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ON DESIGN OF IAMAGE TOLERANT BUILT-UP AIRCRAFT STRUCTURES

A. Salvetti and G. Cavallini
Institute of Aeronautics, University of Pisa, Italy

and V. Giavotto
Institute of Aerospace Engineering, Polytechnic of Milan, Italy

Abstract

The paper deals with the problem of assessing
the influence of damage tolerance requirements on
the weight of built-up structures typical of com-
mercial airplanes. After a review of main concepts
underlying the design of damage tolerant structu—
res and their relation with previously utilized de
sion approaches, namely SAFE~LIFE and FAIL~SAFETY,
the weight of a built-up structure is evaluated by
means of an optimization procedure whose out put
is a constrained minimum weight desian. Attention
has been focused on the lower wing surface structu
re of commercial airplanes. -

The constraints selected according to Airworthi
ness Authority requirements and custamer specifica
tions account for static strength, durability and
damage tolerance.

Special attention has been paid to the discus-
sion of damage tolerance requirements and related
problems of residual strength and crack growth eva
luation.

Finally, results concerning minimum weight solu
tions in a wide range of design parameters (inclu-
ding stress level, life goal, and inspection inter
vals) are utilized to assess the influence of dama
ge tolerance requirements on the desion of built-
-up structures.

1. Intfoduction

The damace caused by the operational environ=-
ment is one of the main sources of concern in the
design of aircraft structures. Damace may impair
the safety, durability and econamic operation of
an aircraft and greatly reduce its value.

The need to guarantee safety from catastrophic
damage—induced failures has an impact on the whole
aircraft industry which far exceeds that of the
loss of a single aircraft and the lives of its oc
cupants. Should in fact such a failure occur, all
the aircraft of the same type would be put in a
suspicious position. The suspension of the opera-
tion and, most likely, retrofit actions would be
made compulsory with large econamic penalties and
the creation of a confidence aap affecting the who
le aircraft industry. -

The same considerations apply when unpredicted
damage is discovered before a catastrophic failure
occurs.

At the same time such a stringent need of safe~
ty must comply with the even more demanding requi-
rements of durability and operational efficiency

imposed by the market or contractual ties.

Two main lines of thought has been used with a
view to reaching a well-balanced solution of this
problem beset as it is by so strongly conflicting
requirements.

The first line of thought identifies faticue as
the main cause of structural damage and requires
designs aimed at guaranteing a fatigue crack free
structures for an assigned service life.

In pursuing such an cbjective extensive enduran
ce analyses and testing are performed to develop
and check the desion. The analyses are based on
such elements as fatigue loading environment, load-
-stress relationship, fatigue performance data, a
cumilative damage theory and a safety scatter fac-
tor. Development tests are conducted on small spe-
cirens as well as on large aircraft components,
both to improve the design and to obtain the fati-
cue performance data to be enbodied in the durabi-
lity analyses. Qualification tests are eventually
performed on a production-airplane by means of a
flight-by-flight fatigque test to dbtain the servi-
ce life of the fleet by dividing the test enduran-
ce by an-appropriate scatter factor.

The other line of thought admits that some kind
of damage may take place in a primary structure and
requires design and substantiation tests to be car-
ried out aimed at guaranteeing the capability of the
structhure to operate in the presence of damage with-
out suffering catastrophic failure before the dama-
ge is detected in the course of a scheduled inspec
tion. .

Past experience shows that damage may stem direc-
tly from the manufacturing process or may arise du
ring aircraft operation due to such causes as fati
gue, corrosion and accidental damaging events. The
damage may grow under service environment and reach
such dimensions that a catastrophic failure may oc
cur. Therefore,if safety is to.be guaranteed the
structure must be designed in such a way that it
retains adequate strength until the damage is de-
tected in the course of a scheduled inspection.

The designer takes this approach, through design
practises based on such structural concepts as the
maltiple load-path, crack stopping ability and slow
crack growth. He further designs the structure for
inspectability to improve the possibility of dama-
ge detection and reduce the extent of the initial
damage that must be allowed in the structure.

The desioner carries out analyses of the dama-
ged structure based on fracture~mechanics methodo-
logies in order to calculate the inspection inter-
vals allowable or to assess the crack-stopping abi



iity of the stiffeners. Essential analysis factors
include selection of the critical areas and the re
levant danage locations anddimensions, evaluation of
the crack growth time from initial dimension to
successive selected dimensions, and computation
residual strength of the structure.

The analysis allows us toestablish the operatio-
nal time within which the structure can safely ope
rate damaged and to deduce the inspection inter~
vals by means of an appropriate scatter factor.

Development tests are usually performed to impro
ve design and to obtain crack growth and residual
strength data.

Full scale tests are then carried out to substan
tiate the results of the analysis.

From the point of view of the first line of
thought, usually termed the SAFE-LIFE approach,
the designer strives to provide both safety and du
rability at the same time by attempting to prevent
cracks of significant size during service life. Fur
ther, as crack occurrence is a random event, the
level of safety is strictly comnected with the
scatter factor which must be selected so as to en-
sure that no more than a certain acceptable number
of aircraft develop cracks before the fleet is with
drawn, or, at least, before the most critical parts
of the aircraft are replaced.

In other words, the designer strives to improve
the fatigue quality of the structures as far as
possible; thereafter he relies solely wpon an in-
crease in the scatter factor (and therefore in
structural weight) to improve the safety level of
the fleet (that is to reduce the number of aircrafts
likely to develop cracks during service).

On the contrary, according to the theories of
the second line of thought, usually termed damage
tolerant design philosophy, the two problems of sa
fety and durability are faced by means of diffe-
rent design actions.

Safety is obtained by relying on a damage-tole-
rant structure that is capable of accamodating
flaws induced either in manufacturing or in servi-
ce.

Durability is obtained by design actions, aimed
at pramoting structural integrity against such cau
ses as fétigue and stress corrosion cracking, cor-
rosion delamination, wear and other potential rea-
sons for structural failure.

Prevention of fatigue cracking is pursued in
particular in ways camparable to those used in the
SAFE-LIFE approach.

However, a lower scatter factor (and therefore
a lower weight at least in this respect) is requi-
red since the objective is not safety but a reduc-
tion of the in service maintenance costs anc the
attainment of a hich level of operaticnal readi-
ness in terms of the whole fleet.

Both the lines of thinking have advantaces and
shortcomings. Without, however, going into a tho-
rough discussion about the relative merits of the
two approaches, evidence exists that the damage
tolerant design is at present creatly in favour

of

with the aircraft industry.

The comrercial aircraft industry was first
brought to rely on damage tolerant design as it of
fers a sound approach to structural safety and a
rationale, through the inspection process, offers
a way of attaining the long service life requested
by econamical operations. All the commercial air-
craft produced during the last two decades have
been certified fram the point of view of FAIL-SAFE
requirements (a structure is oconsidered FAIL~SAFE
when 1s capable of undergoing failure of one
or more primary members without suffering catastro
phic failure) which until recently represented
the point of view of the Airworthiness Authorities
in matter of damage tolerant design.

More recently, in military specifications
too damage tolerant design is also required in or-
der to guarantee the structural safety.

Eventually, the FAR undertook a fatigue regula-
tory review program which further enforced the da-
mage tolerance design as a means of assuring struc
tural safety.

In the present paper an attempt is made to as-
sess modifications in structural design produced
by the application of damage tolerant design rules
with particular reference to changes in weight and
shape. To this end attention has been focused on
built-up structures typical of commercial aviation
aircraft.

A method has been implemented for minimum weight
desion of stiffened panels representative of the
lower wing surface structure. The minimum weight
design is dbtained by an optimization procedure
whereby it is possible to comply simultanecusly
with the requirements of static strength, durabili
ty and damage tolerance.

The results cbtained show how the design and
its weioht change from the conventiomnal, buckling
shaped stiffened panels to the more general panel
where the stiffeners play the further role of crack
stoppers and the total area is also controlled by
durability and slow crack growth requirements.

II. Minimum weicht design of structures camply-
ino with damage tolerance requirements

The main purpose of the present investigation is
to assess the impact of damage tolerance require-
ments on the design of typical built-up structures
of airplanes already camplying with static-strength
and durability constraints. To this end an optimi-
zation procedure leading to minimum weight structu
re has been considered meaningful. Minimum weight
design can be achieved by following the main li-
nes of Fig. 1.

Attention has been focused on the wing surface
structure of commercial airplanes. This choice is
felt to be significant as regards the objective of
the present investigation, because of the impor—
tant role played by fatigue and damage tolerance
behaviour in the design of this structure. The
wing structure has been idealized as a box of uni-~



torm depth and the lower surface as a skin-strin
ger cambination with equal and uniformly spaced
stringers.

The oonstraints the structure must comply with,
have been selected according to Airworthiness Au-
thority requirements and customer specifications
which usually account for static strength, durabi
lity and damage tolerance capability.

Since bending loads predaminate over other ty-
pes of loadings in large parts of the wing struc-
ture, the constraints have been determined solely
on the basis of bending. All the loads the struc—
ture must be capable of supporting are related to
the load per unit of chordwise length, namely N,
by means of the relevant load factors. As far as
static strength is concerned both limit and ulti-
mate load conditions have been considered with re
ference to positive and negative load factors.

The ultimate load for the damaged structure
has been assumed to be coincident with the limit
load for the integer structure.

Fig. 2 shows a sketch of the structure ideali~
zation considered in the present analysis, toge-
ther with the numerical values selected for the
load factors.

The MINTTWIST standardized load sequence* (1)
has been utilized to adeqguately evaluate the ef-
fects of repeated loadinag conditions on the dura-
bility and crack growth characteristics of the
structure.

The optimization has been carried out within
the framework of mathematical programming techni-
ques (2), The objective function, namely the weidght,
and the inequality constraints are cambined in a
unique function which is minimized regardless cans
traints.

Such a cambination is obtained on the basis of
a modified penalty function method. Following such
an approach, the absolute minimum of the function

— n -1
WJ(X,Y) = W(X,Y) + rJ z Gi

i=1

X, (1)

is looked for by means of the Fletcher-Powell con-
Jjugate-direction method (3) .

W is the weight of the structure, X is the vec
tor of the design variables which are varied du-
ring the search for the optimum shape, Y stands
for the vector design parameters which are kept
constant during the search for the minimum weight
solution. Together, design variables and parame-
ters campletely define the structure to be optimi
zed. Gi are functions which describe the cons-—
traints and which can be expressed as follows:

Actual Pi value

6= 1" Allowable P, value (2)

#* Reasons for this choice are briefly stated in
discussing durability constraints.

where P; is the i-th property of the structure (ty
pically stress level, inspection interval, crack
length and so on) which is upper-bounded by an al-
lowable. Finally rj is the J-th value of the penal
ty parameter which is progressively reduced in suc
cessive steps of optimization until stable values
of the minimum are obtained.

The search for the minimum weight has been car-
ried out by means of a camputer program which gi-
ves the optimum values of the design variables for
any set of design parameters.

Two main prcblems have been dealt with particu-
larly carefully in preparing this computer program.
The first, namely keeping a check on camputer oosts,
has been solved by means of software suitable for
minicomputers, prepared along the main lines dis-
cussed in a previous paper (4),

The second problem, more fundamental and design-
-oriented, concerns constraint formulation and
their mathematical modelling. An effective soluticn
to this problem is essential if realistic and mea-
ningful results are to be dbtained.

The main lines followed in pursuing this aim are
briefly described in the following sections.

III. Static strength constraints

The lower wing surface structures must support
limit and ultimate loads both in traction and in
canpression.

The statement of the constraints under tensile
loading is straightforward, namely stresses in the
structure under limit load are upper-bounded by
yielding stress and the ultimate load must induce
stresses in the structure which are not higher
than the ultimate stress of the material.

Campression load conditions imply a more invol-
ved formulation of the constraints due to the pre-
sence of buckling phencmena.

Campression stresses under limit load have been
constrained so that they are lower than the buck-
ling stress of the stiffened panel.

Stresses under ultimate load must be lower than
the crushing strength of the stiffened panels.

The constraint which requires no buckling below
the limit load in campression is probably too res-
trictive. However, it ensures a safe design in all
the possible shapes examined during the optimiza-
tion process, without significantly influencing
the optimized structure.

The buckling stress Sy, for the stiffened struc-
ture has been camputed by means of the following
relations
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where n and K have been obtained by well-known me
thods (57 .

The crushing stress Scg is expressed by similar
formulas with S, substituted by the crippling
stress S, and Sy, substituted by Sqg. S; is the
crippling stress given by well~-known Gerard semi-
empirical formulas ().

IV. Durability constraints

Durability constraints are cbtained by regqui-
ring that the structure can undergo the number of
Life Goal Flights (LGF) without suffering signifi
cant fatigue damage.

The number of LGF must be calculated on the ba
sis of the daily utilization of the airplane with
a projected life of 20 years' use, a typical figu
re for comercial airplane. By cambining possible
usage in short, medium and long range flights,
LGF numbers ranging fram 15,000 to 55,000 are
usually obtained.

The load spectrum encountered in each flight de
pends on the particular airplanes and on usage.
To clear the results being considered in the pre-
sent approach from being influenced by particular
airplanes and kinds of usage, we shall resort to
a standardized spectrum.

As already stated, the MINITWIST spectmn(l)
has been selected as it offers a well balanced
compromise between the representativeness of com-
mercial airplane usage and the amount of computa-
tional effort in order for it tobe implemented in
the search for minimum weight. The MINTIWIST com-
prises 4000 different flights and is based on the
spectrum in Fig. 3a. Fig. 3b shows examples of
the different types of flight in the MINTIWIST
spectrum.

As far as the amplitude of the cycles in the
spectrum is concerned, all the load variations are
functions of level flight stress Spp.

The next step in durability assessment is to es
tablish a relationship between Spp and the number
of flights which can be flown safely, that is with
out any significant fatigue damage by a given
structure.

Since no systematic endurance data of built-up
structures undergoing the MINTTWIST type of spec-
trum is available, the usual approach based on
S-N curves and on Miner's rule has been adopted.

The main advantages of such an approach, in re
lation to the objectives of the present investig—a-
tion, are easiness of implementation and abundance
of data on buiit-up structures under constant am—
plitude loadings. The well-known shortcamings of
the methods, and already discussed in several pa~
pers, are the potential lack of accuracy due to
load sequence effects (retardation and accelera-
tion phenawena) and the damaging effects of small
cycles whose amplitude is below the constant am—
plitude endurance limit. To counteract such short
camings, following the suggestion of Smith and Go
ransan(?), $-N curves of the type shown in Fig. 4

may be utilized.

These curves are straight lines on a log-log
plot with a reduced slope, in order to take the
prevailing retardation effects of flight by flight
loads into account, at least on average. A linear
variation of fatigue strength at a given number of
cycles with the mean stress of the cyclic load
corplete the model of S-N curves.

This type of S-N curves, together with reliable
test data in (S¥)pgp, has been used for establi-
shing definitive procedures for effective design
against fatigue(®),

The main problem encountered in the present in-
vestigation was to obtain adequate information on
(s%) ggp for all the structural shapes which it is
necessary to examine in an optimization procedure.
The (S%)ger factor depends not only on the type of
material and its status, on fastener systems and
fastener loads, but also on the geometric ratios
between the fastener diameter and the thickness of
the sheets fastened.

This problem has been solved by processing a
large amount of data on the fatigue endurance of
stiffened panels cbtained during tests lasting se
veral year at the Institute of Aercnautics of the
University of Pisa and by utilizing data fram pu-
blished and unpublished reports and handbooks. The
final result was that it was possible to specify
(S%) pep 25 a 95% confidence and a 95% reliability
value for the survival of the structural camponent
without the appearence of any significant damage.

The values of (S¥)pgr were established for a
set of structural shapes suitable for the purposes
of the present investigatien.

Fig. 5 shows, as a typical example, the S-N cur
ves for a 2024-T3 alluminium alloy stiffened panel
with different types of fasteners. Fig. 6 shows
the allowable value of Srp as a function of the
number of MINTTWIST-LGF, for different fastener
systems.

Using these results, the durability constraint
for any given structural component can be establi-
shed on the basis of the following inequality:

N/ < @

where .S;LF is the lg stress which must not be excee
ded in order for the aircraft to survive a given
number of LGF, with the value of (S¥)gep relevant
to the given camponent.

V. Damage tolerance constraints

A built-up stiffened structure can be designed
to be damage tolerant in different ways. Conse-
quently, the formulation of the canstraints fol-
lows different patterns in relation to the structu
ral features which ensure damage tolerant beha-
viour. ) .

Irrespective of these features, one or both the
following two main questions must be faced in the



implementation of constraints, namely:

-~ the evaluation of the critical stress-critical
crack length relationship;

- the evaluation of the time a crack takes to grow
from its initial length to a final size under a
flight-by-flight spectrum and, in particular, a
MINTIWIST spectrum. )

Both the problems are typical of any applica-
tion of fracture mechanics. Nevertheless, they de
serve particular attention in relation to the ty-
pe of structure and the numerical problems being
considered in the present investigation.

The solution of the first problem consists he-
re in utilizing the basic relationship of linear
fracture mechanic, K= K.

One problem encountered in the solution of
such an equation stems from the difficulty of ob~
taining accurate solutions of the stress intensi-
ty factor K. This difficulty can be ascribed to
uncertainty in the idealization of fastener beha-
viour due to such influences as fastener flexibi-
lity in the elastic and plastic rance and fric-
tion between faying surfaces.

A second problem is of a numerical nature and
is related to the need to reduce the computer ti-
me necessary to evaluate K as far as possible
owing to the large amount of repetition in the K
calculation encountered in the optimization proce
dure.

The method utilized in the present invegtiga-
tion is a modification of the original Poe me-
thod (%), often called the Displacement Campatibi-
lity Method. The modified method allows for faste
ner flexibility both in the elastic and in the
plastic range, for finite dimensions via correcti
ve formuila developed ad hoc and for the actual
shape of stiffeners.

Appendix A presents, for the sake of camplete-
ness, a more detailed discussion on these modifi-
cations and their relevant backaround.

The Poe method, so modified, provides a high
degree of accuracy with a reascnably reduced com~
puter time.

The method also gives the stringer overload
coefficient L, which plays an important role in
ensuring the crack-stopping ability of the strin-
gers.

The second problem concerns the calculation of
the crack growth time. Interaction effects, name-
ly retardation and acceleration due to load se-
quence, play an important part and must be taken
into account when utilizing a cycle-by-cycle cal-
culation procedure.

However, a procedure of this type is prchibiti
vely time-consuming if implemented in an optimiza
tion procedure and it is, therefore, necessary to
find simplified methods providing camparable accu
racy with substantial reduction of computer time.

A satisfactory solution to this problem was
found in the course of an inwestigation carried
out at the Institute of Aeronautics of the Univer
sity of Pisa on the simplified methods for predic

ting the crack growth rate under flight-by-flight
spectrum loading(mrll) .

The results of this investigation, which are
summarized in Appendix B, show it is possible to
obtain the crack orowth time by simple integration
of the following relationship:

da_,x @ | K-35 /mac (5)

. : da
which relates the crack growth per flight I toan
average value AK in the flight. S is a reference
stress assumed, in the present case, as the RMS of
MINITWIST. i

A% is a constant which depends on the type of
spectrum and material, but is independent fram the
geametry of the structure; n* depends only on the
material and is virtually coincident with the expo
nent in the Paris law.

The main achievermt of this investigation is
the conclusion that aX is independent from the geo-
metry of the structure so that Afcan be abtained
by tests on simple sheets.

Both the methods, previously sumarized, have
been used to quantify the constraints obtained in
the two following types of damage tolerant structu
res, namely:

- fail-safe crack-arrest structure
- slow-crack arowth structure.

V.1l - Fail-safe crack—-arrest constraints

The degree of damage to be tolerated without ca
tastrophic failure in the structure of the wing lo
wer surface must be consistent with the require-
ments of the Airworthines Authorities.

Typical requirements state that a fail-safe
structure must be capable of operating safely af-
ter failure or cbvious partial failure of a simple
principal structural element when subjected to the
fail-safe load canditions. In the case of the skin
stringer structure, a rational interpretation of
such a statemant may be a two bays skin crack with
the central stringer broken. This kind of damage
may be ascribed to undetected damage growing in
the skin and in the underlying stringer, to such
an extent that the stringer breaks campletely and
the skin crack grows to an unstable length, propa
gates and then stops near the following stringers.

To establish the constraints for this case, re
ference is made to Fig. 7 which shows the residual
strength and the stringer allowable as functions
of the crack length in the skin.

If the stress in the structure under fail-safe
load conditions Spg lies between SMIN and B Smax
and the overstress in the stringer remains lower
than the ultimate stress, compliance with toleran
ce of a two bay lencgth damage is ensured.

The B factor ensures that this damage can be
sustained for a certain number of flights without
catastrophic failure.

As a consequence of the above, the constraints



can be stated as follows, namely:

t
S < Spg 2 P Sipx {(6')
< -M'S "w
L (az)SFS < (1 M )cu (6")
where o, is the ultimate strength of the material.

A margin of safety(MS) of 10% has been assumed
Furthermore $=0.99 was found to guarantee at
least 10 flights without catastrophic failure.

V.2 - 8low crack growth constraints

In this case it is necessary to specify the ex
tent of the initial damage, a,, and the limit ing
pection interval, Ty, that is, the number of
flights possible before damage reaches catastro-
_phic dimensions. The dimension of the initial da-
mage, a,, has been identified with a broken fully
stringer and a 6 mm crack issuing from a fastener
hole.

Crack length equal to a; in Fig. 7 has been con
sidered catastrophic, not allowing for the poten-
tial arrest capability of the integer stringers.

The constraint is therefore obtained from
the following inequality for the allowable inspec
tion interval T433, namely

Tan =Ty (7)

V.3 - Fall-safety with a specified inspection in-
terval

A third case considered in the present investi
- gation is-a two bay length damage fail-safe struc
ture with a prescribed operational time without
damage greater than ay.
In this case, both the constraints specified
in the previous sections apply.

VI. Analysis of results

The optimization procedure described in the
previous sections has been applied in the search
for the minimum weight design of stringer-skin
combinations of the type shown in Fig. 8.

Design variables, design parameters and cons-
traint functions are also shown in the same figu
re, for the sake of campleteness.

The results obtained have been presented in
terms of the minimum value of the average skin-
~stringer thickness w which is proporticnal to the
structural weight.

The influence of several desion parameters on
weight variations has been examined.

The parameters which varied in successive opti
mization runs are the following: -
- load per unit length in level flight conditions,

(0 <N, <180 kg/mm)

- material (2024 and 7075 aluminium allovs)
= number of LGF

-6

- fasteper fatigue quality (three different types
of behaviour)
- inspection intervals.

To obtain a better appreciation of the influen-
ce the different constraints have on the structure
of minimum weight, successive optimization runs ha
ve been carried out with different cambinations of
constraints, namely:

- Static Strength Constraints (S&C),

- Static Strength and Durability Constraints
(s +Iy,

- Static Strencgth, Durability, and Slow Crack
Growth Constraints (S +IC + &),

- Static Strencth, Durability, Slow Crack Growth
and Crack Arrest Constraints (SSC+ IC + SOGC +
+CAD) .

Table I shows, for each cambination of cons-
traints, the desicn parameters which have been mo-
dified in successive runs of optimization.

Fig. 9 shows the influence of the static
strencth constraints for two aluminium alloys, na-
mely 2024 and 7075.

Buckling and crippling phenamena have major ef-
fects on the weight only in the Ny < (Ny), range.
For higher values of Ny, the ultimate strength in
traction controls the average thickness which is
simply given by w;=4.05 Ny/0,. Buckling and crip-
pling strengths only influence the share of mate-
rial between skin and stringers.

Fios, 10 concerns weight variation due to the
addition of durability constraints.

The increase in weight for a given number of
LGF, namely (wz-wl) . is semply proportivovgg&’lto w1
for Ny > (Ny)p and therefore the ratio is
independent from Ny, at least in the
rance of Ny and the number of LGF investigated in
the ocourse of the present investigation.

Three different scales of the number of LGF are
shown on the axis of abscissas. The 90-103 scale
is relevant to the number of LGF obtained by ap-
plying the methods outlined in the section on "Du-
rability Constraints”. The other two scales have
been obtained by division by life reduction fac—
tors 1.5 and 4 respectively. The first figure is
likely to be applied in the case of Safe-Life de-
sign to camply with the safety requirements of the
Airworthiness Authorities.

Fig. l0a concerns a skin-stringer cambination
made of 2024 aluminium alloy, and shows the in-
fluence of differing fastener fatigue quality on
the minimum weight.

Curve M is representative of skin-stringer
joints cbtained by means of a standard riveting of
countersunk head rivets with a shank diameter ap-
propriate to the stringer flange-skin thickness
and a driven head diameter of a high standard. The
L curve is representative of low fatique quality
fasteners like rivets with ecxessive countersunk
depth, and too a value of the shank and drivern
head diameters. This curve can be also considered
to be representative of standard riveting and poor
surface finishing such as is obtained by chemical

w1



milling.

The H curve is typical of the hichest fatique
quality fasteners like hi-squeeze riwets for hi-~
-lok installed in high standard cold-worked ho-
les. The weight variation due to these extreme va
riations in fastener quality is noteworthy; use
of high quality fasteners can reduce weight with
respect to standard riveting by up to 20% of sta-
tic strength weigth w.

Fig. 10b shows a comparison between two alumi-
nium alloys, that is 2024 and 7075. (

The increase in weight with alloy 7075 is such
as to cancel out the initial advantage of this al-
loy due to its higher static strength. This result
is in accordance with the usual desion practice
which resorts to alloy 2024 in lower wing structu-
re.

Fig. 11 shows the weidht increase due to the ad
dition of crack arrest constraints. The awverage
thickness w3, is plotted versus the number of LGF
for different values of N,. The reduction factor
1.5 has been utilized to obtain the number of LGF.

Values of w, are also shown for the sake of
camparison.

The data are relevant to aluminium alloy 2024
and a standard riveting joint.

Two values of the rivet diameter (3/16 inch for
Ny < 90 kg/mm and 3/8 inch for a higher value of
Ny) have been selected to calculate stress intensi
ty factors and overload coefficients on the basis
of the elasto-plastic idealization of the fastener
utilized in constraint implementation. Further,
the critical crack lenght has been cbtained by al-
lowing for K. variation with skin thickness.

The data shown in Fig. 11 allows us to estimate
the weight increase necessary to guarantee crack
arrest ability.

Same comments must be made on these results;

The optimization process strives to reduce the
thickness of the skin and the stringer spacing in
order to reduce the load transfer from the cracked
skin to the stringers and to minimize K, reduc-
tions. At the same time, the area of the stringer
is increased to exploit their crack ability to the
utmost. In this process, the geametric constraints
on t/b, b/by and bg/b embodied in the cawputer pro
gram to limit the ranges of the design variables,
play a important role in defining lower limits for
the stringer spacing and upper limits for the st-
ringer area. The shape of the minimum weight skin
stringer cambination, particularly in the high Ny
range, is characterized by low-gage skin, stiffe~
ned by close high area stringers.

Structural configurations of this type are pro~
bably open to criticism as they present prcblems
from the point of view of cost due to production
and maintenance difficulties. In fact, they imply

an excessive number of fasteners, a great differen

ce between the thickness to be fastened and a con-
siderable extension of faying surfaces.
Further, the low-gage skin is, in many cases,

inadequate to comply with aercelastic requirements '

of torsional stiffness.

As a consequence, the results of Fig. 11 rust
be considered merely as the bottom reference va-
lues of the lower wing surface weight, which could
seldom be achieved in actual design practise.

Cost and aercelastic constraints previously in
dicated might be allowed for,in carrying out a
well-defined design task. In this case one might
obtain different minimum weight solutions for dif
ferent skin thicknesses and stringer spacing con-
straints and then trade~off to cbtain a safe mini
mum-cost desion.

Fig. 12 concerns the influence of slow crack
growth constraint on the weight of the lower wing
surface. In this case, the structure is required
to operate with growing damage for a selected frac
tion of the life goal. In the present approach, an
inspection interval equal to 1/3 of the life goal
has been chosen; further, to allow for scatter in
crack ogrowth evaluation, a safety factor of 2 has
been assumed so that the interval calculated a-
mounts to 2/3 of the life goal. The type and exten
sion of initial damage assumed in interval calcu-
lations are also shown in Fig. 12. A stringer whi-
ch is completely broken, plus a crack in the skin
of the dimension shown, are felt to be representa
tive of the maximum damage which is likely to be
missed during inspection checks.

The results are presented in terms of average
thicknesses wW3g, W3a and wy versus the mmber of
LGF. Camparison of both the thicknesses w3g and
w3, indicates that the slow crack growth design
can be a weight saving solution only for relative-
ly low values of N, and life goal.

Calculations have been also carried out, accor
ding to which the structure must comply simulta-
neously with slow-crack growth and crack arrest
constraints. The results of these calculations,
show that only low values of N, (say Ny <80 kg/m)
and of life goal (say 1015 thousand flights) give
a minor increase in weight with respect to w3z
and Wig-

VII. Conclusions

The paper deals with the prablem of evaluating
the influence of the main design constraints on
the weight of the lower wing structures of commer
cial airplanes. The problem has been faced within
the framework of an optimization approach which
minimizes the weicht of a structure while it cam-
plies with a set of prescribed design constraints.

Both Safe-Life and Damage Tolerance design con-~
cepts have been considered.

Constraints deriving from static strength, dura
bility and damage tolerance requirements have been
implemented in mathematical models to be used in a
optimization computer program.

Further, several geometrical constraints have
been introduced to obtain meaningful solutions.

The results have been presented in terms of the
minimum average thicknesses of the lower wing



structure for significant ranges of important de-
sign parameters such as the load per unit chordwi
se lencth in level flight, the life cgocal, the fas

tener

fatigue quality and the inspection interval.

Results are available for different combina~

tions

of the constraints and for two typical alu-

minium alloys, namely 2024 and 7075.

The results obtained can be considered to be
significant particularly for comparison purposes
between different design approaches or different
selection of design parameters.

The computer program, if implemented with spe~

cific constraints dictated by specific design ne-

eds, is felt to be suitable to select realistic

structural configurations of minimum weight.

SYMEOLS

a : Half-crack length, mm.

8y ¢ Initial value of half-crack, mm.

A, : Rivet area, mm".

A : Constant of Paris law in semplified model of
crack growth.

b : Stiffener spacing, mm.

bg @ Stiffener flange dimensicn, mm.

b, Stiffener web dimension, mm.

d : Rivet diameter, mm.

E : Young's modulus, kg/mm’,

Ec : Sheet Young's modulus, kg/mm?.

E, : Rivet Young's modulus, ka/mm?.

Eg : Stiffener Young's modulus, kg/mm?.

FFQ : Fastener fatigue quality.

G; : Constraint function.

h : Box depth, mm.

K : Stress intensity factor, kg/rrma/ 2,

Ko : Critical value of stress intensity factor,
ko/mm?/ .

1 : Chord lencth of the box, mm.

L : Stiffener overload in the cracked panel.

L' : Effective lencth of the stiffened panel, rmm.

Ly : Rib spacing of the box, mm. :

LGF : Life aoal expressed via MINITWIST number of

. flights.

MS : Margin of safety.

n : Constant of Paris law in semplified model of
crack growth.

N : Number of load cycles.

N¥ : Reference number of load cycles.

Ny : Load per unit of chord wise lencth in level
flight, kg/mm.

p : Rivet pitch, mm.

rj : Numerical parameter of minimization process.

8" : Stress, kg/mmZ.

(S%) rof ¢ Reference value of fatigue strencth of
structure camponent, kg/mm?.

S, ¢ Buckling stress of stiffened panel, ko/mm?.

Sc : Crippling stress of stiffened panel, kg/mm?.

Scr : Crusching stress of stiffened panel, ko/mm’.

Spg @ Stress relevant to fail-safe load, kg/mm?.

S,p @ Stress in level fliocht, ko/mm’.

S : Allowable value of stress in lewvel flight

for a fixed value of LGF, kg/mm?.

o4

o it

allt

: Mean value of stress, kg/mm’.

: Sheet thickness, mm.

: Mean value of stiffened panel thickness, nm.

: Stiffener thickness, mm.

Inspection interval allowable.

: Inspection interval of panel.

: Thickness per unit of chordwise length, mm.

: Objective function in minimization process.

Wy, W3g, W3g : Minimum values of the average
thickness, defined in Tab. I.

: Vector of design variables.

: Vector of design parameters.

: Safety factor.

: Poisson's modulus.

: Flexibilitv parameter.

: Radius of giration in skin-stiffener combi-

nation, mm.

Ultimate stress, kg/mm°.

Yield stress, kg/mm’.
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APPENDIX A: Stress intensity factor evaluation in
built-up structures.

The computation of the stress intensity factor
in a built-up structure is in principle straight-
forward. First a solution must be found to the pro
blem of load transfer from the cracked elements to
those integers by means of the fastener system
and then the stress intensity factor by superposi-
tion must be computed by utilizing a relation of
the type:

K=K + I(K), £. =K C
s ifll s

(1)

as in the Displacement Compatibility Method (DCM)
developed by Poe 9) or directly by a finite ele-
ment method. In this last case, K may be obtained
either by an approximate evaluation of the inten-
sity of the stress singularity at the crack tip
or by computing the rate of change of the strain
energy with respect to the crack area.

Irrespective of the method of computation used,
the K values obtained depend significantly on the
idealization selected for the fastener behaviour.
Two points deserve particular attention in this
respect, namely the fastener flexibility both in
elastic and in plastic ranges and the friction bet
ween faying surfaces.

The types of influence they can have on the va-
lues of the stress intensity factor have been dis-
cussed in same detail in a previous report (12),
Pigs. Al show typical results obtained with diffe-
rent values of flexibility and friction forces.

The main question stemming from such results is
how to obtain appropriate values of this quanti-
ties, namely fastener flexibility and friction.
Both these quantities, being influenced, for a i
ven type of fastener, by hole preparation, instal
lation techniques and faying surface status, are
likely to be scattered over a certain rance due
to the randam nature of such influences. ‘

Consequently one should rely only on plenty of
test data which is satisfactorily representative
of the specific fastener behaviour suitable for
treatment by statistical analysis.

As an example of such an approach, Fig. A2
shows the cumulative probability distribution of
the adimensional rivet flexibility in the case of
hand driven countersunk rivets. Such results, ob-
tained by test data on the basis of the basis of
the approach outlined in ref. 12, are typical of
the behaviour of the rivets mentioned above, and
give a good measure of the scatter which affects
the flexibility of such rivets in built-up struc-
tures. Further data on the combined effects of
flexibility and friction are discussed in ref.
12, already guoted.

Consequently, a rational selection of the va-
lues of flexibility and friction ought to be given
in percentages (e.g. 50% prabability of occurren-
ce) obtained from a probability distribution dedu
ced from a ccherent set of test data.

Obviocusly X values so obtained mean percentiles
in the K distribution.

A second aspect of evaluating K concerns the
availability of methods that are easy to apply and
require comparatively short computer rumning time.

. The Displacement Campatibility Method (ICM) is,
in this respect, more effective than finite ele-
ment methods. The ICM, however, has limitations as
it provides exact results only for infinite panels.
Other available solutions treat the stiffeners as
simple straps in tension.

It is therefore useful to hawe simple methods
in order to correct the DCM results for the actual
shape of the stiffeners and finite panel dimen-
sions.

As far as the shape of the stiffeners is concer
ned, a reduced-area concept has been developed.
Following this approach, a stiffemer of a given
cross-section with area A is substituted by a strap
with an equivalent reduced area AX. Equivalency
means equal displacements at fastener locations, e
valuated within the frame work of the beam theory.

The reduced area is then given by:

2 + y2 -
i Ix Y Iy leyxlxy

1 1
_A—E = Z—X + (2-A)

I I -1 2

XY Xy

where I, Iy and I,,, are the moments and products
of inertia of the actual cross section, %y and v,
are the rectangular coordinates of the fastener 1i
ne with respect to the centraid cross section, a-
xis v being perpendicular to the middle-plane skin.



This relationship has been carefully checked by
a FEM approach (13). Fig. A3 shows typical results
which demonstrate the substantial accuracy of the
reduced area approach. In more detail, the FEM pre
dicts K values which are a little higher than the
predictions cbtained with the reduced area. This
difference can be ascribed to the fact that FEM
idealization of the stringer allows for plate de-
formation in the stringer flange, whereas the re-
duced area concept only takes into acocount bending
deformation. However, these differences are not si
onificant, since flexibility relationship in ques-
tion 12} allows for local deformation in the strin
ger flange due to localized action of the fastener
forces.

As far as the finite dimension effect is concer
ned, the FEM aporoach has been utilized to check
formulas developed for simple plate.

The work on this topic is still in progress.
Preliminar results are reported in Ref.43.

APPENDIX B: Crack growth prediction with simplified
methods.

All the cycle-by-cycle crack growth prediction
methods have one fundamental shortcoming, namely
the long computer running time, necessary to pre-
dict crack growth, from the initial size to its fi
nal critical dimension. This is an important pro-
blem particularly in the preliminary design phase
when many different solutions have to be compared.

It is therefore worthwhile to develop simpli-
fied methods to predict crack growth which signi-
ficantly reduce computer time without substantizl
ly impairing prediction accuracy. ;

Several methods have been considered (10,14) ot
the most promising method is the one based on a
Paris-like model, namely:

z
da/aF = a* TR = A% (G £lg,a)® (1-B)
where F is the number of flights. A%and n* can be
deduced from a regression analysis of data obtai-
ned by a cycle-by-cycle method. AS is a characte-
ristic value of the loading spectrum.

The root mean square value of the stress spec-
trum has been found to be a meaningful choice in
Ref. 8 where results obtained with four different
spectra, namely FALSTAFF, TWIST, MINITWIST, Ran-
dom Gaussian, have been used to substantiate this
choice.

Should the values of parameters Ax and n* be
determined by means of a cycle-by-cycle method, no
improvement would be achieved with the use of a
simplified method.

But the extensive calculations carried out (107
11), showed two very significant results, namely,
the value of n¥ is a typical property of the mate-
rial and is independent from the spectrum type

~ and is therefore the same value as the Paris law
exponent, and the value of A* depends on the mate

rial, the spectrum type and the cycle-by-cycle me
thod used, but A* is essentially independent from
the geametry of cracked structure, taken into ac
count by means of function f(g,a).

These two results have been proved to be accu
rate for seweral types of spectrum loading (IWIST,
MINTTWIST, FALSTAFF, Random Gaussian), for several
kinds of geametry (simple panel, stiffened panel
with central stiffener broken), for several cycle-
-by-cycle methods (non interactive, Wheeler, Wil-
lenborg and Bell-Eidinoff) and for several types
of material.

Then the number of flights during which the
crack grows from a; to ap, can be easily cbtained
in the form:

x a ‘ *

F= i) r2a/fgan” @

a
1

(2-B)

where Ax can be determined once and for all for a
given spectrum by applying a cycle-by-cycle me-
thod to a simple geamretry.

Figs. Bl,2 show the application of the relation
(2-B) to the case of stiffened panels loaded by
standardized spectra.

These results, together with many others repor-
ted in Ref. 10, are likely to subtantiate the pro-
posed approach.

Ancther valuable outcame of the relation (2-B)
is the possibility of drawing normalized curves
which are a significant tool in designing and espe
cially in maintaining aircraft structures. Indeed
the relation (2-B) can be written as

al n*
Fl (ao»al)/lc“2 (ao»az)=f (1/f(g,a)) da/
a
[o]
3 x (3-B)
/7 (1/f{g,a) da
ao

where F represents the nunber of flights necessary
for the crack to grow fram initial damage a, to a)
or a,. If a, represents the final dimension of the
crack which cannot be exceeded, the ratio of life
elapsed can be evaluated merely by measuring crack
dimension aj.

It is worthnoting that the ratios of (3-B) are
independent from A* and therefore from spectrum
loading and from the particular cycle-by-cycle pre
diction method which represents the crack growth -
phenomenon. ‘

In particular, the normalized curve can be pre-
pared very quickly by using constant amplitude
loads and then utilized for other spectrum lcads.

Fig. B3 shows a typical application of this con-
cept which has been extensively discussed and subs
tantiated by detailed results reported in Ref. 11.

- 10 -



MINIMUM WEIGHT DESIGN

OF DAMAGE TOLERANT
STRUCTURES

GONsTRAlNTs

1 - Rationale for minimum weight design of damage tolerant structures.

Fig.
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panel made of 2024 and 7075 aluminium alloys. Static
and durability constraints.
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‘Fig.B-1 - Results of application of the semplified method in crack growth
evaluation,FALSTAFF load spectrum.
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CONSTRAINTS

CONSTRAINT FUNCTIONS

DESIGN PARAMETERS

MINIMUM VALUE-OF THE
AVERAGE THICKNESS

SSC

Gl' Gz, Gg, Ge, NX' MATERIAL L

$SC + DC Gy, Gz, G, Gys Gg Nys L.G.F., F.F.Q.' VI2‘
MATERIAL

SSC + DC + CAC G1,62+63,64465,6G6,67,Gg Ny, L.G.F. ia

SSC + DC + SGC G}, Gg, G3, G;,, G5, Gg NX’ L.G.F. Wig

INSPECTION INTERVAL

Tab.I - Constraints, Constraint Functions and Design Parameters combination
utilized in successive optimization runs.
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