-
ted as one of the main causes of the defect growth,
above all for the spacecrafts which will be carried
into orbit through the Space-Shuttle. )

For this kind of vehicles the interaction bet-
ween noise induced vibrations and fracture mechanics
must be deeply assessed if reliable design of such
structures has to be performed.

To obtain adequate informations on such a problem
a coordinate research effort is carried out in Ita-
ly among Universities and Industries under the spon-
sorship of the National Research Council.

The main objectives of such research are the fol-
lowing ones:

- Critical review of concept of reliability and sa-

ve¢fety as far as spacecraft structures are concerned,

- Theoretical and experimental method to assess the
structural response to an acoustical environment.

- Defect growth evaluation under stress fluctuations
due to acoustical excitation.

= Critical defect dimensions evaluation.

Foreword

With the development of Advanced Space Transpor-
tation Systems a new era for the Space-Age is being
initiated for mankind.

Space activities have assumed the meaning of en-
terprises for the Systematic Exploration and Utili-
zation of Space and have become occasions for "In-
ternatidbnal Cooperation",

EUROPE is contributing to this advancement with
the '"SPACELAB" the Space Laboratory that will be
used, over the next decades, for scientific and
technological researches in conjunction with the
United States of America developed SPACE SHUTTLE".

A large effort is being made in different Coun-
tries in Europe, now-a-day, to contribute with dif-
ferent activities to the advancement of this unique
enterprise.

Under a contract awarded by the European Space
Agency (E.S.A.), eleven outstanding Aerospace Com-
panies, belonging to ten European Countries, joined
in a Consortium lead by ERNO VFW-FOKKER, are perfor-
‘ming the design, development, manufacturing and te-
sting activities of the various SPACELAB Systems.

Numberous parallel activities are being perfor-
med in different European Research Centers Universi-
ties and Industries to study and to develop the .ex~
periments to be flown with the SPACELAB.

In addition programmes of Applied Space Research
have been initiated in mapy countries, sponsored by
the National Resedrch Agencies, to support research
activities in advanced fields related to the design
problems of Aerospace Vehicles.

T .
C.N.R. Contracts n. SAS 760031, 760030, 760032,

760040,

358

LITALY is particularly active in the SPACELAB Pro-
gram and related activities; as Member State parti-
cipating to the European Space Agency (ESA), Italy,
shares the second largest contribution to the SPA-
CELAB Program after Germany,with about the 18%Z.

The largest italian aerospace company, AERITALIA,
is responsible, within the ERNO Consortium, for the
analysis, design, manufacturing and testing of two
of the major SPACELAB Systems; the Module Structure
and the Thermal Control of Module and Pallet.

The Payload activities have recently been initia-
ted, in Italy, with a study for an Astronomical Fa-—
cility for observation of Ultra-violet and X-rays.
AERITALIA is acting as Industrial Prime Contractor
coordinating all the engineering efforts in support
of the scientific team of astronomers in charge of
the Facility definition.

The "Consiglio Nazionale delle Ricerche" (C.N.R.)
responsible for the promotion of the Government sup-
ported Researches in Italy, hkas sponsored, im
addition, several researches to stimulate the Space
Activities, with the aim to involve, into the advan-
ced problematics posed by the Space Programmes, the
Italian Universities and Research Centers, in close
collaboration with the Aerospace Industries.

An example of these collateral activities is the
"Research on Fracture Mechanics of Pressurized Spa-
ce Structures subjected to Acoustic Fatigue'* that
the "Istituto di Ingegneria Aerospaziale of the
Politecnico di Milano" the "Istituto di Aeronautica
of the University of Pisa" the "Istituto di Proget-
to di Aeromobili of the Politecnico di Torino" and
the "Space Sector of AERITALIA" have recently ini-
tiated,

1. Introduction

Recent advances ie space activities have introdu-
ced a new class of problems in the design of space
vehicles. Among the more challenging ones are frac-—
ture mechanics and fatigue, that will be adressed
in the present paper.

A brief outline of the SPACELAB Program and in
particular the description of the main features of
the Module Structure design characteristicsis given,
to provide a better imsight into the above problems.

The ;Spacelab design is considered as a reference
sample for a broader discussion of advanced aero-
space vehicle design problems.

Particular enphasis is given to the "design aga-
inst structural defects" approach; a general review
of the fundamental concerning fracture mechanics
and fatigue, as well as, non distructive inspection
methods is presented.

The impact on the fracture mechanics and fatigue
structural design of advanced aerospace vehicles is
discussed to provide an insight into the today avai-
lable design methodologies in these particular fields.

Ag a result some of main areas that require fur-
ther investigations are enphasized and accordingly
the guidelines for an "ad hoc" theoretical and ex-
perimental research is outlined. The late start of
the activities prevents us to present results.



2. The European Spacelab Program

2.1. Basic Feature

SPACELAB is a Space Laboratory designed for the
best utilization of the payload capabilities of the
Space Shuttle, it has been conceived with an ex-
tremely flexible design to allow the performance of
a large variety of experiments in space; it is pla-
nned to operate for missions lasting from seven up
to thirty days.

SPACELAB will offer the international community
of users an efficient and versatile general purpo-
se mean to conduct the next generation of manned
space research and exploration activities.

The SPACELAB is made up of two basic elements:
the "Pressurized Module" and the "Unpressurized
Pallet” (Fig.2.la).

The "Module" (Fig.2.1b) is a cylindrical compar-
tment that provides to the experimenters and to
their equipments an enviromment equal to the sea
level earth conditions, apart the absence of gra-
vity. Inside the Module standard elements for ex-
periment support, such as floor, racks, airlocks,
heat exchangers, cold plates, as well as basic ser-
vices such as power, environmental control and da-
ta management are provided.

The "Pallet" is a platform to support experiments
directly exposed to the space enviromments.

These two basic elements designed with a modular
concept can be used separately or in conjunction
giving rise to different configurations.

2.2. Module Structure System Description

The primary structure of the Module comprises
the cylindrical shells and the conical end closu-
res, forming the pressurized compartment of the
SPACELAB (Fig.2.1b); this primary structure provi-
des the habitation environment for the crew and the
structural tie between the experiment equipments
and the ORBITER.

The cylindrical elements have each a length of
about 2.7 meters and a diameter of about 4 m; the
overall length in the short module configuration is
about 4.2 meters and in the long one about 6.9 me-
ters. The forward located element is named the "Co-~
re Segment” and contains the subsystem equipments
occupying about the 40% of the rack area (the re-
mainder 607 is devoted to the experiment installa-
tion). The other one is named "Experiment Segment"
and is fully dedicated to the experiment installa-
tion.

In top of each cylindrical element is located a
flange of 1.3 meters in diameter to accomodate the
top airlock or the viewports and windows,

The cylindrical shell is made up of integrally
numerically machined waffle pattern panels (Fig.
2.1d)) of aluminuim alloy 2219, welded together
longitudinally and welded circumferentially (Fig.
2.1e) at the ends to forged rolled rings.

The two main rings incorporate a bolted flange
and stiffening circumferential ribs, that at fit-
ting locations have outer cap members to carry the
bénding moments; interposed between the panels are
two longerons to transfer the fitting reactions
into the shell.

The conical end closures have.a semivertex angle
of 60° and are terminating with flanges of 1.3 me-
ters in diameter to accomodate on the forward the
tunnel and on the rearward the airlock.

The conical shell is made up of numerically ma-
chined panels of the same aluminium alloy welded
together longitudinally and welded circumferential-

ly to the forged rolled rings (Fig.2,.1f and g).

The forward end-come interfacing with the tunmnel
provideg by means of feedthrough panels, the ingress
of signals, power and other utility lines coming via
the utility bridge from the ORBITER; it has as well
a view-port in top.

The aft end come has provision, through a flange
for the 1.5 m Aft Airlock and provides, by means of
two feedthrough panels the connection of utility
lines running to the pallet; it has a view-port in
top to visually control the experiments on the pal-
let. g
The module elements are joined by bolted flanges
with interposed seal elements; a single row of bolts,
accessible from outside, ensures the tightness of
the joints. The Gask-0-Seal device with double butyl
seals molded into an aluminium base ring is adopted;
under the pressure derived from assembly the ela-
stomer is deformed to £ill the seal cavity thus en-
suring the tightness.

The Module is supported in the ORBITER cargo bay
at four points providing a statically determinate
attachment system to preclude coupling between the
SPACELAB and the ORBITER.

The main fittings (Fig.2.lc)(reacting X and 2
loads)are attached to the aft ring of either a short
or long module. The stabilizing fitting (reacting Z
loads only) is attached to the forward ring of ei~
ther a short or long module. The keel fitting
(reacting Y loads only) is attached to either the
aft ring of a short module or the aft ring of the
core segment of a long module.

Each cylindrical element has provision for at-
taching all the four fittings which are removable
and interchangeable.

Current design is now titanium alloy integrally
machined elements shaped to be bolted, without per-
foration of the main shell, on the circumferential
flange ribs. The connection with the ORBITER support
is provided by inconel pins. Two diagonal struts pro-
vide stabilization on the frame plane,

A longitudinal arm connects the rings at the two
extremes of the module and a shear tie element pro-
vides continuous connection between the arm lower
slab and the module longerons.

2.3, Structural Design Problems

The mechanical load conditioms, of an aerospace
vehicle, of the category to be flown in conjunction
with the Space Shuttle, can be classified under the
following general heading: - trasportation, manouver
and gust loads, internal pressure loads, acoustic
loads, crash loads.

In addition the meteorite impact effect as well
as the environment (see [2]) effect on structure
must be assessed.

The structure is requested to suffer no failures
under the maximum expected load for each conditionm,
as well as to withstand on the loading conditions
derived from a fixed number of missions, with spe~
cified safety and reliability requirements. Such re-
quirements, in relation to the various functions re-
quested to the component may have different levels.

The safety design criteria adopted utilize a de-
terministic approach, based on safety factors,
(Tab.2.1) in order to obtain from the maximum ex-
pected limit loads the ultimate loads.

As concerns allowable loads, safe-life concepts
are applied to all structure components that are
critical to the integrity of the vehicle or to the
personal integrity with a deterministic multipli-
cation factor of the service life. In addition,
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fail~safe concepts, when applicable and convenient,
are introduced.

FACTORS
COMPONENT e
ULTI~
YELD MATE PROOF
General structure 1.0 1.4 ==
Main propellant tanks:
Combined loads and pressures 1.1 1.4
Pressure alone — » 1.05
Pressurized windows, doors,
and hatches --= 3.0 2.0
A *
Pressurized structure:
Combined loads and pressures 1.0 1.5 ---
Pressure alone * %
Pressure vessels (other than
main propellant tanks) -—- 2,0 1,5
Pressurized lines and fittings3:
Less than 1.5 in. in diameter | --- 4,0 1.5
1.5 in. in diameter or larger | --- 2,00 1.5
*In addition to including the design factors in
this table, designs for major load carrying struc-
ture, windows, doors, hatches, and tanks should
use fracture-control procedure to account for
sharp cracks, cragk—like flaws, and other stxess
concentrations in a manner that ensures the strucH
*E:ral life meets mission requirements,
Factor applied to limit load at limit pressure
TABLE 2.1 DESIGN FACTORS {from [2])

The safety concepts actually applied are based on
a long experience, principally deriving from the ae-
ronautical activity. More comprehensive and fully
statistic safety approaches, even if theoretically
attractive, are not applicable up to day, because of
the lack in the necessary statistical data, in par-—
ticular for all that concern space vehicles.

A characterizing problem in assessing the ability
of the structure to withstand the applied loads lies
in the presence of flaws as cracks that may grow du-
ring the service life, due to the effects of the re-
peated nature of the loads (manouvers, gusts,...)
and may reduce the capability to withstand loads
(static or sustained).

The unavailable presence of flaws and ¢racks, to-
gether with the stringent weight requirements demand
the "safe crack growth life" concept to be applied.

From NASA SP-8057 we report: "For structure uti-
lizing a safe-life design concept,..., any flaw that
cannot be detected in a regular imspection should
not grow enough before the next scheduled inspection
to degrade the strength of the structure bélow that
required to sustain loads at temperatures defined by
the limit load and critical temperature envelopes.

Analysis of flaw growth should account for mate-
rial prospecties, structural concepts, and operating
stress levels throughout the structure including ad-
verse effects from variations in operational usage
and environments".

The foundamental tool in analyzing a flawed or
cracked structure is represented by fracture mecha-
nics, through which an assessement is made of the
critical crack length and of the service time requi-
red to reach such critical sizes.

Fatigue analysis methodologies provide a valuable
mean for assessing the areas where cracks may growth.

3. Fatigue and Fracture Fundamentals

3.1.

The life of an initially damage free structural
element under complex loading condition may be de-
scribed as consisting three stages. In the first,
the incubation stage, the loading variability causes
an accumulation of the damage leading to the initia-
tion of the damage;in the second the fatigue crack
propagates owing to the repeated loading; in the
third fracture occurs as the crack has grown to a
dimension that is critical for the maximum applied
load.

In the first stage no degradation in strength
takes place and "classical" approach (tipically
notch strength analysis, fref.l}) are adequate to as-
sess such a strength., In secondary a progressive
strength reduction takes place with the increasing
of the crack lengthj; the fracture mechanics techno-
logies are a suitable togl to assess the strength
of the cracked component.

If the designer strives to provide a service life
which is only a part of the first stage no cracks
or flaws s are to be considered in the fracture and
the "classical" fatigue approach can be used in the
design and analysis methodologies. Following such
an approach life calculations are based on the usual
S-N curves; the Miner rule, at most corrected for
the residual stresses effects, is used to predict
life under variable amplitude loadings and empirical
coefficients are allowed to correct the elastic
stress concentrations and to assess environmental
effects,

The same approach can be used if the designer is
only interested in evaluating the crack free life
of the component, or in preventing the occurence of
crack like defects,

On the other hand if a crack free structure can-
not be assured in the course of the operational life,
the type of approach demands essentially fracture
mechanics based design and analysis methodologies.

This kind of approach is requested essentially
owing to the potential existence at a given stage of
the operational life of damage in the form of flaws
or cracks, Such flaw or crack have been known to
egscape detection during manufacture and acceptance
inspections; they might be introduced by inadvertent
damage, during manufacturing and service or they may
result from fatigue or stress corrosion.

The designer assumes that the largest cracks or
flaws that can be missed during an inspection, is
indeed present in the structure at a given stage of
operational life.

Fracture mechanics analysis and data are then
applied to predict flaw growth and structure resi-
dual strength under the load and environment con-
ditions expected in the operative life fraction cho-
sen as inspection interval.

Fracture mechanics based approaches need to be
implemented by an important engineering tool: non-
destructive inspection (NDI) methods. The largest
flaws or crack missed through NDI action are a ba-
sic input in the fracture mechanics analysis and in
the establishement of inspection intervals.

e . .
% A "flaw" 1s concerned with the material or struc-

ture discontinuities due to production processes.
A "crack" is due to damage accumulation in the
material or to flaw growth under static sustained

or repeated loads. When these can reach their
critical lenghts'they are termed defects.

Introductory Remarks
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3,2, Fatigue life (incubation stage) analysis
method.

The assessement of the fatigue life of an aero-
space-vehicle structural component goes through se-
veral stages,as it is shown in fig.l, (refd
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FI1G.3.1 Elements for Fatigue Design and Analysis

Service loading arises from a variety of source
such as gusts, manouvers, landing, ground taxi, a-
coustic excitation, pressurizzation, ete.

For an accurate evaluation of the fatigue life,
loading spectra representative of the operational
life are essential; im particular the variation in
loading from ground taxi to flight and back to gro-
und taxi must be taken into account in the correct
sequence, The ground air ground (GAG) load varia-
tion is one of the most important loading cycle con-
tributing to the fatigue damage of the structure,

In general the service load are random; therefo-
re the achievement of a fatigue loading spectrum
are to be based on statistical analysis, Two dif-
ferent approaches are presently used to describe
the service load histories, namely: Counting Methods,
The Power Spectral Demsity (PSD) Method.

The aim of counting method is to give a statisti-
cal distribution of characteristic magnitudes of
load time histories, such peaks, level crossings or
load ranges.

In relation to the magnitude adopted for the
counting procedure different counting methods exist
{ref.3). Among these the range-pair-range count me-
thod is throught to give more relevant information
from a fatigue damaging point of view as compared
to other methods. In fact, it permits identificatiom
and definition of the GAG load cycles as well as any
other significant secondary. load excursion (ref.3}.
Therefore its use for the reduction of load time
histories to fatigue spectra ig recommended.

The PSD method is another suitable tool to analy~-
ze randomly varying loads, expecially gust and
acoustic loads. The basic assumption is that the
random load may be considered a xandom stationary
Gaussian process. Such a process is fully described
by its power spectral density function through
which the statistical distribution functions for
level crossing and peak loads can be obtained (xef.
4)}. The PSD function can be obtained from the fol-

lowing relationshi 2
& : Lo ‘X(uﬁ l

w)=
T 2T.2w
x(w) being the Fourier trasform of the load time
history.
The fatigue loading spectrm, together with the
relationship, between the loads and stresses are
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computer based approaches in relation to the stage
of design.

In determining stress spectra the effect of
structure elasticity must be allowed. In particular
it must be considered when the frequency content of
the applied load is significant in relation to the
excitation of one or more elastic degrees of free~
dom of the structure.

Acoustic excitation is noteworthy in this re-
spect owing to its broad band frequency content.

The PSD method is an appropriate approach for
such problems; the PSD function of the structural
response (and therefore all the statistical quanti-
ties relevant to stress spectrum preparation) can
be obtained from the PSD function of the load and
the transfer function of the gtructure, which is
related to its vibration modes.

Such an approach is valuable only if a limited
number of elastic degrees of freedom are excited
because the computational effort and its inaccuracy
increase with the number of degrees of freedom ex-
cited.

When a large number of degrees of freedom must
be allowed,other approaches seem to be preferible;
noteworthy in this respect is the "Statistical Ener-
gy Analysis (SEA)" method [ref.5].

In these cases, however no well established pro-
cedure is untill now available.

The fatigue stress spectra and the material allo-
wables in the form of S-N curves are the imput data
in fatigue analysis; here N ought to be the number
of cycles for crack initiation at the load level S.
The S-N curves to be used should be drown from tests
of the same structural configutation and for the sa-
me combinations,of mean and alternating stregs as
those for which calculation is desidered. Further
as considerable scatter is present in fatigue test
data, such curves ought to be relative to a giver
probability of crack occurrence defined with a pre-
scribed level of confidence.

These informationsrare rarely available in suffi-
cient details, particularly for mayor components.
Consequently calculations are performed using S-N
data for simpler specimens taken from literature.

Of particular importance in this aspect are S-N
data drown from specimens that embody significant



featurea of the actual structural component, note-—
worthy specimens of riveted, bolted or welded joints
or specimens with geometric discontinuities repre-
sentative of the structure under investigation,

Among such data a set can be chosen in the more
convenient way if the fatigue quality index of the
construction is known. This index can be ascertained
by comparison of the specimen fatigue data with the
results of fatigue tests on complex components well
representative of the structure under investigation.
This procedure which tends to quantify the fatigue
quality of the construction through an "effective
gtress concentration factor" is also a valuable pro-
cedure to ascertain the adequacy of the design in
respect of fatigue.

The fatigue calculation of the service life under
these stress spectra involves the use of some damage
analysis. The well-known Palnigren Miner hypothesis
is the wost commonly used. The rule states that fai-
lure will occur when L nj/N; = 1 where nj is the
number of cycles spent at a stress level Sj and Nj
‘is the number of stress cycles required to cause the
failure at the stress S;, found on the appropriate
S=N curve.

Miner's rule usually fails to predict the life
quantitatively particularly for structures under-
going complex load time history.

Systematic tests (see for instance [xef.@), in
fact, have shown that 3n/N at failure depends on
the sequence in which loadings are applied, on mean
stress and on whether or not negative loadings are
included in the spectrum. A possible improvement in
life evaluation might be obtained modifying empiri-
cally the right hand side of the rule on the basis
of the type of spectrum.

Even if the Miner's approach suffers the above
said limitations, it is usually preferred to the
other proposed damage rules [ref.7] which are more
complicated but not necessary more accurate when
their prediction are compared against data taken
from different sources.

A basic explanation of the variation in J n/N at
failure as a function of the parameters cited can be
found in the residual stresses that take place in
zones of stress concentration owing to the different
load levels in the spectrum. Sufficiently high loads
to induce local yielding, when removed, leave resi-
dual stresses. In the case of a high-low tensile
load sequence, compressive residual stresses induced
by high load, interact with the stress induced by
low load, diminuishing the stress amplitude and/or
modifying the mean stress.

Such an interaction has benefical effects on the
fatigue life. The opposite situations takes place
when a high low compressive load sequence is applied.

Although substantial improvement in the accuracy
of Miner's rule prediction can be obtained computing
the actual stress spectra taking into account the
residual stresses, design tools based on such proce~
dure have not yet obtained general acceptance.

Miner's rule is therefore corrently employed in
its original form at most with a suitable modifica-
tion of the figure in the right hand side.

The outlined procedure furnishes a tool to assess
the fatigue life of a structural component when the
stress history can be described with sufficient ac-
curacy through blocks of stresses. In the case of
acoustic excitation the stress history is best de-
scribed by .a continuous probability distribution
function. In this case the Miner's approach may be
applied with minor modification only when the struc-—
tural response is prevailingly unimodel (xef.8}. In
the case of multimodel response the problem is more

involved and no general agreement procedure is at
present available.

In the case of a complex structure fatigue dama-
ge may growth in a large number of zomes each with
its own local stress problem. The fatigue life eva-
luation of complex structures therefore demands a
large computational effort, which in some circum-
stances may even fail to produce accurate results,

Such a failure may depend on the difficulty to
describe accurately the load conditions and the
corresponding local stress systems as well as to
obtain appropriate S-N curves which adequately ac-
count, on statistical basis, the inherent scatter
which affects fatigue data.

This state of affairs demands that all the com—
putational data on the fatigue endurance must be
substantiated by suitable fatigue tests. In parti-
cular a general agreement exists that the best exti-
mate of the fatigue life is to be gained from a fa-
tigue teats of a complete structure under program—
med load simulating those expected in service. The
design of such test in one of the basic challenge
in the fatigue technology of aerospace structures
and its correct accomplishment is a fundamental war-
ranty of a reliable fatigue life estimation. The
objective of the test is to demonstrate a fatigue
life M times the expected operational life. The mi-
nimum ammissible value of the coefficient M is, how-
ever, difficult to define due to scatter in fatigue
data, and difficulties in simulating the actual ope-
rative load conditions.

Current practice is toward an estimate of M on
the basis of past experience with similar structural
configurations {zef.9).

3.3 Fracture Mechanics

The processes involved in the growth of cracks or
flaws from an initial dimension up to the fracture
are very complicated and not well fully understood.
Despite this rather discouraging assessment a body
of knowledge has been established through which the
designers can approach the problem of fracture-safe
design with sufficiently rational procedures.

The basis of these procedures lies in a rationale
for the analysis of fracture developed on the work
of Griffith and Irwin which has come to be known as
"Fracture Mechanics", (10-11].

The fundamental basis for this discipline is the
congideration of the elastic stress state in the
neighbourhood of a defect with an ideally sharp edge.
Two fundamental types of potential defects are usual-
ly taken into account: the through crack (TC) and the
part through crack (PTC). Even if the starting point
to analyze both the types of defects is the same, a
separate discussion of the two cases is useful as
gsome significant differences exist.

3.3.1. Through crack. Three basic modes of crack sur-
face displacements which can lead to crack extemsion
can be‘considered, fig.2. In the opening mode the
crack surface movesa part simmetrically with respect
to the cracked surface. Because of space limitations
attention will be confined only to the opening mode
of separation owing to its great importance in all
the structural situations encountered in aerospace
vehicle which demand fracture-safe deaign. It should
be realized, however, that the essential results and
conclusions associated with the opening mode displa-
cements also apply to the other two modes.

With reference to a structure containing a through
crack which undergoes the opening mode displacement
the relationships (shown in fig.3) are pertinent as
far as the elastic stresses at point close the crack
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tips are concerned.
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FIG.3.3 Stress State in
the Near of a Crack Tip.

In thése expressions only the first term of a series
expansion is shown; the other terms do not need to
be considered as the calculated local stress distri=-
bution is dominated by the singularity r¥2descending
from the infinitely sharp crack tip hypothesis.

As it results the stress distribution is always
the same and its intensity depends only on the quan-
tity K named "stress intensity factor". K can be put
in the following form:

K=CS\/T‘|’3

where S is a reference stress uniquely related to
the applied loads, a is the half-crack length, C is
a function of the geometry of the cracked body and
of the load configuration.

Determination of explicit form of C for any given
cracked body configuration require an exact solution
of the corresponding elasto-static boundary value
problem, discussion of which is beyond the scope of
the present paper. General approaches to this pro-
blem can be found in [1Z}, Solutions of this problem
for body and load configurations relevant to several
design problem have been found and appropriate refe-
rences are collected in {13). Among such solutions
of particular interest the one for an infinite sheet
subjected to uniformly distributed stress S characte~
rized by C = 1,

The basic idea of the Irwin approach is the exi-
stence of a critical value of the stress intensity
factor characteristic of the material in correspon-
dence of which the crack extendsincontrollably. This
value is usually a labelled Kc and sometimes called
fracture toughness.

Clearly the existence of a critical value Kc gives
the possibility to derive a critical stress-crack
size relationship for any structural configuration
for which C is known.

The Irwin approach, being based upon an elastic
analysis, furnishes valid results only in the case
of brittle materials. However the material used in
the aerospace construction, typically the aluminium

alloy, do not behave in a purely elastic manuner on
fracturing, so that previous analysis is largely ap-—
proximate except when plain strain conditions are
pregent gt the track tips,

If these conditions are satisfied, a minimum value
of Kc is obtained which is effectively a material
constant. This critical value is called the plain
strain fracture toughness and is indicated with the
symbol Kye.

Plane-strain conditions are promoted by very thick-
-gsection plate., On the contrary in the case of very
thin sheet, plane stress conditions prevail at the
crack tips and the fracture toughness Kc results
considerably higher than Kyc. With intermediate thick-
ness, the stress state becomes significantly mixed
(plane strain and plane stress) and the thoughness
assumes intermediate values.

The basic reasons of Ky thickness dependence are
to befound in the plastic zone which takes place at
the crack tips whose dimensions are critically de-
pendent on stress state. A discussion on this topic
is beyond the scope of the present paper; reference
to [14) are recommended to interested readers.

At this stage of the discussion some further in-
sight are to be gained as far as the application is
concerned of the K, concept to the aerospace structu—
res,typically made of thin gages elements., To this
end reference can be done to a typical test in which
a thin sheet structure which contains a crack is
loaded monotonically at a moderate rate. As the load
is increased, the crack is often observed to grow
slowly and stably (if the load is not increased, the
crack does not grow); this process, usually called
slow stable tear, continues up to maximum load is
reached at which unstable growth occurs and the
structure collapses. The test previously described,
indicates the presence of several significant va-
riable in the process of thin sheet fracture: the
initial crack length, the final or critical crack
length, the load for tear initiation,the maximum
load. Therefore a not unique definition of K, is
possible. It is usually accepted that for design
purpose K, would involve the initial crack length
and maximum load, For material characterization,
however, other correlations may be acceptable (e.g.,
load and crack length at instability). Another im~
portant question lies in the dependence of K, (which-
ever definition is chosen) from the panel wigth. Thia
state of affairs depends certainly on the existence
of a plastic yield at the crack tip, a condition not
taken into accamynt in the crack tip stress relations
shown in fig.3., A possible improvement may be obtai-
ned if a correction for crack tip plastic zone can
be found. A somewhat rational, if not rigorous me-
thod for correcting for small scale yielding at the
crack tip has been proposed by Irwin [15). Following
this method, the actual stress in the elastic-plastic
solid corresponding to a half crack length, a, is
imagined to be equivalent to the stress that would
arise from an effective half crack length

a = a+¢y
e

in a perfectly elastic material; the measure of the
plastic zone, has been roughly obtained starting
from the elastic analysis, in the form:

4 .4
B oe ot

wheren varies between 2120 6 depending on the
stress state at the cracK tip.

Using such an approach K, is obtained from test
results from the following relationship

K = C sgfT G v T
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The body of ideas previously discussed, usually
called "Linear Fracture Mechanics (LFM)" works well
only if sufficiently small plastic zones are present
at the crack tip., On the contrary when considerable
crack tip plasticity is observed, typically found in
medium low ; strength ductile materials, difficul-
ties of different nature arise in the application
of LFM.

As far as material characterization is concerned
unduly large and wide specimen size become ne-—
cessary; as far as the evaluation of an effective
structural situation is concerned the LFM approach
can produce unrealistic results. Further LFM does
not account the phenomenon of slow stable tear,
particularly important with thin sheet construction.

In order to circumvent these limitations several
different proposed methods of determining fracture
toughness of a given material and the residual
strength of a given structure in situations where
crack front plastic yield is appreciable (semibrit-
tle fracture) are currently under investigation
(14). Among these methods the Crack Growth Resisten-
ce Curves (R-curves) has received consideration as
far as its application to aerospace structure is
concerned {2,16].

Such a method takes into account the slow stable
tear phenomenon and clarifies: the influence of the

width on KC.

3.3.2. Part Through Crack (PIC). The part through
crack pattern usually taken into account in criti-
cal flaw dimension evaluation consists of a planar
discontinuity extending into the thickness direction
and oriented normal to the primary stress axis.

The crack size is described by its surface length

2c and depth a. The two dimensional flaw system is
usually represented as a regular semi-ellipse with
2a and 2c dimensions corresponding to the minor and
major axes respectively.

The surface flaw has been considered a potential
defect of prevalent importance in many classes of
structures, particularly welded,both pressurized and
non pressurized or weld defects are common origins
of surface flaws in welded joints. Other origins of
surface flaws are inclusions and corrosion pits in
stressed surface exposed to corrosive environments.
Much analytical research has been conducted on the
surface flaw to obtain a stress intensity solution,
This research effort has conducted to approximate
formulations of the problem which are based on the
stress intensity solution around the perimeter of
a burred elliptical sharp crack in an infinite ela-
stic solid under uniform normal tensile stress.
Such_a solution is d{escribed by: XK= c’,/-n-a_.%
n=[—%;)is\na{3 & Coszﬂ
where @ is the angle measured from the minor axis
to a specific point on the periphery, Q‘is the
complete elliptic integral of the second type.
Using the truncation concept of Irwin {17}, the
infinite solid is truncated into two halves, through
the introduction of a front surface correction fac-
tor M;. The semi-infinite solid can be truncated to
have finite dimensions (width and thickness),
through the use of similar correction factors. The-
refore, finally the stress intensity factor for the
surface flaw can be expressed as

R=csfwa - M, - M, 1,4 . Bg
where M, is a factor which accounts for the influen~
ce of tﬁe back free surface, @ is the finite width
correction and M_ the plasticity correction factor.

A detailed diBcussion of the front and back sur-
face coefficients and Mp.factor are given in {2,16).

For purpose of critical flaw dimension evaluation
has become very popular an expression proposed by
Irwin (17) who had assumed that the combined effects
of the fromt and the back surface would be approxi-
mately 10 percent, With this assumption M,.M, = 1.1
the previous equation in the depth direction can be
rewritten as K=4ie 'n'a/a

where o 12y}

Q= [&*- o2 (&) %
the Irwin flaw and plasticity factor was obtained
estimating M_, where for plane strain conditions,
with n = 4VEP and putting €, =4.

The previous relationship is currently used to
predict surface flaw fracture through the following
equation: Ke=HRy
where K;¢ is the toughness pertinent to the surface
flaw. The range of applicability of such a equation
is schematically shown in fig.4 [16). Zone 1 failu-
re is controlled by yield and ultimate strength of
the material; Zone 2 failure is well predicted by
the present approach; Zone 3 is characterized by
rapid drop off the stress. Such a zone requires for-
mulation and use of a more accurate back surface
factor [2}).

A similar analysis, based on appropriate values
of the free surface M. factors, can be used to treat
other types of flaw surface, like the corner flaw
or surface cracks emanating from a bole [2].
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3.3.3. Precritical Crack Growth. A fundamental need
ic the design fracture safe structures is to evalua-
te the growth characteristic of preexisting flaw or
crack at operating stresses throughout an assigned
fraction of the space vehicle lifetime, Precritical
crack growth may depend on two main causes: cyclic-
~load~induced crack growth, growth-upon-loading.

Thé basic ideas on these points are briefly discus-
sed.

3.3.4, Cyclic-Load-Induced Crack Growth. The growth
of a crack under constant amplitude fatigue loading
is controlled by the range of the stress intensity
factor AK at the crack tip {19). Generally when
test results are plotted as the increment of crack
growth per cycle against MK a situation is obtained
as the one shown in fig.5.

In the medium MX range, da/dn varies linearly
with AR on a log-log plot. When the maximum cyclic
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stress intensity approaches the critical value K.,
the growth rate increases beyond the values of the
linear behaviour. On the contrary at relatively
small stress intensity factors, the growth rate di-
minuishes approaching a threshold value of stress
intensity below which measurable crack growth would
not occur.

A number of laws have been proposed to describe
the K-rate relationship. The simpler one is the
Paris law which describes the K-rate relationship
by the simple power equation da/dn = C AK, (19]:
this law furnishes a good fit of the crack growth
data in the linear range.

To accomodate the K. influence and to provide
for observed stress ragio,ﬁ. effects, Forman [20)
proposed the following relationship:

= A qk.- aK]
which works well in the medium and high ranges.

Colliprist [21] has developed a four parameter
K-rate relationship which fits well the data in all
the three ranges. The K-rate relationship can be
used to calculate the growth of both through and
part through cracks, For through cracks its appli-
cation is straight forward; in the case of PIC crack
propagation must be evaluated at each point of the
flaw periphery utilizing the local value of the stress
intensity factor in form given in the previous
section.

The above discussed relationships.are walid in
the case of constant amplitude loading; in the case
of variable amplitude fatigue loading a linear cumu-
lative damage hypothesis (Miner's rule approach) is
used {22}; such an approach furnishes conservative
estimate of the crack growth time as it disregards
the retardation effects due to the high~low sequen-
ces of load (22}.

As far as the problem is concerned of evaluating
the crack growth under acoustic loads, presently
only a limited amount of data are available limi-
tedly to through cracks {23, 24). The need of fur-
ther investigations in this field is pressing as
far as the safe life design of an aerospace vehicle
is concerned.

3.3.5. Growth upon Loading. Flaw or crack estension
resulting from a single increasing load application
has been already cited in a previous section as the
"slow stable tear" phenomenon., The most promising
approach for quantitative analysis of this type of
crack growth appears to be the crack growth resi-
stence turve.

Another type of phenomenon that demands conside-
ration of growth upon loading is sustained load
growth of a precracked structure in a given environ-—
ment [16].

This type of crack growth depends on the simul-
taneous presence of tensile stress and a specificig
corrosive medium; it can be considered a particular
aspect of the stress corrosion phenomenon which is
usually assumed to include crack initiation as well
as subsequent growth under sustained load.

Use of the stress intensity solutions to descri-
be such a phenomenon has been found promising: the
time to grow to failure can be plotted versus the
initial to critical stress intemsity ratio through
an unique curve, for a given environment. Such a
curve shows the existence of a threshold stress in-—
tensity level below which time-dependent precxiti-
cal flaw growth will not take place ([16].

The growth upon loading may play a significant
role in crack growth evaluation under spectrum or
random loading. The omission of such phenomenon in
the growth analysis may result in overlooking a
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most significant portion of the flaw growth beha-
viour.

da
dn

I Data
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w  Point Representation
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Representations

4, Non Destructive Inspection Methods

4.1.General Remarks

Non destructive inspection methods provide the
mean to detect the presence of a flaw, that is to
say an inhomogenity, a discontinuity, a local sin-
gularity, with a specified reliability.

According to the philosophy of NDI {6] the me-
thods must basically ensure that "flight structures
are identical to the structures submitted to fatir
gue and quality tests. This means that the raw se-
mifinished materials must undergo NDI so as to as=-
sure a predetermined standard of quality and that
fabrication process and assembly should not induce
defects liable to invalidate the quality test pew
formed on the prototype which would jeopardise the
prediction of fatigue life.

All methods have their own limitation because
of their basic physics, mechanical arrangements,
type of apparatus type of materials tested, acces-
sibility to the point where a crack is starting or
propagating and these limits are combined with
human limitations of the testing personnel such as
their degree of interest, experience, fitness and
intellect; 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 detection limits in connectionwith the
product, the operating condition.,

A close relationship exists between the NDI
methods enabling the identification and localiza-
tion of "flaws" and the fracture mechanics enabling
through analysis to assess when a flaw may be con~
siderated as a "defect".

It is clear that it is necessary to determine
the definition of the maximum initial defect per-—
mitting the expected service life to be achieved.
This determination is very complex and requires
close and continuous cooperation between stress
engineers, fracture mechanics specialists, experts
in materials technology, experimental laboratory



experts and finally NDI specialists.

The NDI methods are today very numberous and are
based on very diverse physical principles. Some of
these methods are routine methods at shop and labo-
ratory levels both in manufacturing and servicing
facilities. Other methods, referred to as advanced
methods, are still in the development phase and
routine application can barely be foreseen at this
time.

It may be said that almost every measurement of
physical constants in metals has given rise to a
particular NDI method and that local or overall va-
riability of these physical constants may be corre-
lated with elastic and ultimate properties of meta-
ls. The five most commonly used methods for non-—
destructive evaluation of materials may be classi~
fied 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 e-
very method is available in a very diverse variety
of hardware and software. Other techniques are cur-
rently undergoing dewelopment and many show promi-
se as standard methods of the future. These include
optical and acoustic holography, acoustic emission
and thermal methods., Other methods, such. as X-ray
diffraction, will probably remain confined to la—
boratory uses.

With the development of new ratio—-sources nu-
clear techniques,once restricted to laboratory
use, are becoming available for quality c¢ontrol in
the field.

To ensure that NDI cover his vital role in the
development of any aerospace project it must be
verified (7) that the following points are corre-
ctly implemented within the organization.

- Information and motivation of management at all
levels as to the real value and capability of NDI.

~ Education of the design engineer both from the
standpoint of fracture mechanics and from the
standpoint of designing the component so that it
can be inspected.

-~ Further education of the NDI personnel so that
the various NDI methods can be properly applied,
overall NDI coordination and planning and proper
understanding by personnel of the nature and pur-
pose of the inspection.

~ Application of NDI techniques during initial fa-
brication, in production, and in failure analysis
for service reliability.

4.2. Comparison of the Non Destructive Inspection
Methods Crack Detection Capabilities.

The reliability of the most widely applied Non
Destructive Inspection Methods on the basis of the
minimum detectable flaw size has been investigated.
recently at AERITALIA S.p.A, as an ESA research stu-
dy. The type of flaw considered is an ideal
surface crack.

The minimum detectable crack size for each me-
thod has been selected at about 90% of detection
probability and 95Z of confidence level, by care-
fully weighting the reliability curves relevant to
laboratory tests, reported from different sources.
The surface of the part has been assumed to be
fairly smooth.

All the cracks represented by points on the left
side of the each curve are undetectable because
their small size defies the method sensitivity; all
cracks falling on the right side are detectable.

In fact, the practical conditions for the in-
spection (such as part geometry, surface roughness
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environment, etc.,) affect sensitivity to a large
extent.

The sensitivity of the various methods may be
qulte lower when they are emploied for maintename
ingpection at depot level,due to the adverse fac-
tors consequent to the conditions under which in-
spection is carried out.

5. Impact of Fatigue and Fracture Mechanics
on_the Structural Design. Fracture Control

5.1. Typical aspects of the advanced vehicle

Structure Design.

Two main peculiar conditions intervenme to make
difficult the application of the fracture mechanics
both connected with the typical thickness and mate-~
rials to be used. One is the near plain stress con-
dition in a through crack and the not negligible
effects of the plastic zone at the apex of the flaw
or crack., The other is connected with the nature of
the fatigue loads, that are not constant in ampli-
tude if not random, and in particular require an
analysis of the dynamic response of the structure
as concerns acoustic environments.

Owing to the intensity and spectrum of the acou-
stic input, the effect on the crack propagation of
such a dynamic response, in combination with the
other loading conditions, must be properly investi-
gated. Because of the geometrical properties of the
main structural components the contribution of the
acoustic noise to the crack propagation emerges as
an area that particularly requires insight in the
safe life assessment.

Besides the safety requirements related to the
various types of applied loads and the predicted
environment, a further safety requirement is that
the structure, which is subjected to internal pres-
sure, must have a Leakage Before Burst (L.B.B.) and
not a Burst Before Leakage (B.B.L.) behaviour,

In the thickness field involved in a pressurized
aerospace vehicle, see {26)}, the L.B.B. or B.B.L.
behaviour is affected mainly by the ratio between
crack length 2c¢ and material thickness t and by
the ratio between t and the crack depth a. Roughly
speaking as these two ratios increase, the struc-
ture tends to pass from LBB to BBL behaviour (Fig.
5.1).
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FIG.5.1 LBB and BBL Behaviour (frem[27])

The described problems of the structural design
require a correct use of the fracture mechanics
concepts as well as a development of a series of
tests in order to obtain:

-~ the data that are necessary for the application
of the fracture mechanics to the particular design.
~ the data for the qualification and the acceptance
of the final product.

5.2, Desiggrnevelopmeht Tests.




5.2.1. Implications of Fracture Mechanics and
Acoustic Noise., Also in the case of advanced aero~
space vehicle design the development tests can be
classified into material characterization, quali-
fication and acceptance tests. Owing to the impor-
tance of fracture mechanics and acoustic noise they
must contain particular topics as the toughness
and the crack propagation tests among the characte-
rization one's,the acoustic noise response tests
among the qualification one's and the proof tests
among the acceptance one's in order to evidentiate
cracks having unacceptable lengths.

5.2.2. Material Characterization Tests. They are
the experimental determinations of the "allovable
mechanical properties” and in particular of the
fatigue characteristic and of the fracture proper-
ties. As concerns fatigue, from [26] we report:
"The fatigue characteristics of structural materials
shall be determined by test. These tests shall be
made in the combined environment used for design
representing static loads, dynamic loads, tempera-
ture, vacuum, and corrosion. Provision shall be
mwade to reduce allowable stresses to account for
scatter in the test data.,

The test loading conditions, environments, and
stress states should represent as accurately as
possible those expected during the service life of
the structure".

Therefore, beside the life tests on the structu-
res fatigue tests on specimens are necessary in
order to evaluate the fatigue properties of the
materials.,

The main fracturxe properties are:

- Fracture toughness (KIC’ K for appropriate thick-
ness)

- Resistance to initiation and propagation of fati-
gue and environmentally induced cracking (KSCC -
Stress corrosion cracking).

~ Threshold values of stress intensity under su-
stained load and cyclic loading (KTh Threshold
limit for specific environment)

- Crack propagation characteristic (crack growth
for sustained loading and for local cycle).

From {26) we report:

"Flaw-growth characteristics and the threshold
stress intensity of materials should be determined
by tests when the materials are used for structu-
ral components designed for safe-life., A sufficient
number of specimens having flaws of various sizes
and simulating the parent metal, weldments, and
heat—affected zones of the pressure vessels should
be tested to allow meaningful statistical values

of fracture toughness to be established.

Therefore, it is necessary to make tests on spe~
cimens, including pre-flawed specimens, welded joint
specimens, repair specimens in order to verify the
adopted fracture analysis methods and to evaluate
the adequacy of the inspection methods and requi~
rements.

Therefore, in particular tests shall be conduc-
ted, to demonstrate that undetected flaws in the
structure will not propagate to a critical size
during service life, and fracture critical loca~
tions in the structure shall be identified and the
time of crack initiation and the ¢rack propagation
characteristics shall be evaluated.

5.2.3. Acceptance Tests. Among other tests, the
proof test, that concern the pressurized components,
are particularly interesting from a fracture mecha-
nics point of view. From {25) we report:

"All pressure vessels and pressurized structure
intended or flight use shall be proof-tested.....
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Pressure vessels and main propellant tanks shall be
tested at proof pressures.

When it has been shown by test that the pressure
vessel materials exhibit a decreasing resistance to
fracture with decreasing temperature, the proof test
shall be conducted at a temperature equal to or below
the lowest expected operating temperature.

The time for pressurization to the proof-pressure
level and the time the pressure is sustained at that
level shall be held to the minimum consistent with
test~system limitations. Depressurization time

shall also be held to a minimum.

Tests shall be conducted to verify that the probable
failure mode in service will be leakage rather than
catastrophic fracture when assurance of safe~life
cannot be provided by proof test."

Proof-tests conditions may account for all signi-
ficant Ffactors including combined loads, repeated
load cycles, acceleration effects, sustained loading,
temperatures and thermal stress effects, environmen-
tal effect.

The proof-test is assumed to be the most reliable
non-destructive inspection technique available to
ensure that there does not exist in the structure
any initial flaws of sufficient size to cause fai-
lure during operating conditions.

Because of the loading condition during the proof
test which are not able to take into account the
time history of the various external loading, the
proof tests can be utilized only in order to obtain
data on the cracks or flaws included in the structu-
re, but it is impractical to obtain in a direct way
indications on the life expectancies.

In addition, the disuniformity of the stress di-
stributions during a proof test provides a different
capability of the proof tests in order to reveal the
presence of cracks in the various parts of the
structure.

5.3. Fracture Control
5.3.1., Need of Fracture Analysis

Theoretical analysis, tests and non-destructive
inspection involved in the fracture mechanic pro-
blems require a great lot of time and are very
expensive. Furtherly all these operations besides
engineering interest several technological depart-
ment and in particular the Product Assurance.

Therefore, a design "fracture control" is neces-
sary, in order to evidentiate the part that need a
fracture mechanics analysis. A "fracture control
plan” is adopted to do it and to perform the frac-
ture analysis if it is necessary, in order to obtain
that the structure can withstand all the loading
conditions with the required safety levels and with
the contrxolled design cost.

"Fracture Control" is a new engineering discipline
that has become into use to describe the design ap~-
proach that seeks to prevent structural failures
due to initiation or propagation of cracks or crack-
like defects during fabrication, testing and service
life.

The driving criteria to accomplish this objective
for the new generation of space structures, are aut—
lined in a NASA basic document that describes in a
systematic way the procedures of design, fabrication,
environmental control, ingpection, maintenance, re-
pair and verification, required to establish an ade-
quate "Fracture Control Plan".

The basic assumption substantiating the need of
such a plan is the understanding that the £light
hardware is not defect free; the complexity of the
structure, the multiple pre-launch testing, the



long duration repeated use, offer indeed many oppor-
tunities for the generation and propagation of cracks
in critical parts of the structure.

In spite of the advancements in the non destruc—
tive inspection methodologies, a finite probability
always exists, for the large and complex structures,
of test or operational failure due to the presence
of undetected defects.,

The "Fracture Control Plan" largely adopted now-
~a~day in Aerospace Industries, is a consistent mean
to focuss the engineering and workmanship attention
on the problem of the existence of such defects in
the structures, with the aim to reduce the probabi-
lity of failure of -Spacecrafts.

Several technical specilities having different
responsabilities in the project of a vehicle (fig.
5.2), including design, analysis, tests, materials,
fabrication, non destructive inspection, are orga-
nized through the F.C.P. in a system that foresees
a series of checks that allow the Project Manage-
ment to timely resolve the critical problems discus-
sed in the appropriate review meetings.

FRACTURE

CONTROL
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Safe Life PROCESS CONTROL
Fail Safe 1 Factory
Check Points Subcontractors
LOADS/ENVIRONMENT QUALITY OONTROL
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Test ma NDI
Storage
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f[nspection Intervals
[
VATERTALS Corrosion Protection
Selection mam
Characterization
. TEST
ANALYSLS Design Development
Stress | o safe Life
Definition o - Fail Safe
Evaluation Acceptance/Proof
NDE

FIG.5.2 Technical Specialities Involved in the F.C.P.

Early evidentiation and evaluation of the fractu-
re problems in essential for initiating corrective
actions in terms of design configuration changes,
structural materials selection and fracture control
approach. A correct planning of all the fracture
control activities is needed to ensure the integra-
tion with all the other design requirements.

A Fracture Control Board is established with
engineering, product assurance, system integration
and test, operation responsible representatives for
verifying that design and construction meet the a-
greed specified requirements.

The identification of parts or components selec—
ted for Fracture Control on the basis of criticali-
ty for the flight-worthness and susceptibility to
cracking or fracture, is required as a basic ele-
ment for the establishment of a consistent and cor-

rect "F.C.P.".

For the SPACELAB Program for instance a logic di-
agram (Fig.5.3) has been established on the basis of
the NASA recommendation, according to which the parts
after fracture mechanics analysis are categorized to
be either:

Non fracture critical; Fracture critical; Unaccepta-

ble due to fracture criticality.

A part or component is fracture critical if its
fracture will cause:

-~ Loss of crew life or loss of vehicle.

-~ Loss of mission (loss of major subsystems that
would render the Spacecraft non habitable or would
reduce the experiments data retrival).

Rigid fracture control procedures are required for
the parts labelled "Fracture Critical"; each of these
parts shall be traceable from design to operation
through a system off documents, procedures and records.
For each "Fracture Critical Part" it is required: an
analysis of flaw growth, a specific process control,
an adequate inspection procedure and detailed quali-
ty control requirements.

MODE LONGITUDINAL| LATERAL VERTICAL
(&) () (=)
Marine +0.5 +2.,5 +2.5
Air +3.0 1.5 +3.0
Ground
Truck +3.5 +2.0 +6,0
Rail (humping
shocks) |26.0 to £30.0|%2,0to+5.0 |+4.0to+15.0
Rail(rolling)|£0.25 to %3.0]+0.25to0. 75|-+0.2to+3.0
Slow-moving
dolly 1.0 £0.75 +2.0
The load factors in this table apply to the tran—
sport vehicle axes.
These are shock conditions and should not be trea—
ted as quasi-steady accelerations.
TABLE 5.I TRANSPORTATION LIMIT-LOAD FACTORS(from(?Gf

5.3.2. Fracture Control Plan Components. Design. For

each critical selected part or component of an aero-
space structure an evaluation has to be made to deter-
mine.whether a safe life or a safe life fail safe
design approach is more appropriate, accounting for the
the requirements of safety, structural weight, inspe-
ctability, maintainability as well as cost.

For the SPACELAB Module for imstance the structure
shall be designed in such a way that any flaws having
length lower than threshold of NDI used in regular
inspection, cannot grow emough, before next inspection,
to become critical, taking also into account the LBB
requirements.

AREA LONGITU- | VERTICAL | LATERAL
DINAL
Crew and passenger
compartments +20 +10 +3
Cargo and equipment
areas +10 +5 -
Large mass equipment l+9 [—2.0 ’+1.5
support structure| {-1.5 +4,5 -1.,5
TABLE 5.II CRASH LOAD FACTORS (from [26))

Load and environmentsa. The cummulative static and
dynamic loading, anticipated in the various phases
of the service life must be defined for each struc-

369



tural part or component considered fracture critical.
The loading spectra must include: - ground and fli-
ght phases (see for instance Tab,5.1, Fig.5.4, Fig.
5.5.) such as ground tests, storage, transportation,
ground handling, pre-launch, launch 'axent, entry,
atmosphere flight, landing;
- internal pressure data;
-acoustic input data (see for instance £ig.6).

In addition, only as static loads, that due to
crash must be considered (see for instance tab.5.II).

The plasticity effects have to be accounted for
with existing modern methods, When adequate theore~
tical techniques are not existing or esperimental
correlation theory is inadequate, the analysis shall
be supplemented by tests.

Fabrication and Process Control. All parts selected

for fracture control have to be clearly identified
throughout the fabrication cycle.

Process control procedures have to be defined to
prevent physical conditions that could contribute
to crack initiation of growth.

COMPLETION OF STATIC AND

STANDARD M& P AND

NO
& |MENT CAUSE LOSS OF THE o]

V| patroue pesIon AvALYsTS 10| WANUFACTURING PROCEDURE 8 [UNACGEPTABLE PART
ONLY NO
L1
- c (REDESIGN)
1S THE ELEMENT LOADED IN | o
TENSION, BENDING,OR SHEAR YES
YES X ACCESSIBILITIES (INS-
CCESSIBILITIES (1}
IMIT ;
3 s LM Q{PLCTION, REPAIR, OR RE-
Y1ELD -
L ‘ PLACE) on | 8 | RIGID FRACTURE CONTROL
NG b | FEQUIRED (LABEL AS FRAC-
WILL FATLURE OF THE ELE~ U C

NO

POSSIBLE TO MEET FRACTURE
CONTROL REQUIREMENT

HIGH

FRACTURE CONTROLLED PART

IFy
ANALYTICAL MARGIN

FIG, 5.3) SPACELAB - Fracture Control Plan-

Load Factor,n

ASSEMVBLY
YES ¥
5 |15 HEDUNDANT MEMBER OR .
VULTILOAD PATH PROVIDED HES
NO ¥
@ [HTLL L0SS OF ASSEMBLY o
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A
08 max P o A c D
.
Landing |
+2 - 3\! o ‘
e e e e e A= ——
v, | v,
o Ry v }
Equivalent Alrspeed; E
“'.CN max |
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FIG.5.4 Symmetrical Mancuver Envelope (from{26])

Materials. Of particular relevance is the selection
of the materials to be adopted, that have to be ac-
complished accounting for their fracture properties

(Kpor Ky Kgeos Kpyenel)

Analysis, ‘Analysis shall be performed to verify the
structural adequacy of all components selcted for
fracture control, to establish the critical crack
lenght, to evaluate the flaw growth behaviour, to
identify the inspection methods and the maintenance
and repair guidelines.

The classical analysis procedure based on initial
crack length assumptions and on linear elastic Frac-
ture Mechanics have to account for the correct ef-
fective sequence of events, the know material pro-
perties and stress spectra.
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FIG.5.5 Symmetrical Gust Envelope (from [26])
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FIG.5.6 Acoustic Environment in the Cargo Bay,

Quality Control. The quality control system shall
ensure that materials and parts are conform to frac-
ture requirements, that no damage or degradation has
occurred during manufacturing, processing and ope-
ration, and that high confidence exists that no de-
fects are present that could cause failure.
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Appropriate non destructive inspection techniques
shall be selected for inspection of critical compo-
nents to verify compliance with the requirements.
The capability of the NDI technique to reliably de-~
tect critical flaws in fracture control components
shall be determined experimentally.

Operations and Maintenance. The required inspection
intervals for the critical components, under fractu-
re control, have to be established on the basis of
the crack growth analysis and the results of dever
lopment tests,

Minimum inspection interval in set to either 1/4
of the calculated crack growth life or 1/2 of design
life whichever is less.

Inspection methods and procedures shall be defi—
ned to meet these objectives.

Repairs will be allowed only when the structural
capability is not degraded and test results of re-
pair have demonstrated.that no reduction of mate-
rial properties introduced.

Tests. In their purposes there are the selection the
characterization of the materials in particular as
concerns fracture mechanics the qualification of the
structure from several points of viewand in partlcu-
lar as concerns fatigue, life and acoustic noise dy-
namic response; the acceptance of the products in
particular as cascerns the existence of initial flaw
or éracks.

6. Remerks on the Scope and the Program
of & Theoretical and Experimental Research

6.1 Research Requirements

From the previous analysis it emerges that the
existing design methodologics for safe life space
structures may need some further development.

For example, it would be extremely useful to ha-
ve relastively simple and reliable methods for pre-
dicting the dynamic response of the structure to
random acoustic loads, to evaluate the rate of evo-
lution of cracks.

One of the inputs of such methods, i.e.the acou-
stic loads, have to be described in statistical
terms, with a certain degree of uncertainty;jon the
other hand, their output, i.e. the structure stress
response, is also required in some statistical form.

The classical model enalysis of the complete
structure,in conjunction with finite element ideali
zation, may be & very powerful tool for the lower
frequenc1es, but usually becomes exceedingly expen-
sive and time consuming for the higher acoustic fre
quencies, which would require a very fine mesh-to
obtain the needed accurancy.

The partition of the whole structure into smaller
sections with approprlate boundary conditions,which
is quite common in static analysis, mey be success-
fully applled to compute the mode shapes and freque
cies, in the upper frequency band, at a much lower
cost. But it seems that it is not applicable to com
pute the response to random acoustic loads,since it
does not take into account energy transfers between
the sections trough their bounderies, and with the
reverberating cavities.

Besides the output of eny kind of response ana-
lysis suffers the uncertainties in the knowledge of
the pressure field and of the damping factors.

Then the simpler procedures of Statistical Ener-
gy Methods (SEM), even if they are generally less
accurate, may be a good answer to ‘the need of simple
and yet reallstlc methods for obtaining a statisti-
cal prediction of the structure response to an acou
stic pressure field.

But though it is not realistic to pretend a high

accurscy, the accuracy of SEM must be carefully as-
sessed, when they are applied to the particular sha«
pes and load conditions of space structures.

Obviously this requires further investigation;for
1nstance, a good compromise could be a procedure us
ing modal analysis, with finite elements idealization
of appropiate sections of the structure, and SEM +to
evaluate statistically the energy flows between such,
sections,

As another example, the design of LBB structures
needs some further investigetion on the evelutiommof
part-through cracks starting with various shapes. In
particular, the retardation of the crack growth trou
gh the thickness of a plate, which is likely to occur
when the crack adge approaches the free real sur-
face, may require some specific theoretical and
experimental research.

Besides it sSeems that the LBB concept itself might
be somehow refined or detailed.

In fact, Leakage Before Burst does not merely mean
"g certasin amount of leakage just before burst”,then
the simple requirement that a part though crack has
to cut the whole thickness of a plate before becom-
ing critical masy not beenough,

On the other hand the ebove requirement might also
be too severe, because the instable propagation of a
partthrough crack may reach a stable through crack

‘Sonfiguration.

Theese are merely examples but it is clear that a
specific research is needed, covering & wider area.

6.2 Research Program

To fulfil this need a research is now starting in
our country, supported by the Consiglio Nazionale
delle Ricerche (C.N.R.).

It is intended to be an engineering research,co-
vering both theoretical and experimental subjects,
developed by University and Industry,in cooperation

The participation of University and Industry in
the same research program is needed for the relative
wideness of the 1nvest1gat10n, requiring both theore
tical and technolog1ca1 experience,

The final aim of the research program is to con-
tribute to the improvement of our know-how on the
design of pressurized space structures, with special
reference to LBB behaviour.

The main flaw lines of such program are concern-
ing the growth of cracks and flaws, in the stress
field due to random acoustic loading plus other ty-
pical loading conditions, and to the behaviour of a
space structure, in the presence of cracks grown to
a certain level; & third line, strictly connected
with the first two, concernes the critical appraisal
of the NDI techniques most suitable to detect the
flaws or cracks pertinent to aerospace structure,
that may grow to a critical langth during one misgion.

A preliminery flaw diagrem of the complete research
progrem is reported in Fig.6.l. Due to the complexity
of the research, the definition of its details must
be gradual; so the program could be more or less sli
ghtly changed, ore more specialized on some subJect,
according to the results of research itself.

The work done et present on that program besides
organization and management, is mainly the collection
of availasble methodologies and data, plus a certain
amount of modal analvsis of stiffened panels,within
‘the band of acoustic frequencies.

The latter has shown that modal separation may be
critical, both numerically and experimentally, in
those bands where the free vibration frequencies are
very close.

In such cases the usual definition of vibration

371



modes may be somehow meaningless, and a more suita-
ble approach to response analysis wmust be used.

MATH.MODELS FOR
STRUCTURAL RESPONSE
UNDER RANDOM ACOUSTIG

LOADS
TESTS ON SPECIMENS & SOFTWARE & LESIGN
STRUCTURAL ELEMENTS METHODS FOR LBB
FOR CRACK GROWTH UN- | 1) | SPACELAB ~ TYPE
DER RANDOM ACOUSTIC STRUCTURES

LOAIS

MEASUREMENTS OF THE
STRESS INTENSITY FAC-
TOR “K",OR FRACTURE
PARAMETERS RELATED
TO OTHER THEORIES

MATHEMATICAL MO~ i
NUMERICAL METHODS DELS FOR CRACK
FOR OCMPUTING IRAC- ->| ¥ GROWTH IN SPPACE-

—

TURE PARAMLTERS LAB-TYPE STRUCTU
RES UNDER RANDOM
ACOUSTIC LOADS

MEASUREMENTS OF THE
CRITICAL VALUES OF

FRACTURE PARAMETERS l [MATHEMATI AL MO~
DELS FOR FRACTUR

BEHAVIOUR OF
SPACELAB - TYPE

TESTS ON PRESSURIZED STRUCTURES
SPACELAB - TYPE
STRUCTURES
SPECIFICATION OF
THE MOST SUIT-
CRITICAL REVIEW ABLE NDI TECHNI-
OF NDI METHODS QUES FOR SPACE-
ké[é—-TYPE STRUCTU

FIG.6.1) The Research Program

Finally, the philosophy of the entire research
will be that of utilizing at best the available in-
formations, for that the following steps have been
specified for the investigation:

a) acquisition and filtering of the available know-
ledge, through a critical survey;

b) performance of experimental work in such areas
vhere the available knowledge is not enough;

¢) syntesis of the available knowledge ,complemented
by new contribution where necessary, in an operatios
nal software;

4) performance of tests to evaluate the reliability
of the above software;

e) specification of new research areas eventually
needed for the achievement of the goals.

In other words, the available materials, as expe-
rimental data, mathematical models, software etc.,
will be used as far as possible, after careful veri-
fication of its applicability.

When necessary this will be integrated by expe~
rimental and theoretical research.
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